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Abstract. Granulocyte colony‑stimulating factor (G‑CSF) 
mobilizes regulatory T cells (Tregs) from bone marrow into 
the peripheral blood, by reducing the expression of stromal 
cell‑derived factor‑1α (SDF‑1α). However, G‑CSF has rarely 
been studied in acute myeloid leukemia (AML) immuno-
therapy. The present study performed a Transwell migration 
assay in vitro to determine the contribution of SDF‑1α to the 
migration of leukemia cells, and the effects of G‑CSF were 
evaluated. The effects of G‑CSF on SDF‑1α and Tregs in 
the AML microenvironment were examined, by employing 
a WEHI‑3‑grafted BALB/c mouse AML model (AML‑M4). 
It is evident that G‑CSF reversed immunosuppression of the 
AML microenvironment by reducing SDF‑1α in bone marrow 
and elevating Tregs in the peripheral blood in in vivo studies. 
Furthermore, AML mice treated with vaccines combined with 
G‑CSF achieved a longer survival time than those treated 
with vaccines without G‑CSF, showing the efficiency of the 
regimen. The present study demonstrates the effects of G‑CSF 
on the mobilization of leukemia cells and Tregs into the periph-
eral blood. In addition, immunotherapy with G‑CSF priming 
represents a promising therapeutic strategy of targeting the 
immunosuppression.

Introduction

Acute myeloid leukemia (AML) is the predominant type of 
acute leukemia in adults (1). In AML patients who achieve 
complete remission following induction chemotherapy, a 
significant percentage of patients relapse within the first three 
years  (2). Granulocyte colony‑stimulating factor (G‑SCF) 
priming, combined with chemotherapy, has been reported 

to be an effective and well‑tolerated regimen in refractory 
or relapsed AML patients who are not eligible for intensive 
chemotherapy (3‑6). In addition, immunotherapy is an active 
modality  (7) and has had various levels of successes  (8). 
However, there are few detailed studies about whether G‑CSF 
makes a difference on immunotherapy in AML.

Cluster of differentiation (CD)4+/CD25+/forkhead box 
protein P3 (Foxp3+) regulatory T cells (Tregs) are a subpopu-
lation of T cells with a suppressive activity on immune 
responses  (9). Tregs that exist in the AML microenviron-
ment (10), and other cancer bearing individuals, (11‑14) are 
mediators of immune suppression. It is known that inhibiting 
Treg function in cancer patients is an essential procedure to 
achieve successful immunotherapy in clinical practice (15,16). 
As previously reported, chemokine stromal cell‑derived 
factor‑1α (SDF‑1α), also termed chemokine CXC motif 
ligand 12, which is expressed in bone marrow, is involved in 
inducing Treg chemotaxis and adhesion, as well as inducing 
hematopoietic stem cells (HSCs) (17,18). Activation of SDF‑1α 
signals increases recruitment of Tregs to the tumor microen-
vironment (17,19), and it is a potential mechanism of tumor 
resistance to chemotherapy and immunotherapy (20). G‑CSF, 
which was initially used to increase the production of neutro-
phils in patients with chemotherapy‑induced neutropenia 
and transit HSCs from bone marrow to the peripheral blood 
for transplantation (21), mobilizes Tregs from bone marrow 
into the peripheral blood through reducing marrow‑derived 
SDF‑1α expression (17).

Based on these studies, the present study examined the 
immunological effect of G‑CSF on the tumor vaccines. An 
established syngeneic leukemia mouse model using the murine 
AML WEHI‑3 cell line (22,23) was used to determine whether 
the function of the vaccine was improved in vivo following 
administration of G‑CSF.

Materials and methods

Cells and reagents. The human monocytic leukemia U937 
cell line and murine AML WEHI‑3 cell line were maintained 
in the laboratory of the Department of Clinical Hematology, 
Second Affiliated Hospital, Medical School of Xi'an Jiatong 
University (Xi'an, China) and were grown in RPMI‑1640 
medium supplemented with 10% fetal bovine serum (HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) and 1% 
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penicillin‑streptomycin (100 U/ml penicillin and 100 mg/ml 
streptomycin). Antibodies for flow cytometry (FCM; fluo-
rescein isothiocyanate (FITC) anti‑mouse CD4 [dilution, 
1:100; cat. no. 11‑0042], allophycocyanin (APC) anti‑mouse 
CD25 [dilution, 1:100; cat. no. 17‑0251], phycoerythrin (PE) 
anti‑mouse/rat Foxp3 [dilution, 1:40; cat. no. 12‑5773]) were 
purchased from eBioscience, Inc. (cat. co. 88‑8111; San Diego, 
CA, USA). The mouse SDF‑1α ELISA kits were bought from 
R&D Systems, Inc. (cat. no. MCX120; Minneapolis, MN, 
USA). The recombinant human granulocyte colony‑stimulating 
factor (rhG‑CSF) was provided by GeneScience Pharmaceuti-
cals Co., Ltd. (Changchun, China).

Transwell migration assay. For migration studies, U937 and 
WEHI‑3 cells (5x106  cells/ml) suspended in RPMI‑1640 
medium were placed in the upper chambers of Transwell 
plates (pore size, 5  µm; Costar; Corning Incorporated, 
Corning, NY, USA) with 100 ng/ml SDF‑1α added to 600 µl 
RPMI‑1640 in the lower chambers. Following incubation for 
4 h at 37˚C in a humidified CO2 incubator, non‑migrated U937 
cells that remained on the upper chamber of the insert were 
removed by placing the insert into a sterile 24‑well plate, and 
cells migrating across the membrane were photographed with 
a digital camera (x100 magnification; Olympus Corporation, 
Tokyo, Japan). U937 cells that migrated to the lower cham-
bers were collected in a 1.5 ml centrifuge tube, centrifuged at 
100 x g for 5 min at room temperature, re‑suspended in 100 µl 
PBS and counted on a hemocytometer in an inverted micro-
scope (x100 magnification; Nikon Corporation, Tokyo, Japan). 
The migrated U937 cells were spread on polylysine‑coated 
slides (Wuhan Boster Biological Technology, Ltd., Wuhan, 
China), fixed in methyl alcohol for 5 min and stained with 
4',6‑diamidino‑2‑phenylindole. Stained cells were visualized 
in five randomly selected microscopic fields (x100 magnifi-
cation) and photographed with a mercury fluorescence lamp 
(Nikon Corporation). WEHI‑3 cells that had not migrated and 
remained in the upper chamber were removed by wiping with 
a cotton swab, and the cells that had migrated were fixed in 
methyl alcohol for 30 min and stained with 0.1% crystal violet. 
The number of WEHI‑3 cells on the lower surface of the filter 
membrane was determined using a light microscope (x100 
magnification; Olympus Corporation) and ImageJ software 
(version 1.47; National Institutes of Health, Bethesda, MD, 
USA). All experiments were conducted in triplicate.

Leukemia mouse model. All animal experiments were reviewed 
and approved by the Ethics Committee of the Medical College, 
Xi'an Jiaotong University (Xi'an, China). Male BALB/c 
wild‑type mice (6 to 8 weeks old) were purchased from the 
Laboratory Animal Center, Medical College of Xi'an Jiaotong 
University and maintained under specific pathogen‑free condi-
tions, with a 12/12 h light/dark cycle at 21±2˚C and ad libitum 
access to food and water, and were handled according to stan-
dard protocols for the use of laboratory animals under specific 
pathogen‑free conditions. In total, 40 mice were randomly 
divided into four groups (n = 10 per group). For the syngeneic 
leukemia‑implanted mouse acute myelomonocytic leukemia 
model (AML‑M4), BALB/c mice were injected intravenously 
through their tail vein with WEHI‑3 cells (1x106 cells/animal) 
in 500 µl of PBS (22,23).

Tumor vaccines. WEHI‑3 cells (1x106 cells/ml) were inacti-
vated in mitomycin‑C and mixed with recombinant mouse 
interleukin‑2 (rmIL‑2) (400 U/ml), recombinant mouse gran-
ulocyte‑macrophage colony‑stimulating factor (rmGM‑CSF) 
(1 µg/ml) and incomplete Freund's adjuvant (24). The vaccines 
were administered on days 15, 18, 22 and 25 following injec-
tion with WEHI‑3 cells.

Mobilization of mice. G‑CSF (1 µg/10 g weight) was admin-
istered to two groups of mice subcutaneously from day 26‑30, 
following injection of WEHI‑3 cells. At 6 h after the last 
injection, five mice in each group were randomly sacrificed by 
cervical dislocation, and peripheral blood, spleens, and femurs 
were collected as described in a previous study  (25). The 
remaining five mice in each group were raised for observation 
of survival time until day 50.

ELISA. SDF‑1α levels in the bone marrow supernatant 
were determined by using commercially available mouse 
CXCL12/SDF‑1 alpha ELISA kits (cat. no. MCX120 R&D 
Systems, Inc.) following the manufacturer's protocol. The bone 
marrow supernatant and peripheral serum samples were added 
to the anti‑SDF‑1α pre‑coated wells (with the exception of the 
control samples), followed by the addition of horseradish peroxi-
dase‑labeled detection antibody (cat. no. 892403; R&D Systems, 
Inc.). The plates were incubated for 1 h at room temperature 
and subsequently washed five times with the wash buffer, then 
detected with 50 µl substrates A and B. Reactions were stopped 
with stop solution, and absorbance at 450 nm was measured on 

Figure 1. The effect of SDF‑1α on (A) U937 and (B) WEHI‑3 cell migration 
with or without G‑CSF. G‑CSF decreases U937 and WEHI‑3 cell migration 
in response to the SDF‑1α chemokine. *P<0.05 vs. blank group; #P<0.05 vs. 
control group. **P<0.05 vs. blank group; ##P<0.05 vs. control group. G‑CSF, 
granulocyte colony‑stimulating factor; SDF‑1α, stromal cell‑derived factor‑1α.
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a microplate reader (BioTek Instruments, Inc., Winooski, VA, 
USA).

FCM. Single cell suspensions of spleen cells and leukocytes in 
the peripheral blood were directly stained with FITC‑conju-
gated anti‑mouse CD4 (dilution, 1:100) and APC‑conjugated 
anti‑mouse CD25 (dilution, 1:100) for 30  min on ice. The 
cells were washed with cold flow cytometry staining buffer 
(eBioscience, Inc.) and then resuspended in 1  ml of fixa-
tion/permeabilization working solution (eBioscience, Inc.) at 
4˚C in the dark overnight. The cells were washed twice with 
1X permeabilization buffer (eBioscience, Inc.) and incubated for 
30 min in 1X permeabilization buffer containing PE‑conjugated 
anti‑mouse Foxp3 (dilution, 1:40) antibody. Lymphocytes were 
gated by plotting forward vs. side scatter, followed by gating 
on CD4+ T cells, and these cells were then analyzed for the 
expression of CD25 and FoxP3.

Results

G‑CSF decreases U937 and WEHI‑3 cell migration induced 
by the SDF‑1α chemokine in vitro. As demonstrated in the 
Transwell migration assay, SDF‑1α increased migration 

of U937 and WEHI‑3 cells to the lower chambers over 
4  h culture (Figs.  1A and B; 2Ab and Bb), consistent 
with previous studies  (26). U937 and WEHI‑3 cells were 
cultured with G‑CSF for 18 h and SDF‑1α was added to 
the lower chambers. It is evident that the migration was 
significantly decreased (P<0.05) in the two cells following 
treatment with G‑CSF, compared with the control group 
(Figs. 1A and B; 2Ac and Bc).

G‑CSF leads to in vivo reduction of SDF‑1α in bone marrow 
in AML and vaccination groups. A schematic diagram of the 
in vivo study was exhibited in Fig. 3. ELISA results demon-
strated that the concentrations of SDF‑1α in the bone marrow 
supernatant had significantly decreased (P<0.05) following 
the administration of G‑SCF in AML mice and vaccination 
groups (Fig. 4).

G‑CSF increases Tregs in the peripheral blood and spleen of 
AML and vaccination groups. FCM was performed to inves-
tigate the percentage of CD4+/CD25+/FoxP3+ Tregs. Results 
revealed that the level of Tregs was elevated in the peripheral 
blood (Fig. 5) and spleen (Fig. 6), following administration 
of G‑CSF in AML mice. In addition, the same phenomenon 

Figure 2. G‑CSF inhibits cell migration with SDF‑1α exposure in U937 and WEHI‑3 cells. Representative panels show migrated (A) U937 and (B) WEHI‑3 
cells in the lower chambers. The images in (A) were obtained by photographing the migrated U937 cells, which were stained with DAPI, on a fluorescence 
microscope. The images in (B) were obtained by photographing the Transwell membranes using a light microscope. (a) G‑CSF and SDF‑1α no treatment 
(magnification, x100). (b) SDF‑1α 100 ng/ml (magnification, x100). (c) G‑CSF pretreated for 18 h and SDF‑1α 100 ng/ml (magnification, x100). G‑CSF, 
granulocyte colony‑stimulating factor; SDF‑1α, stromal cell‑derived factor‑1α; DAPI, 4',6‑diamidino‑2‑phenylindole.

Figure 3. Schematic diagram of the in vivo study. Mice in groups 1, 2, 3 and 4 were all injected with WEHI‑3 cells on day 0. Groups 3 and 4 were then treated 
with vaccines. Groups 2 and 4 were primed with G‑CSF. G‑CSF, granulocyte colony‑stimulating factor; FCM, flow cytometry.
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was observed in the vaccination combined with G‑CSF group 
(Figs. 5 and 6).

Vaccination induces Treg reduction in the peripheral blood 
and spleen of AML mice. To determine whether the leukemia 
vaccines can affect the percentage of Tregs in vivo, one group 
of AML mice were injected with the vaccines subcutane-
ously for two weeks. Data revealed that the level of Tregs in 
the peripheral blood and spleen of the vaccination group was 
significantly lower (P<0.05) than the AML group without 
vaccination (Table I).

Administration of G‑CSF prolongs the survival time of vacci‑
nated mice. To analyze the protective efficacy of G‑CSF, the 
survival time of vaccinated mice with or without administra-
tion of G‑CSF was assessed (Fig. 7). The vaccine‑treated mice 

Figure 4. Effect of G‑CSF on the concentration of SDF‑1α in mouse bone 
marrow. G‑CSF reduced SDF‑1α in the bone marrow in acute myeloid 
leukemia and vaccination groups. *P<0.05, #P<0.05. W, WEHI‑3; W+G, 
WEHI‑3 + G‑CSF; W + V, WEHI‑3 + vaccines; W + V + G, WEHI‑3 + 
vaccines + G‑CSF; G‑CSF, granulocyte colony‑stimulating factor; SDF‑1α, 
stromal cell‑derived factor‑1α.

Figure 5. G‑CSF increases the frequency of regulatory T cells in the periph-
eral blood of acute myeloid leukemia and vaccination groups. (A) The ratio 
of CD4+CD25+ cells to CD4+ T cells in each group analyzed by FCM. 
*P<0.05, #P<0.05. (B) The ratio of CD25+FoxP3+ cells to CD4+ T cells in each 
group analyzed by FCM. **P<0.05, ##P<0.05. (C) The ratio of CD4+FoxP3+ 
cells to CD4+ T cells in each group analyzed by FCM. ***P<0.05, ###P<0.05.  
W, WEHI‑3; W + G, WEHI‑3 + G‑CSF; W + V, WEHI‑3 + vaccines; W + V 
+ G, WEHI‑3 + vaccines + G‑CSF; G‑CSF, granulocyte colony‑stimulating 
factor; FOXP3, forkhead box protein P3; CD, cluster of differentiation; FCM, 
flow cytometry.

Figure 6. G‑CSF increases the frequency of regulatory T cells in the spleen of 
acute myeloid leukemia and vaccination groups. (A) The ratio of CD4+CD25+ 
cells to CD4+ T cells in each group analyzed by FCM. *P<0.05, #P<0.05. 
(B) The ratio of CD25+FoxP3+ cells to CD4+ T cells in each group analyzed 
by FCM. **P<0.05, ##P<0.05. (C) The ratio of CD4+FoxP3+ cells to CD4+ 
T cells in each group analyzed by FCM. ***P<0.05, ###P<0.05. W, WEHI‑3;  
W + G, WEHI‑3 + G‑CSF; W + V, WEHI‑3 + vaccines; W + V + G, WEHI‑3 
+ vaccines + G‑CSF; G‑CSF, granulocyte colony‑stimulating factor; FOXP3, 
forkhead box protein P3; CD, cluster of differentiation; FCM, flow cytometry.
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mobilized with G‑CSF had a significantly (P<0.01) prolonged 
survival time (42 days) compared with the control mice that 
received vaccines without G‑CSF (38 days) and AML mice 
(33 days).

Discussion

Cancer cell‑based vaccines combined with adjuvants are 
generally designed to induce an antigen to activate dendritic 
cells (DCs)  (27‑30). DC‑based immunotherapies utilize 
monocyte‑derived conventional DCs to prime cytotoxic T 
lymphocyte (CTL)‑mediated immune responses (27‑29,31). The 
administration of therapeutic vaccines can stimulate the host's 
own immune system to attack cancer cells (32,33). Leukemia 
immunotherapy has been studied for a number of years (24) 
and the present study demonstrates that the aforementioned 
vaccines can also promote cellular immunity and enhance 
the cytotoxicity of CTL. G‑CSF is a strong mobilizing factor 
for mononuclear cells and DCs (34), and it may enhance DC 
differentiation and activation, and antitumor responses (35‑38). 

Furthermore, G‑CSF correlates with tumor vaccines effi-
cacy (31). However, to the best of our knowledge, no studies 
have assessed the impact of G‑CSF on AML vaccines. Consid-
ering the advantage of cancer vaccines and the role of G‑CSF 
in immunity, the present study examined the efficiency of 
leukemia vaccines combined with G‑CSF in AML mice.

The bone marrow microenvironment (BMM) provides a 
protective niche that supports growth and survival of HSCs (39) 
and the primary site of minimal residual disease following 
chemotherapy (40‑42). The SDF‑1α is pivotal for regulation 
of homing to and retention of hematopoietic cells in the bone 
marrow. It was reported that over 20 types of cancer respond to 
SDF‑1α (43). In vitro studies demonstrated that adding SDF‑1α 
increased the migration of leukemia cells compared with the 
control group, which is consistent with previous studies (26). 
By contrast, co‑culture of AML cells with G‑CSF decreased 
migration of tumor cells to SDF‑1α, suggesting that G‑CSF 
may destroy the interaction between SDF‑1α and leukemia cells 
in BMM, thus driving more leukemia cells into the peripheral 
blood. In the present in vivo study, the peripheral blood smears 
of the AML mice demonstrated that with the administration of 
G‑CSF, more leukemia cells migrated to the peripheral blood, 
which was in accordance with the findings of the in vitro study.

SDF‑1α also induces Treg chemotaxis and adhesion to 
BMM (17). Tregs are recruited to evade immunosurveillance 
in the microenvironment of AML (10), suppress effector cells 
and antigen presenting cells (APCs) and induce immunosup-
pression against cancer cells through cytokines  (44‑47). 
Previous studies have demonstrated that the in vivo admin-
istration of G‑CSF could decrease the number of Tregs in the 
bone marrow and increase the number of Tregs in the periph-
eral blood (17,48). Following application of G‑CSF in AML 
mice, an increase in the number of Tregs in the peripheral 
blood was also detected. The lower level of Tregs in the bone 
marrow may reduce the immunosuppression in the microen-
vironment, thus improving the function of the vaccine. One 
approach to overcome evasion of immunosurveillance and 
promote antitumor response is the depletion of Tregs in the 
peripheral blood. Previous studies have demonstrated that a 
number of therapies can reduce Tregs in vivo. For example, 
imatinib reduces Tregs frequency and immunosuppressive 
function in chronic myelogenous leukemia (CML) mice (49), 

Figure 7. Kaplan‑Meier curve representing the survival time of mice in 
different groups. Log‑rank test showed a significant difference in the 
overall survival among the groups (P<0.001; n=5 for each group). The 
vaccine‑treated mice mobilized with G‑CSF had a significantly prolonged 
survival time among the four groups. G‑CSF, granulocyte colony‑stimulating 
factor; W, WEHI‑3; W + G, WEHI‑3 + G‑CSF; W + V, WEHI‑3 + vaccines; 
W + V + G, WEHI‑3 + vaccines + G‑CSF.

Table I. Comparison of the level of regulatory T cells in the peripheral blood between acute myeloid leukemia mice and vaccinated 
mice.

	 Percentage of Tregs, %
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 CD4+/CD25+/CD4+	 CD25+/FoxP3+/CD4+	 CD4+/FoxP3+/CD4+

WEHI‑3	 8.60±1.57	 3.56±0.88	 5.22±1.05
Vaccination	  4.95±0.30a	 1.50±1.01b	  1.88±1.23c

WEHI‑3 + G‑CSF	 15.82±1.58	 6.02±0.70	 7.92±1.24
WEHI‑3 + V + G‑CSF	 9.74±1.60	 5.28±1.61	  6.99±2.53d

Data are presented as the mean ± standard deviation. aP<0.05, bP<0.05, cP<0.05, compared with the WEHI‑3 group; dP<0.05, compared with the 
WEHI‑3 + G‑CSF group. G‑CSF had a significantly prolonged survival time among the four groups. G‑CSF, granulocyte colony‑stimulating 
factor; W, WEHI‑3; W + G, WEHI‑3 + G‑CSF; W + V, WEHI‑3 + vaccines; W + V + G, WEHI‑3 + vaccines + G‑CSF; G‑CSF, granulocyte 
colony‑stimulating factor; FOXP3, forkhead box protein P3; CD, cluster of differentiation.
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the chaperone‑rich cell lysate vaccine can resist Treg suppres-
sion (50), and lenalidomide reduces Tregs in tumor‑bearing 
lymphoma mice (51). In the present study, AML mice were 
vaccinated, and it was detected that the tumor vaccines 
induced Treg reduction in the peripheral blood of AML 
mice. This suggests that the vaccines serve a direct role in 
overcoming tumor‑induced immunosuppression. However, 
the vaccines combined with G‑CSF did not decrease the 
percentage of Tregs in the peripheral blood compared with the 
control group, suggesting that other methods may be employed 
to target Tregs in the subsequent studies. Whether G‑CSF 
priming combined with low‑dose chemotherapy functions 
through SDF‑1α/CXCR4 still requires further study. It can be 
speculated that G‑CSF decreases the concentration of SDF‑1α 
in bone marrow and motivates the migration of leukemia cells 
and Tregs into the peripheral blood, where tumor cells are 
killed by the chemotherapy drugs.

Previous studies have reported that immunotherapy 
is effective for the treatment of AML (7,30). In the present 
study, it was observed that the survival time of the vaccination 
group was notably longer than the AML mice, demonstrating 
the direct antitumoral effect of the vaccines. Among all the 
groups, the one that was treated with tumor vaccines combined 
with G‑CSF achieved the longest survival time, proving the 
efficiency of the regimen.

In conclusion, the present study suggests that combining 
tumor vaccines with G‑CSF is a new, effective regimen for 
the treatment of AML. The results demonstrate that treating 
AML mice with G‑CSF reverses immunosuppression in the 
tumor microenvironment. In addition, the tumor vaccines can 
delete Tregs in the peripheral blood, thus alleviating immune 
suppression further. Combining tumor vaccines with G‑CSF 
regimen is shown to be a promising therapeutic strategy.
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