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A Functional GM-CSF Receptor on Dendritic Cells Is Required
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Abstract: Dendritic cells (DC) play a major role during the priming phase of anti-tumor immunization,
as they are required for an efficient tumor-associated antigens presentation. At least one dendritic
cell-based therapy has already been successfully approved by regulators for clinical application in
prostate cancer patients. Moreover, DC development is dependent on the granulocyte macrophage
colony stimulating factor (GM-CSF), a cytokine that has been successfully used as a potent inducer of
anti-tumoral immunity. To better understand the relation between DC and GM-CSF in anti-tumor
immunity, we studied the DC function in mice lacking the cytokine receptor common subunit beta
(βc-/-) for GM-CSF, IL-3 and IL-5 and immunized with irradiated tumor cells. Such immunization
induces a protective, specific tumor immunization in wild-type mice, while βc-/- mice failed to
mount an immune response. Upon in vitro stimulation, DC from βc-/- mice (DCβc-/-) are unable
to undergo a full maturation level. In vivo experiments show that they lack the ability to prevent
tumor growth, in contrast to DCWT. Moreover, matured DCWT rescued immunization in βc-/-
mice. DC maturation is dependent on a functional pathway involving GM-CSF signaling through
a biologically functional receptor. These findings may contribute to new strategies for efficient
anti-tumor immunotherapies.
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1. Introduction

Advances in understanding the complex mechanisms of immune regulation in cancer
biology have provided a solid foundation for developing tumor immunotherapy. Thus, in
the last decades, immunotherapy has emerged as a promising strategy for cancer treatment
with a large number of approaches based on cancer immunization, monoclonal antibodies
or cellular therapies.

As dendritic cells (DC) are responsible for processing and presenting tumor antigens
for the priming of anti-tumor cytotoxic T lymphocytes, research efforts on exploiting their
properties for cancer immunotherapy have been developed over the last decades [1–3]. In
this way, autologous DC loaded with tumor-associated antigen (TAA) [4,5], DC matured
ex vivo [6,7], DC genetically modified to express tumor antigen genes (such as PSA and
MAGE-1) or DC transformed to express immunomodulatory molecule genes such as IL-12
and granulocyte macrophage colony stimulating factor (GM-CSF) [8] have been used to
initiate anti-tumor immunotherapies.

In preclinical models, GM-CSF is among the most potent inducers of anti-tumoral
immunity when produced locally at the immunization site [9]. Vaccination with irradiated
autologous tumor cells engineered to express GM-CSF has been shown to stimulate a robust
anti-tumoral immunity in patients with various solid and hematological malignancies,
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translating into prolonged survival in selected patients [10]. Moreover, early stage clinical
studies and a mouse model using GM-CSF revealed a coordinated humoral and cellular
immune response and a potent, specific and long-lasting anti-tumor immunity [11,12].
Phase III clinical trials have evaluated the efficacy of a therapeutic vaccine using autologous
DC pulsed with a prostate acid phosphatase/GM-CSF fusion protein. Three studies
reported prolonged survival in the DC vaccine arm compared to the placebo arm, although
overall survival was not the primary endpoint [13,14]. More recently, a GM-CSF-based
oncolytic therapeutic product (TVEC) has been approved for patients with metastatic
melanoma [15].

In addition, GM-CSF was the first cytokine shown to efficiency differentiated in vitro
DC from human and mouse hematopoietic progenitor cells [16,17]. In vivo, the evidence
of its role is not so clear. Indeed, in the spleen and thymus of mice injected with GM-CSF
or transgenic mice overexpressing GM-CSF, the number of DC was increased [18], whereas
the mice lacking GM-CSF or the GM-CSF receptor displayed only a minor impairment
in the development of DCs in spleen and lymph nodes [19]. In experimental models,
DC generated with GM-CSF improves their phagocytic activity [20] and upregulates the
expression of antigen-presenting molecules such as MHC classes I and II [21] and the
expression of costimulatory molecules. While these studies examined the role of GM-CSF
for DC maturation, the role of GM-CSF signaling for efficient anti-tumor immunization
is not well understood [22]. The GM-CSF receptor is a heterodimer that consists of two
subunits: an α-subunit specific for GM-CSF binding and a signaling β chain subunit that is
shared with the receptors for interleukin 3 (IL-3) and interleukin 5 (IL-5). Knock-out mice
of the beta subunit (βc-/-) of the GM-CSF, IL-3 and IL-5 receptor complex were created in
order to study the impact of these cytokines and their receptor on anti-tumor immunity. In
our previous works, we showed that tumor immunity obtained after efficient vaccination
is not impaired in IL-3-/- and IL5-/- mice [23]. Moreover, because of an additional IL-
3-specific β chain, it has been shown that both GM-CSF and IL-5 are abolished in βc-/-
mice, whereas IL-3 activity is maintained [24,25]. Since the alpha chain of IL-5 receptor
is only expressed on B cells, eosinophils and basophils [26], we excluded the impact of
IL-5 on DC from βc-/- mice. These data suggest that IL-3 and IL-5 are not necessary to
mount protective anti-tumoral immune responses. Thus, in an effort to further clarify the
role of GM-CSF in the induction of a protective tumor immune response, we compared
the immunization induced by DC from wild type mice or from βc-/- mice in βc-/- and
WT-bearing tumors, by exploring the impact of GM-CSF on DC maturation and their ability
to induce a specific immune response to prevent tumor growth.

2. Materials and Methods
2.1. Animals

Female BALB/c (H-2Kd), C57BL/6 (H-2Kb) and OT-1 (H-2Kb) mice were purchased
from Charles River Laboratories (Saint-Germain sur L’Arbresle, France). BALB/c and
C57BL/6 mice strains with a null mutation of the common beta subunit of the GM-CSF,
IL-3 and IL-5 receptor (βc-/-) were reported by L. Robb [24]. βc-/- mice were backcrossed
for at least nine generations with BALB/c or C57BL/6 mouse strains. The genotyping
of all animals was confirmed by PCR analysis. All the animals used in this study were
8- to 12-week-old female mice and were grouped in a specific pathogen-free environment,
with constant temperature and humidity and with lighting on a fixed light/dark cycle.
All experiments were performed according with local care animal regulation. All animal
studies were reviewed and approved by institutional and cantonal veterinary authorities
in accordance with Swiss Federal law.

2.2. Cell Lines

The B16-F10 melanoma cell line, derived from a C57BL/6 mouse, and the Renca renal
cortical adenocarcinoma cell line, derived from a BALB/c mouse, were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The B16 melanoma cell
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line expressing cytoplasmic ovalbumin (B16-OVA) was provided by Dr Preynat-Seauve.
B16-OVA and Renca cells were engineered to release murine GM-CSF (referred as B16-
OVA-GM-CSF and Renca-GM-CSF, respectively) using a retroviral-mediated gene transfer,
as previously described [27]. All cell lines were maintained in a culture medium containing
DMEM (Gibco) supplemented with 10% heat inactivated fetal calf serum (FCS) (Gibco)
and 1% penicillin-streptomycin (Gibco) at 37 ◦C in a humidified atmosphere of 5% CO2
and were confirmed to be mycoplasma-free using a Mycoplasma Detection Kit (Roche
Diagnostics GmbH, Mannheim, Germany).

2.3. Preparation of Bone Marrow-Derived Dendritic Cells

Bone marrow–derived DC were generated as previously described [28]. Briefly, bone
marrow was harvested from femurs and tibias of wild type (WT), βc-/- of BALB/c and
C57BL/6 mice and passed through a nylon mesh to remove small pieces of bone and debris.
Bone marrow cells were seeded at a density of 5 × 105 cells per 24-well in a differentiating
culture medium consisting of IMDM (Gibco) with 10% FCS and 1% penicillin-streptomycin
supplemented with 50 ng/mL murine GM-CSF (Renca-GM-CSF supernatant), 50 ng/mL
murine IL-4 (R&D systems, Abingdon, UK) and 10 ng/mL murine Flt3-ligand (Renca-
FLT3-L supernatant). On days 2 and 5, non-adherent cells were gently removed, and a
differentiating culture medium was added. On day 7, the medium was replaced by a fresh
medium containing 10 µg/mL LPS (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) or
10 µg/mL CpG (Enzo Life Sciences AG, Lausen, Switzerland) to induce DC maturation.
Alternatively, DC cells were pulsed with OVA by suspending 106 cells/mL in a differ-
entiating medium containing 10 µM OVA peptide SIINFEKL-Kb. After a 4 h incubation
period at 37 ◦C, with gentle shaking every 15 min, the OVA-pulsed DC were washed and
resuspended in HBSS (Gibco) for injection in mice.

2.4. Animal Immunization and Tumor Challenge

Mice vaccinated with tumor cells were immunized by a ventral sub-cutaneous (s.c.)
injection of 1 × 106 irradiated (3500 rads) B16-OVA, B16-OVA-GM-CSF or 5 × 105 Renca-
GM-CSF cells and challenged seven days later by s.c. injection in the upper back of
1 × 105 live B16-OVA or 2.5 × 106 Renca cells. The immunization with loaded DC was
performed by injecting 4 × 105 OVA-pulsed DC in the tail vein. The mice were challenged
7 days later with 1 × 105 non-irradiated B16-OVA cells injected s.c. in the upper back. The
immunization with Renca-GM-CSF and immature DCWT was performed by s.c. injection
of a mixed solution containing 4.5 × 105 DC and 5 × 105 irradiated Renca-GM-CSF cells.
The animals were then challenged with 2.5 × 106 Renca cells s.c. injected in the upper
back. The mice were either sacrificed 7 days after tumor challenge for tetramer analysis
(see below) or observed for weeks for tumor development. The animals were sacrificed
when tumors ulcerated or reached 10 mm in diameter.

2.5. Antibodies

All monoclonal antibodies (mAb) and isotype controls were purchased from BD
Pharmingen (San Diego, CA, USA). Phycoerythrin (PE)-conjugated antibodies included
anti-CD11c (hamster IgG, clone HL3) and an isotype control (hamster IgG, clone A19-3).
Biotin-labeled mAb included anti-MHC class II (I-A/I-E, rat IgG2a, clone 2G9), anti-CD40
(rat IgG2a, clone 3/23), anti-CD80 (hamster IgG, clone 16-A10A1), anti-CD86 (rat IgG2a,
clone GL1) and isotype controls (hamster IgG, clone B81-8; rat IgG2a, clone R35–95). The
secondary antibody streptavidin-conjugated allophycocyanin (APC) was used as a second
step for the detection of biotin-labeled mAb.

2.6. Flow Cytometric Analysis

Cultured DC or peripheral blood lymphocyte (PBL) suspensions were incubated
with the indicated antibodies. Live cells were identified using the non-permeant DNA
dye 7-amino-actinomycin D (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). For the
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quantitative detection of cytokines, the BD™ CBA (Cytometric Bead Array) Mouse Inflam-
mation Kit (Becton-Dickinson, Mountain View, CA, USA) was used. Data were acquired
with CellQuest™ software (BD) on a BD FACS Calibur™ (Becton-Dickinson, Mountain
View, CA, USA) instrument and analyzed with BD FACS Diva™ and FlowJo™ Software.

2.7. Peripheral Blood Lymphocyte Analysis

Blood was collected 7 days after immunization and tumor challenge. Peripheral blood
lymphocytes (PBL) were isolated using Lympholyte®-Mammal solution (Tebu-bio, Le
Perray en Yvelines, France) according to the manufacturer’s instructions and incubated for
15 min with mouse IgG2a-biotin (25 µL of 2.4.G2 cells supernatant) to block Fc receptors. For
the OVA-specific CD8+ T cells detection, PBL were then incubated for 45 min with tetramer
OVA-conjugated PE provided by Alena Donda’s laboratory platform and CD8 APC (BD
biosciences Pharmingen, Allschwil, Switzerland) before washing and FACS analysis.

2.8. Statistical Analysis

Data analyses were performed using GraphPad Prism (GraphPad Software). Data
are expressed as mean ± standard error of the mean (SEM). A two-way ANOVA with
the Tukey’s test was used for the analysis of multiple groups, and a Student’s t-test was
used to compare the two groups. Kaplan–Meier survival curves of mice in the tumor
studies were analyzed by the log rank-survival test. Differences regarded as statistically
significant between the groups are presented as follows: * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001.

3. Results
3.1. Mice without a Functional GM-CSF Signaling Do Not Mount Anti-Tumor Immunity

As previously reported [23], the immunization of C57BL/6 WT mice with B16-OVA-
GM-CSF extended the survival and conferred a clear and efficient immune response against
tumor challenge, with the absence of tumor development in 15/21 mice (71%) (Figure 1).
To evaluate the role of GM-CSF signaling in the anti-tumor immunization process, C57BL/6
WT mice and C57BL/6 βc-/- mice were immunized with an irradiated B16-OVA cell line.
Seven days later, the animals were challenged with non-irradiated B16-OVA cells and
observed over time for tumor development.

The C57BL/6 βc-/- group showed a slight decrease in the median overall survival
compared to the C57BL/6 WT group, with, respectively, 13 and 27 days (Figure 1). With
these models, we can demonstrate that both the release of GM-CSF at the vaccine site and
functional GM-CSF receptors are needed for a potent anti-tumor immune response.

3.2. DCβc-/- Are Not Able to Undergo Full Maturation upon TLR Stimulation

To understand the failure of C57BL/6 βc-/- to mount a protective anti-tumor immune
response, we compared the maturation profile of DC derived from mice lacking a functional
GM-CSF receptor with that from wild-type controls. The percentage of CD11c + DC was
evaluated by flow cytometry in each culture before stimulation, and no difference was
observed (data not shown). After stimulation with LPS (Figure 2) or CpG (data not shown),
the percentage of positive cells and the level of expression for activation molecules were
analyzed by flow cytometry.

Compared to DCWT, DCβc-/- failed to upregulate CD80/CD86 expression, whereas
no differences between both DC were observed for CD40 molecules. The proportion of
MHC class II positive cells was significantly increased for the DCWT compared to DCβc-/-,
which shows a high basal proportion level. The same trend between DCβc-/- and DCWT

generated in the absence of GM-CSF was observed (Supplementary Figure S1), suggesting
the importance of the GM-CSF molecule and pathway during DC differentiation for their
maturation. Moreover, after LPS stimulation, the IL-6 and MCP-1 production was lower in
DCβc-/- than in DCWT (Figure 3).
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for B6βc-/-). Non-immunized (NI) B6WT (n = 32) mice were used as a negative control. Seven days later, 
the mice were then challenged with a contro-lateral s.c. injection of live B16-OVA tumor cells. Fol-
lowing the injection, the mice were monitored for survival and were sacrificed when tumors ulcer-
ated or reached 10 mm in diameter. The survival of the animals was plotted as a Kaplan–Meier 
curve for each group and was analyzed by the log rank-survival test. Differences regarded as statis-
tically significant between the groups are presented as follows: * p < 0.05, ** p < 0.01, *** p < 0.001 and 
**** p < 0.0001. 
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Figure 1. Mice without a functional GM-CSF receptor do not mount anti-tumor immunity.
C57BL/6 wild type (B6WT) and C57BL/6 βc-/- (B6βc-/-) mice were immunized with irradiated
B16-OVA (n = 31 for B6WT and n = 4 for B6βc-/-) or B16-OVA GM-CSF secreting cells (n = 21 for B6WT

and n = 4 for B6βc-/-). Non-immunized (NI) B6WT (n = 32) mice were used as a negative control.
Seven days later, the mice were then challenged with a contro-lateral s.c. injection of live B16-OVA
tumor cells. Following the injection, the mice were monitored for survival and were sacrificed
when tumors ulcerated or reached 10 mm in diameter. The survival of the animals was plotted as
a Kaplan–Meier curve for each group and was analyzed by the log rank-survival test. Differences
regarded as statistically significant between the groups are presented as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001 and **** p < 0.0001.

In the counterpart, IL-10, IL12p70 and TNF-α production was not altered (data not
shown). These results show that mature DCβc-/- display a phenotype that is different from
that of mature DCWT, with a reduced upregulation of CD80/CD86. This suggests that the
GM-CSF receptor plays a driving role in the ability of DC to undergo maturation changes.
Such data were not seen in IL-3 -/- or IL-5 -/- mice [23].

3.3. Immunization with DCβc-/- Is Unable to Mount a Specific Immune Response or to Prevent
Tumor Growth

To assess the ability of DCβc-/- and DCWT to prime peripheral CD8 T cells, mature
DCs were pulsed with OVA peptide prior to being injected into C57BL/6 WT mice. Just
before the injection, the proportion of CD11c positive cells was evaluated. We noticed a
higher percentage of CD11c positive cells in the C57BL/6 βc-/- group (data not shown),
suggesting that the absence of GM-CSF functional signaling did not reduce the number
of dendritic cells generated in vitro. OT-1 mice were used as the positive control, and
non-injected mice as the negative control. The ability of DC to elicit a specific immune
response was evaluated by tetramer analysis of OVA-specific CD8+ T cells in peripheral
blood. The results showed that OVA-pulsed DCβc-/- failed to induce any expansion of
OVA-specific CD8 + T cells (Mean ± SEM: 2.225 ± 0.125%), similarly to the negative
control (Mean ± SEM: 3.048 ± 0.4848%), while OVA-pulsed DCWT were able to promote a
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specific immune response with 18.59 ± 2.136% (mean ± SEM) OVA-specific CD8 + T cells
(Figure 4a,b).
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In order to further test the role of DC maturation in tumor immunization, the survival
of mice injected with OVA-pulsed DCWT or OVA-pulsed DCβc-/- was evaluated after
B16-OVA cells challenge. As suggested by the OVA staining data, the median survival
of C57BL/6 WT mice immunized with OVA-pulsed DCβc-/- at day 16 was the same as
the non-immunized mice (Figure 4c). In contrast, a marked delay in tumor appearance
and a longer median overall survival of 38 days was observed after immunization with
OVA-pulsed DCWT (Figure 4c). These results indicate that signaling through the β chain of
the GM-CSF receptor is essential for the priming of T cells and for promoting an efficient
anti-tumor response.

3.4. OVA-Pulsed DCWT Are Able to Rescue the Lack of a Specific Anti-Tumoral Immune Response

As C57BL/6 βc-/- mice present deficient functional DCs and are unable to mount
proper anti-tumor immune responses when immunized with irradiated B16-OVA-GM-CSF
cells, the potential of immunization using DCWT in those mice was investigated. Firstly, the
ability of OVA-pulsed DCWT to prime CD8 T cells in C57BL/6 WT or βc-/- mice was tested.
OT-1 mice were used as positive controls and non-injected mice as negative controls. The
ability of DCs to elicit a specific immune response was evaluated by a tetramer analysis of
OVA-specific CD8 + T cells in peripheral blood. The results showed that OVA-pulsed DCWT

promoted a clear expansion of the OVA-specific CD8 + T cell population in C57BL/6 βc-/-
mice (mean ± SEM: 18.99 ± 1.623%), in the same extent as in C57BL/6 WT (mean ± SEM:
18.59 ± 2.136%) (Figure 4a,b). Then, the ability of OVA-pulsed DCWT to induce an efficient
immune response in C57BL/6 βc-/- mice following the challenge with B16-OVA cells
was evaluated.

Both wild-type and deficient mice showed a protective response against tumor growth
with a median overall survival of 38 and 42 days, respectively (Figure 4c). These results
demonstrate that DCWT can promote an efficient T cell priming in both WT and βc-/- mice,
showing that fully functional DCs are sufficient for T-cell priming in βc-/-mice.
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live B16-OVA tumor cells. Following the injection, the mice were monitored for survival and were sacrificed when tumors 
ulcerated or reached 10 mm in diameter. The survival of the animals was plotted as a Kaplan–Meier curve for each group 
and analyzed by the log rank-survival test. Differences regarded as statistically significant between the groups are pre-
sented as fol-lows: * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 

3.4. OVA-Pulsed DCWT Are Able to Rescue the Lack of a Specific Anti-Tumoral Immune 
Response 

As C57BL/6 βc-/- mice present deficient functional DCs and are unable to mount 
proper anti-tumor immune responses when immunized with irradiated B16-OVA-GM-
CSF cells, the potential of immunization using DCWT in those mice was investigated. 
Firstly, the ability of OVA-pulsed DCWT to prime CD8 T cells in C57BL/6 WT or βc-/- mice 
was tested. OT-1 mice were used as positive controls and non-injected mice as negative 
controls. The ability of DCs to elicit a specific immune response was evaluated by a te-
tramer analysis of OVA-specific CD8 + T cells in peripheral blood. The results showed 
that OVA-pulsed DCWT promoted a clear expansion of the OVA-specific CD8 + T cell pop-
ulation in C57BL/6 βc-/- mice (mean ± SEM: 18.99 ± 1.623%), in the same extent as in 
C57BL/6 WT (mean ± SEM: 18.59 ± 2.136%) (Figure 4a,b). Then, the ability of OVA-pulsed 
DCWT to induce an efficient immune response in C57BL/6 βc-/- mice following the chal-
lenge with B16-OVA cells was evaluated. 

Both wild-type and deficient mice showed a protective response against tumor 
growth with a median overall survival of 38 and 42 days, respectively (Figure 4c). These 
results demonstrate that DCWT can promote an efficient T cell priming in both WT and βc-
/- mice, showing that fully functional DCs are sufficient for T-cell priming in βc-/-mice. 

Figure 4. The lack of a specific immune response to prevent tumor growth in the absence of functional GM-CSF
signaling is rescued with OVA-pulsed DCWT. DCWT or DCβc-/- were pulsed with OVA peptide and injected in C57BL/6
WT or βc-/- mice. After five days, PBL were isolated from blood punction and analyzed by flow cytometry for OVA-specific
CD8 + T cells. (A) Representative dot plot of staining for OVA-specific CD8 + T cells tetramer. (B) Histograms of the
percentage of OVA-specific CD8 + T cells in the peripheral blood of non-immunized mice (n = 12), OT-1 positive mice (n = 2)
or B6 WT mice immunized with OVA-pulsed DCWT (n = 7) or OVA-pulsed DCβc-/- (n = 2), or B6 βc-/- mice immunized
with OVA-pulsed DCWT (n = 3). (C) C57BL/6 WT mice were immunized with OVA-pulsed DCWT (n = 16) or OVA-pulsed
DCβc-/- (n = 2), and C57BL/6 βc-/- mice were immunized with OVA-pulsed DCWT (n = 3). Non-immunized B6WT mice
were used as the negative control (n = 16). Seven days later, the mice were then challenged with a contro-lateral s.c. injection
of live B16-OVA tumor cells. Following the injection, the mice were monitored for survival and were sacrificed when tumors
ulcerated or reached 10 mm in diameter. The survival of the animals was plotted as a Kaplan–Meier curve for each group
and analyzed by the log rank-survival test. Differences regarded as statistically significant between the groups are presented
as fol-lows: * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

3.5. Immunization of BALB/c βc-/- Mice with a Combination of DCWT and Renca-GM-CSF Cells
Restores the Protective Anti-Tumoral Response

As previously shown in an immunotherapy model using BALB/c mice, the immu-
nization with Renca-GM-CSF cells was able to induce an efficient immune response against
tumor cell challenge in BALB/c WT mice but failed to protect BALB/c βc-/- mice [23].
Based on these results, we decided to validate the powerful effect of DCs on immune
induction in the model described previously. BALB/c βc-/- mice were immunized with
irradiated Renca-GM-CSF cells in combination with either DCWT or DCβc-/-. After the
challenge with live Renca cells, no tumor was observed in the group immunized with fully
functional DCWT (Figure 5).

These results demonstrate that DCWT in the presence of GM-CSF can restore the
protective anti-tumor response in BALB/c βc-/- mice lacking GM-CSF signaling, showing
the crucial role of GM-CSF signaling in mounting an anti-tumoral response.
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Figure 5. Immunization of BALB/c βc-/- mice with a combination of DCWT and Renca-GM-CSF
cells restores the protective anti-tumoral response. DCWT (n = 13) or DCβc-/- (n = 4) were pulsed
with OVA peptide and injected in BALB/cβc-/- mice. BALB/cWT (n = 4) and BALB/c βc-/- mice
(n = 13) immunized with only RENCA-GM-CSF were used as positive and negative controls, re-
spectively. Eight days after, the mice were challenged with a contro-lateral s.c. injection of live
Renca tumor cells. Following the injection, the mice were monitored for survival and were sacrificed
when tumors ulcerated or reached 10 mm in diameter. The survival of the animals was plotted
as a Kaplan–Meier curve for each group and analyzed by the log rank-survival test. Differences
regarded as statistically significant between the groups are presented as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001 and **** p < 0.0001.

4. Discussion

Efficient cell-based immunotherapy requires that each step leading to tumor rejection,
from tumor antigen processing and presentation by APC, to the maturation of APC and
the initiation and polarization of T cell-mediated immune responses, be fully functional.

In the present study, we showed that the local release of GM-CSF by irradiated tumor
cells at the injection site greatly increases the efficiency of a cell-based immunization model
using OVA-expressing tumor cells. However, protective immunity against tumor challenge
with B16 and B16-OVA tumor cells not only requires GM-CSF-secreting cells but also a
functional GM-CSF signaling pathway. Indeed, despite the expression of a strong antigen,
mice lacking the common beta subunit receptor for GM-CSF, IL-3 and IL-5 are unable to
reject a subsequent tumor challenge.

The improved immunogenicity of GM-CSF-secreting tumor cells has been previously
described in several tumor models [12,23]. Although the beta subunit shares a common
receptor activity with GM-CSF and IL-5, we showed that immunized IL5-/- mice did not
have any lack in anti-tumor immunity [23], indicating that IL-5 signaling is not necessary
for protective anti-tumor immunization. From these observations, we postulated that
tumor cell immunogenicity may be related to the local release of GM-CSF, which induces a
favorable local environment for tumor antigens processing by DCs and triggers an optimal
immune response.
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The observation that βc-/- mice are unable to mount an efficient anti-tumoral immune
response can be explained by the fact that any changes in the GM-CSF pathways profoundly
affect the quantity of dermal CD103 + DCs and CD11b + DCs in the lung, skin and
lamina propria, establishing that GM-CSF is required for normal non-lymphoid tissue DCs
homeostasis [29–31].

It has been well described that mature DCs enhance the expression of costimulatory
molecules, produce the cytokines and chemokines necessary for the efficient activation of T
cell responses [32] and can migrate to the lymphoid tissues [33]. In contrast, immature DCs
fail to induce antigen-specific responses [34] and may in fact induce the differentiation of
regulatory T cells [35,36]. In summary, the anti-tumor immune response depends on the
activation/maturation status of DCs.

In this study, the in vitro stimulation of DCβc-/- showed a change in the DC’s matura-
tion profile in the absence of GM-CSF signaling, with a clear defect in the upregulation of
CD80/CD86 co-stimulatory molecules, suggesting that the GM-CSF signaling pathway
may be involved in CD80 and CD86 expression. A study has shown that the transcription
factor PU.1, also implicated in the GM-CSF signaling pathway, plays a key role in the
gene expression of CD80 and CD86 in bone-marrow-derived DCs [37], suggesting that
the lower CD80/CD86 expression on DC βc-/- can be explained by a probable defect in
this signaling pathway. Nevertheless, after LPS stimulation, the expression, especially of
CD86, is induced on almost all DCβc-/-, similarly to DCWT. This observation indicates that
other signaling pathways may be involved in DC maturation. Indeed, other transcription
factors involved in the LPS-induced expression of CD80 or CD86, as the nuclear factor
κ-light-chain-enhancer of activated B cells (NF-κB) and IRFs, could take over.

Some reports have suggested that both of these co-stimulatory molecules may have
a different function due to their difference in temporal expression [38,39]. Another study
has clearly described the role of the CD80 and CD86 expressed by DCs in the polarization
of type 1 (Th1) or type 2 (Th2) CD4 + T helper cells. A full DC maturation induces
robust IFN-gamma-producing lymphocytes Th1, CD4 cells and CD8 cytotoxic cells [40].
Since DCβc-/- showed differences in the maturation profile in comparison with DCWT, we
hypothesize that their ability to stimulate a potent T-cell mediated response is less efficient.
It is supported by the results showing that the immunization with OVA-pulsed DCβc-/-

failed to induce a strong expansion of OVA-specific CD8+ T cells. Another study using a
βc-/- chimeric mice model showed that these mice were unable to mount antigen-specific
CD8+ effector T cells in the lung and the lung-draining LNs upon immunization with
particulate antigens injected into the trachea [30]. The authors hypothesized that these
results are probably due to the strong reduction of lung CD103+ DCs [30]. In addition,
it was shown that GM-CSF controls DC cross-presentation and cross-priming function
in vitro [41], suggesting that the defect in anti-tumoral immunity may be due to a lack of
cross-presentation by these cells [42].

The defect in the DC homeostasis of βc-/- mice can be counteracted by the injection
of fully functional DCs, as shown by the restoration of the protective effect against tumor
challenging done by the immunization of βc-/- mice with OVA-pulsed DCWT. These data
support the rationale of a DC-based vaccine using mature, rather than immature, tumor
antigen-pulsed DCs [43]. Antigen-loaded DCs were shown to induce a robust tumor-
specific T-cell response and a complete tumor regression [44].

Other approaches using GM-CSF-transduced tumor cells revealed an improvement in
their immunogenicity, with the generation of an anti-tumor CD8+ T-cell immunity [12,23,45,46].
The mechanisms that control the clinical potency of this vaccine are not clearly established,
but it is critical to examine whether these vaccines improve anti-tumor immunity, partly
through their ability to promote the activation and/or the Ag-presenting function of DCs.
In order to analyze the full potency of these cells for a clinical use; the in vitro generation
of clinical grade cell population must be standardized. As shown in this study, an efficient
anti-tumor immune response relies on co-stimulation under DC mediation enhanced by
GM-CSF signaling, suggesting that a combination of both approaches can be successful. The
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various anti-tumor immunotherapies that have been described demonstrate that no single
immunotherapeutic modality can effectively cure an established cancer. A combination of
standard chemotherapy with the enhanced cross-presentation of tumor-associated antigens
from apoptotic or necrotic tumor cells, the depletion of immunosuppressive lymphocytes,
the inhibition of cancer-induced immunosuppression and therapeutic vaccines is likely to
further improve cancer immunotherapy in the future.

5. Conclusions

In conclusion, this study showed that immunization with irradiated tumor cells
doesn’t induce a protective, specific tumor immunization in βc-/- mice with non-functional
GM-CSF receptor, compared to wild-type mice. The absence of anti-tumoral response is
linked to the fact that DC from βc-/- mice (DCβc-/-) are unable to undergo a full maturation
level, showing the importance of GM-CSF for the priming phase of anti-tumor immunity.
These findings may contribute to new strategies for efficient anti-tumor immunotherapies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/immuno1030016/s1, Figure S1: Maturation profiles of DCWT generated in the absence of
GM-CSF and DCβc-/- are similar DC.
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