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Abstract: Granulocyte-macrophage colony-stimulating factor (GM-CSF) promotes dendritic cell
differentiation from precursors, and consequently, enhances the antigen presentation process and
adaptive immune responses. With such functions, GM-CSF has been used as immunotherapy in
combination with radiotherapy for cancer treatment to augment the survival and activity of immune
cells. However, an immune-suppressive tumor microenvironment may cause anergy of T cells. It has
also been reported that GM-CSF contributes to the development of myeloid-derived suppressor cells
from the precursors. In this study, to analyze the combined effect of GM-CSF and released factors
from cancer cells after gamma-ray irradiation on bone marrow cell differentiation and dynamics, we
established an in vitro culture system using mouse bone marrow cells, GM-CSF, and conditioned
medium from gamma ray irradiated mouse melanoma B16 cells at 24 Gy. We analyzed the gene
expression changes of the bone marrow-derived cells on day 6. The results showed that GM-CSF
dose-dependently enhanced the differentiation of macrophages from bone marrow cells, their antigen-
presenting function and polarization to type I. The results implied the induced macrophages from
the bone marrow may potentially contribute to tumor immune responses in a systemic manner when
GM-CSF is boosted during photon-beam radiation therapy.

Keywords: GM-CSF; macrophage; radiotherapy

1. Introduction

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is involved in the cell
proliferation, differentiation, and survival of leukocytes [1–3]. Taking into account the fact
that GM-CSF is able to activate and process the presentation of tumor-associated antigens
by dendritic cell (DC)s, GM-CSF was studied in clinical trials by overexpressing in tumor
cells, but significant therapeutic outcomes were not obtained [4,5]. As an immunoadjuvant,
GM-CSF has been used during radiotherapy to increase immune cell activation and survival.
Of note, around 30% of patients showed shrinkage of tumors at non-irradiated sites as an
abscopal response, although the mechanism is not clearly understood [6]. The hypothesis
for abscopal response induction mediated, at least partly by GM-CSF, is that GM-CSF
systemically may promote the maturation of DCs. Consequently, the presentation of
tumor antigen to naive T cells may be improved. The activated tumor antigen-specific
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T cells are then able to target the tumor cells at the irradiated and also non-irradiated
metastasized sites [7]. However, it has been reported that GM-CSF treatment induced
the differentiation of myeloid progenitors into myeloid-derived suppressor cells (MDSC),
but not DCs in vitro and in vivo [8–11]. MDSC cells are immature myeloid cells and are
precursors of DCs. They suppress the immune response and improve tumor growth [12,13].
On the other hand, GM-CSF stimulates the differentiation and activation of macrophages,
which also function as antigen-presenting cells [14–16]. In a tumor microenvironment,
tumor-associated macrophages form up to 50% of tumor mass and play important roles
in tumor development [17,18]. Taken together, to understand the effect of GM-CSF on
immune cells in tumor environment during radiotherapy, here we established an in vitro
culture system. Immune cells, including DCs and macrophages, are recruited to tumor
sites from blood, bone marrow, and lymph nodes. In this study, we cultured mouse
bone marrow cells with recombinant mouse GM-CSF in a conditioned medium of mouse
melanoma B16 cells collected 24 h after γ-irradiation. After 6 days of culture, adherent
cells that were induced from the in vitro culture system were pan-macrophage marker
F4/80 positive cells. The induced number of macrophages was higher when a conditioned
medium from γ-irradiated B16 cells was used. The expression level of the genes, including
H2-Ab1, Cd86, Il12b, and Ccr7 [19–22] that promote the function of antigen presentation
was increased dose-dependently with the concentration of GM-CSF after γ-irradiation.
These results implied that macrophages are systemically induced from bone marrow cells
in the combined action of GM-CSF and released factors from tumor cells and may affect
tumor microenvironment and responses during radiotherapy.

2. Materials and Methods
2.1. Gamma Ray Irradiation

B16 cells were cultured in Dulbecco’s modified Eagle’s medium (12800-017, Gibco,
Life Technologies Corp., Carlsbad, CA, USA) with 10% fetal bovine serum (FBS, 10270,
Gibco, Life Technologies Corp., Carlsbad, CA, USA) and 1% penicillin and streptomycin
(P/S, Gibco, Life Technologies Corp., Carlsbad, CA, USA). 9 × 105 B16 cells in 5 mL
medium were irradiated with 24 Gy of γ-ray using 137Cs γ-emitting irradiator (PS-3100SE,
Pony Industry, Osaka, Japan) or mock-irradiated. The medium was harvested 24 h after
irradiation as the conditioned medium (CM).

2.2. In Vitro Culture of Mouse Bone Marrow Cells

The animal studies were performed according to relevant national and international
guidelines for animal welfare. All experiment protocols were approved by the Committee
for Ethics in Animal Experimentation, and the experiments were conducted in accordance
with the Guideline for Animal Experiments of the National Cancer Center (application
number: T17-052; date of approval: 8 June 2017). Bone marrow cells were isolated from the
femurs of C57BL/6 mice (Clea Japan, Inc., Tokyo, Japan), male, 10 weeks old. 4 × 105 bone
marrow cells were then cultured in 1.5 mL culture medium (RPMI 1640, 10% FBS, 1% P/S)
and 0.5 mL of conditioned medium. Recombinant mouse GM-CSF (415-ML, RD systems,
Minneapolis, MN, USA) was added at different concentrations. The medium was refreshed
on day 3. After 6 days of culture, the loosely/non-adherent cells and adherent cells were
counted and then harvested separately for further analysis.

2.3. Flow Cytometry

After 6 days of culture, the cells were harvested by cell scraper, and a single cell
suspension was prepared in phosphate-buffered saline (PBS) containing 10% of FBS on ice.
Fc blocking was performed using rat anti-mouse CD16/CD32 (553141, BD Pharmingen,
Franklin Lakes, NJ, USA) for 20 min on ice [23]. After that, cell surface staining was
performed by adding anti-mouse F4/80 (Brilliant Violet 605, 123133, Biolegend, San Diego,
CA, USA) and incubated for 30 min on ice in the dark. The mouse lymph node cells were
used as a positive control. After washing twice with PBS, the cells were then resuspended
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in ice-cold PBS with 10% FBS for the flow cytometric analysis using a BD LSRFortessa cell
analyzer (BD Biosciences, San Jose, CA, USA). The mouse bone marrow cells and lymph
node cells were kept in cell freeze media (Bambanker, NIPPON Genetics, Bunkyo-ku,
Tokyo, Japan) and were stored at −80 ◦C before experiments.

2.4. Real Time PCR Analysis

The RNA was isolated from the harvested cells following the manufacturer’s instruc-
tions of Isogen (Nippongene, Tokyo, Japan). The cDNA was then synthesized from the
RNA using the High-capacity cDNA Reverse Transcription Kit (4368814, Applied Biosys-
tems, Waltham, MA, USA). Real-time PCR was performed by using the SYBR Select Master
Mix (4472908, Applied Biosystems, Waltham, MA, USA) and a PCR instrument (StepOne-
Plus Real-time PCR System, Applied Biosystems, Waltham, MA, USA). The housekeeping
gene Actb was used as the internal control. Gene-specific primers are shown in Table 1.

Table 1. Gene specific primers.

Gene Forward Reverse

Actb GCCAACCGTGAAAAGATGACC GCGTGAGGGAGAGCATAGC
Ccr7 TCATTGCCGTGGTGGTAGTCTTCA ATGTTGAGCTGCTTGCTGGTTTCG
Cd83 GTGGCACTGAGAGTGTGGAG TTGGATCGTCAGGGAATAGG
Cd80 CTGGGAAAAACCCCCAGAAG TGACAACGATGACGACGACTG
Cd86 ATCAAGGACATGGGCTCGTA GAAGTTGGCGATCACTGACA

H2-Ab1 AGCCCCATCACTGTGGAGT GATGCCGCTCAACATCTTGC
Il12b ATGGAGTCATAGGCTCTGGAAA CCGGAGTAATTTGGTGCTTCAC
Il6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
Il1b TGAAATGCCACCTTTTGACAG CCACAGCCACAATGAGTGATAC
Tnfa GGCAGGTCTACTTTGGAGTCAT CAGAGTAAAGGGGTCAGAGTGG
Csf3 GCCACCTACAAGCTGTGTCACC GCTGGCTTAGGCACTGTGTCTG
Ccl2 ATTGGGATCATCTTGCTGGT CCTGCTGTTCACAGTTGCC
Il13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA
Il4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

Il10 TAACTGCACCCACTTCCCAG AGGCTTGGCAACCCAAGTAA
Tnfb TCACCTCAGACAGGACCCAT AGCAGTGGCTGGCTTTTAGA
Ccl4 ATGAAGCTCTGCGTGTCTGC CTGCCGGGAGGTGTAAGAGA
Ccl3 ACCATGACACTCTGCAACCAAGTC GCGTGGAATCTTCCGGCTGTAG

Cxcl10 AGAGACATCCCGAGCCAACC AGTCCCACTCAGACCCAGCAG
Il18 ATGCTTTCTGGACTCCTGCC ATTGTTCCTGGGCCAAGAGG
Il12a CCATCAACGCAGCACTTCAG TCACCCTGTTGATGGTCACG
Il17a TCTCTGATGCTGTTGCTGCT CGTGGAACGGTTGAGGTAGT

2.5. Statistical Analysis

Statistical analysis was performed using JMP Pro software (15.0.0, SAS Institute lnc.,
Cary, NC, USA, 2019) with the Wilcoxon rank-sum test method. Significance is denoted by
asterisk. *, p < 0.05.

3. Results
3.1. Conditioned Medium from Gamma-Irradiated B16 Cells Plus GM-CSF Enhanced the
Differentiation of Macrophages from Bone Marrow Cells

The femur bone-marrow cells from C57BL/6 mice were cultured in vitro with con-
ditioned medium and recombinant GM-CSF (Figure 1A). After 6 days of culture, the
loosely/non-adherent cells and adherent cells were harvested and stained with a mouse
pan-macrophage marker F4/80 antibody. There was almost no adherent or loosely/non-
adherent cell survival in the absence of GM-CSF. On the other hand, in the presence of
GM-CSF, adherent cells loosely/non-adherent cell were survived on day 6. Flow cytometry
analysis results showed the majority of adherent cells were positively stained with F4/80
antibody, indicating that macrophage differentiation was induced, while the loosely/non-
adherent cells contained less than 20% positivity to F4/80 antibody staining (Figure 1B,C).
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We checked the expression of the Csf2 gene that encodes GM-CSF in B16 cells before and
after γ-irradiation (Figure 1D). Mouse lymph node cells were used as a positive control.
B16 cells did not express Csf2 before or after γ-irradiation. This indicates that the effect
of GM-CSF level could be examined in this system by changing the amount of added
recombinant GM-CSF.
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Figure 1. In vitro culture system for bone marrow cell differentiation in the presence or absence of GM-CSF and CM from
non-irradiated or 24 Gy γ-irradiated B16 cells. (A) schema of the in vitro culture. (B) The adherent and loosely/non-adherent
cells were recovered after culture for 6 days in the presence or absence of GM-CSF plus CM obtained from non-irradiated or
24 h after 24 Gy γ-irradiated B16 cells, stained with a mouse macrophage marker F4/80 antibody and analyzed by flow
cytometry. (C) F4/80 positive cell percentages in adherent cells and loosely/non-adherent cells. (D) Real-time PCR analysis
of Csf2 gene expression in B16 cells 24 h after γ-irradiation. #, undetected; Mean ± SE, n = 3.
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Addition of GM-CSF induced macrophages dose-dependently, even in the absence
of CM. There was no significant difference in macrophage cell number between different
concentrations of GM-CSF when the cells were cultured in the presence of CM obtained
from non-irradiated mouse melanoma B16 cells. Notably, CM obtained 24 h after 24 Gy
γ-irradiated B16 culture induced macrophages approximately 3-fold more compared with
CM from non-irradiated culture (Figure 2A). We also noted that CM from 24 Gy irradiated
B16 cells in the absence of GM-CSF could induce low amounts of adherent cells.
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Figure 2. Cell number changes of bone marrow cells on day 6 after culture with GM-CSF and CM from non-irradiated or
24 h after 24 Gy γ-irradiated B16 cells. The cell number counted results of the adherent cells (A) and loosely/non-adherent
cells (B). Mean ± SE, n = 3. *, p < 0.05. **, p < 0.005. #, no living cells.

Loosely/non-adherent cell numbers after 6 days of culture were higher than those of
adherent cells. However, no dose-dependency in the cell number was observed between
different GM-CSF concentrations in the absence of CM. Furthermore, there was no differ-
ence in the cell numbers in the presence of non-irradiated or the irradiated CM from B16
cells (Figure 2B).

Taken together, GM-CSF induced macrophage differentiation from bone marrow cells
in the absence of B16 CM in vitro. The CM from 24 Gy irradiated B16 cells enhanced
macrophage differentiation from bone marrow cells in the presence of GM-CSF, whereas
loosely/non-adherent cell numbers were not significantly affected by the presence of CM.
In this study, we focused on the properties of induced macrophages in the adherent cell
population derived from bone marrow cells.

3.2. In the Presence of CM from 24 Gy Irradiated B16 Cells, the Antigen Presenting Function of
Macrophages Increases Depending on GM-CSF Concentration

To further examine the phenotype of the macrophages, we analyzed the expression of
several genes involved in the antigen-presenting function, including H2-Ab1, Ccr7, Cd80,
Cd83, Cd86, and Il12b, using real-time PCR. H2-Ab1 (encoding MHC II), as a marker for
classic antigen present cells, was first tested. The data showed that the expression of
MHCII in macrophages was suppressed in the presence of CM of 24 Gy irradiated B16
cells. Interestingly, this suppression was slightly recovered by the presence of increased
concentrations of GM-CSF (Figure 3A). However, these types of changes were not ob-
served in the loosely/non-adherent cells. The expression of H2-Ab1 was decreased in the
loosely/non-adherent cells when 0 or 24 Gy irradiated B16 CM was present (Figure 3A).
The expression of the molecules that participate in the antigen presentation process—Ccr7,
Cd80, Cd83, Cd86, and Il12b—were analyzed. In the adherent cells, the expression of genes
of Ccr7, Cd83, and Il12b, but not Cd80, was augmented dose-dependently with GM-CSF
concentration when the CM of 24 Gy irradiated B16 cells were present. An increasing ten-
dency of gene Cd86 expression levels was observed, depending on GM-CSF concentration
for adherent cells, although there was no statistical significance (Figure 3B). In contrast,
the levels of Ccr7, Cd83, Cd86, and Il12b were not dependent on GM-CSF concentration
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in loosely/non-adherent cells when the CM of 24 Gy irradiated B16 cells was present
for 6 days (Figure 3B). The expression level of gene Cd80 was not altered depending on
GM-CSF concentration either in adherent cells or loosely/non-adherent cells (Figure 3B).
Pdl1 gene expression in the adherent cells was checked and no significant difference was
observed with different conditions (Figure 3C).
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Figure 3. Real-time PCR analysis of the expression level of the genes involved in antigen presentation in the adherent and
loosely/non-adherent cells. (A) H2-Ab1 mRNA expression level. (B) Ccr7, Cd80, Cd83, Cd86, and Il12b mRNA expression
levels. (C) Pdl1 mRNA expression level in the adherent cells. Bone marrow cells on day 6 after culture with different
concentrations of GM-CSF and CM obtained from non-irradiated or 24 h after 24 Gy γ-irradiated B16 cells. Mean ± SE,
n = 3. *, p < 0.05. #, no living cells.
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We also analyzed the gene markers of type 1 macrophages, Il6, Il1b, and Tnfa. In
adherent cells, the gene expression of Il6, Il1b, and Tnfa dose-dependently increased with
the concentration of GM-CSF when the cells were cultured with CM of 24 Gy irradiated B16
cells for 6 days (Figure 4A). To further examine the macrophage properties, we analyzed
cytokine and other macrophage-related factor expression profiles by real-time PCR. As
shown in Figure 4B, anti-inflammatory macrophage cytokine genes, Csf3, Ccl2, Il13, Il4,
and Il10 [24–26] did not show changes with a statistically significant difference, whereas
the expression of proinflammatory cytokine genes, Ccl3, Ccl4, Cxcl10, and Il17a [24,27–29],
showed a dose-dependent increase with the concentration of GM-CSF when the bone
marrow cells were cultured with the CM of 24 Gy irradiated B16 cells for 6 days, suggesting
polarization to type I in this condition. Taken together, when the CM of 24 Gy irradiated B16
cells is present, GM-CSF is suggested to dose-dependently enhance the antigen-presenting
function of the macrophages and may induce the macrophage polarization to type 1.
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Figure 4. Real-time PCR analysis of the expression of type 1 macrophage markers and cytokine genes expression profiles in
adherent cell fractions. (A) mRNA expression level of macrophage type 1 markers, Il6, Il1b, and Tnfa. Bone marrow cells
on day 6 after culture with different concentrations of GM-CSF and CM obtained from non-irradiated or 24 h after 24 Gy
γ-irradiated B16 cells. Mean ± SE, n = 3. *, p < 0.05. #, no living cells. (B) The cytokine gene expression profiles related
to type 1 and type 2 macrophages. Adherent cells obtained from bone marrow cells on day 6 after culture with different
concentrations of GM-CSF and CM obtained 24 h after 24 Gy γ-irradiated B16 cells. Mean ± SE, n = 3. *, p < 0.05. n.s., no
significant difference.
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4. Discussion

GM-CSF has been used in tumor therapy not only for the enhancement of hematopoi-
etic cells but also for its potential function to activate antigen-presenting cells, which
can consequently activate tumor antigen-specific T cells to kill tumor cells. However,
inconsistent clinical outcomes have been reported [30]. The complexity of the tumor
microenvironment, including MDSCs, Treg cells, tumor-associated macrophages, and im-
munosuppressive cytokines, may have caused the low clinical anti-tumor responses [4,31].
The immunosuppressive condition may cause the anergy of tumor-specific T cells that can
be induced by GM-CSF [32]. Furthermore, in the tumor microenvironment, GM-CSF is
suggested to contribute to the development of MDSCs, which suppress T cell function.
On the other hand, there are clinical data showing a 30% response of abscopal effect with
treatment by x-ray radiotherapy/chemotherapy combined with GM-CSF administration,
indicating a possibility of functional enhancement of antigen-presenting cells and systemic
anti-tumor responses after irradiation. In this study, therefore, we established an in vitro
culture system to analyze a combination effect of GM-CSF and γ-irradiation on mouse
bone marrow cells. We used mouse melanoma B16 cells as tumor cells and C57BL/6J
mouse-derived bone marrow cells. B16 cells were used herein because B16 cells lack Csf2
gene expression before or after irradiation at 24 h, and we could examine the effect of
GM-CSF level by changing the amount of added recombinant GM-CSF.

The gene expression profile data of macrophage-related factors and cytokines sug-
gested that released factors from γ-irradiated tumor cells in combination with GM-CSF
enhanced the development of type I macrophages from bone marrow cells and improved
the antigen-presenting function of the macrophages, but not the DCs. The results implied
that the induced type I macrophages may systemically affect the tumor microenvironment.

We only used the mouse melanoma B16 cells as the tumor cells for the source of
conditioned medium, but the tumors of various types are expected to exert different effects
on the differentiation of macrophages and DCs after γ-irradiation. Further analysis of these
induced macrophages and DCs with flow cytometry and other methods should be able to
delineate their classifications and phenotypes. Detailed antigen presentation assay may
also be useful to analyze the antigen-presenting function of the induced macrophages.

The responsible released factors in the CM have not been characterized. The damage-
associated molecular patterns (DAMPs), including high mobility group box protein 1
(HMGB1) that are known to be released from the γ-irradiation-induced damaged or dying
cells may contribute to induce the macrophage differentiation [33]. Further analysis of
the factors in the CM of tumor cells should be performed to identify and explore the
underlying mechanism.

In this study, we used the CM of mouse melanoma cells irradiated at 24 Gy, which is
the therapeutic dose used in particular photon-beam radiotherapies, such as stereotactic
radiosurgery using LINAC and gamma-knife. Similar ranges of equivalent radiation doses
are also applied for particle beam therapy, such as boron neutron capture therapy. Further
analysis of irradiation dose-dependency study and time-course analysis for CM and in vivo
analysis with xenograft tumors and with the administration of GM-CSF will be useful
for the analysis of the systemic and local combinational effects of GM-CSF and radiation
on local and systemic effects, including tumor growth and abscopal effects. This in vitro
culture method may be useful to analyze the combinational effect of GM-CSF and released
factors from γ-irradiated tumor cells on human bone marrow.

5. Conclusions

In conclusion, using an in vitro culture method for the assessment of mouse bone-
marrow cell differentiation during tumor radiotherapy conditions, we demonstrated that
a combination of GM-CSF and released factors from γ-irradiated tumor cells enhances
the differentiation of macrophages from bone marrow cells and improves their antigen
presenting function and polarization to type 1.
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Actb actin beta
Ccr7 C-C motif chemokine receptor 7
Cd83 CD83 molecule
Cd80 CD80 molecule
Cd86 CD86 molecule
H2-Ab1 histocompatibility 2, class II antigen A, beta 1
Il12b interleukin 12B
Il6 interleukin 6
Il1b interleukin 1 beta
Tnfa tumor necrosis factor a
Csf3 colony stimulating factor 3
Ccl2 C-C motif chemokine ligand 2
Il13 interleukin 13
Il4 interleukin 4
Il10 interleukin 10
Tnfb tumor necrosis factor b
Ccl4 C-C motif chemokine ligand 4
Ccl3 C-C motif chemokine ligand 3
Cxcl10 C-X-C motif chemokine ligand 10
Il18 interleukin 18
Il12a interleukin 12A
Il17a interleukin 17A
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