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Abstract
High expression of granulocyte–macrophage colony-stimulating factor (GM-CSF) receptor has been found in myelomono-
cytic or monocytic subtypes (M4/M5) of acute myeloid leukemia. Herein, we aimed to improve the effect of CAG [Ara-C, 
ACR, and G-CSF (granulocyte colony-stimulating factor)] regimen for acute monocytic leukemia by replacing G-CSF with 
GM-CSF. Results showed that the percentage of cells in S phase was higher with GM-CSF than with G-CSF treatment at 
20 ng/mL (P < 0.05). When THP-1 and SHI-1 cells were primed with 20 ng/mL G-CSF or GM-CSF followed by Ara-C 
and ACR, cell proliferation rate in the CAGM (Ara-C, ACR, and GM-CSF) regimen was lower than in the CAG regimen 
(P < 0.05). Furthermore, CAGM regimen induced more obvious cell apoptosis than CAG regimen probably by reducing 
Bcl-2/Bax ratio (P < 0.05). Similar results were seen in primary cells from M5 patients. Collectively, our study suggests that 
priming with GM-CSF may be more effective than G-CSF in CAG regimen in acute monocytic leukemia.
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Introduction

The previous studies have demonstrated that hematopoietic 
growth factors such as granulocyte colony-stimulating factor 
(G-CSF), granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), and interleukin-3 (IL-3) can potentiate the 
anti-leukemia effects of cytarabine (Ara-C) [1, 2]. Based on 
this rationale, CAG regimen [low-dose Ara-C, aclarubicin 

(ACR), and G-CSF] has been widely used to treat acute leu-
kemia and myelodysplastic syndrome [3–5]. G-CSF pro-
motes quiescent leukemic cells into S phase by binding with 
G-CSF receptor (G-CSFR) on leukemia cells, thus enhanc-
ing their susceptibility to Ara-C and anthracyclines [6, 7]. 
Although CAG regimen is associated with a relatively higher 
complete remission (CR) rate in relapsed/refractory (R/R) 
acute myeloid leukemia (AML, excluding acute promyelo-
cytic leukemia) patients, the expression levels of G-CSFR in 
different French–American–British (FAB) subtypes are dif-
ferent, with higher expression in the M2/M3 subtypes than 
in the M4/M5 subtypes [8]. Therefore, it is reasonable to 
speculate that CAG priming regimen may produce different 
effects in these two subtypes of AML.

Similar to G-CSF, GM-CSF also renders leukemic cells 
more susceptible to chemotherapeutics by modulating cell 
cycle kinetics [9]. In fact, GM-CSF may exert dual effects in 
AML cells: stimulating cell proliferation and up-regulating 
pro-apoptotic proteins. GM-CSF priming also increases 
intracellular uptake of Ara-C in leukemic cells [10, 11]. 
The ALFA-9802 trial reported GM-CSF priming in combi-
nation with chemotherapy not only improved 3-year event-
free survival (EFS) of younger adult AML patients, but also 
benefited patients with FLT3-ITD and MLL rearrangement 
[12, 13]. Interestingly, FLT3-ITD and MLL rearrangements 
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are common in the adult M4/M5 AML patients, which are 
associated with poor prognosis [14, 15]. Furthermore, M4/
M5 AML expresses significantly higher levels of GM-CSFR 
[8, 16].

Based on the above facts, we hypothesized that patients 
of M1/M2 subtypes and patients of M4/M5 subtypes may 
response differently to CAG regimen. We further hypoth-
esized that priming with GM-CSF (i.e., CAGM regimen) 
instead of G-CSF may be more effective in M4/M5 AML.

Materials and methods

Patients and cell preparation

Medical records of R/R AML patients with FAB M1/M2 and 
M4/M5 subtypes from June 2006 to July 2015 at the First 
Affiliated Hospital of Soochow University were retrieved. 
The diagnosis and classification of the patients were based 
on the revised FAB classification and the 2008 World Health 
Organization (WHO) criteria [17, 18]. Relapse was defined 
as reappearance of leukemia blasts in the peripheral blood or 
the finding of > 5% blasts in the bone marrow, not attribut-
able to another cause (e.g., bone marrow reconstitution after 
consolidation therapy), as well as extramedullary disease. 
Refractory AML was defined as not achieving CR after two 
courses of standard daunorubicin plus Ara-C or equivalent 
anthracycline-based induction regimen. All of the patients 
were treated with CAG regimen (subcutaneous Ara-C every 
12 h for 14 days (10 mg/m2); daily intravenous aclarubicin 
on days 1–8 (5–7 mg/m2/day); and subcutaneous G-CSF on 
days 1–14 (200 μg/m2/day). After the first course, thera-
peutic response was evaluated by bone marrow aspiration. 
CR and overall remission (OR) were defined according to 
the Cancer and Leukemia Group B (CALGB) criteria [19].

Thirteen consecutive newly diagnosed M4/M5 patients 
were enrolled for experimental study from June 2016 to 
March 2018. The diagnosis and classification of the M4/M5 
patients were mainly based on microscopy and flow cytom-
etry findings [17, 19]. Bone marrow sample was obtained 
from every patient before chemotherapy. The sample after 
erythrocyte lysis (QIAGEN, United States) was used to 
detect the expression of G-CSFR and GM-CSFR. Mononu-
clear cells of three M5 patients with high GM-CSFR expres-
sion were separated by Ficoll–Hypaque (Sigma-Aldrich, St 
Louis, MO, USA) density-gradient centrifugation and cul-
tured in RPMI 1640 containing 10% fetal calf serum (Gibco) 
for cell cycle and apoptosis experiments.

Cell lines and culture

Human acute monocytic leukemia cell lines (THP-1 and 
SHI-1) were obtained from Jiangsu Institute of Hematology, 

the First Affiliated Hospital of Soochow University 
(Suzhou, China). Cells were incubated in RPMI-1640 
medium (Hyclone, USA) containing 10% FCS in an incu-
bator (Thermo Fisher Scientific, Rockford, IL, USA) with a 
humidified atmosphere of 5% CO2 at 37 °C.

Flow cytometry analysis (FCAS) for G‑CSFR 
and GM‑CSFR

The number of cell was quantified by microscopy and 
adjusted to 1 × 106 in each tube. The cells were, respec-
tively, labeled with phycoerythrin (PE)-conjugated anti-G-
CSFR mAb (BD Bioscience) and fluorescein isothiocyanate 
(FITC)-conjugated anti-GM-CSFR mAb (BD Bioscience). 
The isotype immunoglobulin (Ig) G and IgM conjugated 
with the above fluorescence served as negative control. 
In addition, primary cells were labeled with phycoeryth-
rin–cyanine 7 (PC7)-conjugated anti-CD45 mAb (Beckman 
Coulter, California, USA). The positive threshold was 20% 
for G-CSFR and GM-CSFR. Data acquisition was performed 
on a Beckman Coulter Flow Cytometer (FC500) and ana-
lyzed with the Flowjo 7.6.1 software.

Cell cycle analysis

Cells were adjusted to 2 × 105/mL and cultured in 24-well 
plates (1 mL/well) with 10 ng/mL, 20 ng/mL, and 40 ng/mL 
G-CSF (Qilu Pharmaceutical Co., Ltd, China) or 10 ng/mL, 
20 ng/mL, and 40 ng/mL CM-CSF (Xiamen Amoy Bioen-
gineering Co., Ltd, China), respectively for 24 h. Neither 
G-CSF nor CM-CSF was added in the control wells. After 
culture for 24 h, cells were harvested and fixed in 70% etha-
nol for more than 12 h at 4 °C, and washed with PBS and 
resuspended in 535 μL dye solution (Beyotime Biotechnol-
ogy) for 30 min at 37 °C. Cells were acquired using the 
Beckman Coulter flow cytometer (FC500) and FCAS data 
were analyzed using the DNA cell cycle analysis software 
(MultiCycle).

For M5 primary cells, cells were cultured for 12 h before 
being harvested for FCAS.

Determination of proliferation rate

THP-1 and SHI-1 cells (2 × 105/mL) were seeded into 96-well 
plates (90 μL/well) containing 20 ng/mL G-CSF or GM-CSF 
in triplicate, respectively. After 24 h, Ara-C (4 × 10−6 mol/L, 
Actavis Italy S.p.A) and ACR (either 1 × 10−8  mol/L, 
2 × 10−8 mol/L, 4 × 10−8 mol/L, or 8 × 10−8 mol/L, Yangzhou 
Pharmaceutical Co., Ltd, China) were added in different exper-
imental groups for additional 48 h. Other groups included 
blank control (medium only), negative control (cells only), and 
positive control (cells plus G-CSF/GM-CSF). At the end of 
culture, 10 μL Cell Counting Kit-8 was added into each well. 
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Two hours later, the optical density (OD) at 450 nm was read 
using an automatic microplate reader. OD value was linearly 
related to the number of viable cells. Leukemic cell prolifera-
tion rate was calculated as follows: (ODtreated well − ODblank)/
(ODnegative control − ODblank) × 100%.

Assessment of apoptosis by FCAS

At the end of culture as described above, the percentages of 
cell apoptosis were determined by an Annexin V-FITC/PI dou-
ble staining kit (Multisciences, Lianke). Cells were collected, 
washed with cold PBS solution, resuspended in binding buffer, 
and stained by 5 μL Annexin V-FITC (10 min) and 10 μL PI 
(5 min) at room temperature in the dark. Cells were finally 
subjected to analysis by FC500 flow cytometer.

Western blot analysis

At the end of culture as described above, THP-1 and SHI-1 
cells were harvested and lysed by SDS lysis buffer (Beyotime) 
for protein analysis. Briefly, approximately 30 μg of protein 
extracts was subjected to 12% SDS-PAGE and subsequently 
transferred to polyvinylidene difluoride membranes (PVDF; 
Bio-Rad). The membranes were blocked with 5% milk and 
incubated with primary antibodies against Bcl-2, Bax, cleaved 
caspase 3, caspase 8, or caspase 9 (all from Cell Signaling 
Technology) overnight at 4 °C followed by incubation with 
HRP-linked secondary antibody (Beyotime 1:3000). The 
γ-tubulin antibody and the secondary antibody were also pur-
chased from Cell Signaling Technology. Band detection via 
enzyme-linked chemiluminescence was performed according 
to the manufacturer’s protocol (ECL; Pierce biotechnology 
Inc., Rockford, IL, USA). The protein bands were quantified 
using Image J 1.33 software (NIH), and data were normalized 
to γ-tubulin.

Statistical analysis

Statistical analysis was performed by SPSS v19.0. The differ-
ence between patient subsets was analyzed by Chi-squared test 
for categorical variables. Nonparametric test (Mann–Whitney 
U test) was applied to analyze non-normality data. Student’s 
t test was performed for comparisons between the two groups 
in cell experiments. Probability values (P < 0.05) were consid-
ered to be significant.

Results

Patient characteristic and response 
to chemotherapy

A total of 73 M1/M2 and 53 M4/M5 patients were included. 
Baseline demographic and disease characteristics are shown 
in Table 1. There were no significant differences in terms of 
sex, age, complex karyotype, and gene mutation (FLT-ITD 
mutation, MLL rearrangements) between the two groups 
(P > 0.05). After induction treatment with CAG, the CR rate 
and OR rate of the M1/M2 group were both significantly 
higher than those of the M4/M5 group (64.4 vs. 34.0%, 
P = 0.001; 76.4 vs. 50.9%, P = 0.003, respectively). There 
were no differences in terms of myelosuppression and infec-
tion between the two groups.

G‑CSFR and GM‑CSFR profile in cell lines 
and primary cells

G-CSFR and GM-CSFR were both detected on THP-1 and 
SHI-1 cells, but GM-CSFR expression level was higher. 
Similarly higher GM-CSFR expression was found on M5 
primary cells (Fig. 1). According to FAB type, 13 AML 
patients were classified into M4 (n = 5) and M5 (n = 8). For 
M4 patients, 80% and 60% were positive for G-CSFR and 
GM-CSFR, respectively. For M5 patients, 25% and 87.5% 
were positive for G-CSFR and GM-CSFR, respectively. 
Bone marrow samples of three M5 patients with high GM-
CSFR expression were collected for subsequent experiments.

Effect of G‑CSF/GM‑CSF on cell cycle

For THP-1 cells, despite no differences in the percentages 
of S phase between 10 and 40 ng/ml G-CSF and GM-CSF 
groups were found (P > 0.05), there was significant differ-
ence in the percentage of S phase between 20 ng/mL G-CSF 
and GM-CSF groups (P < 0.05) (Fig. 2a, b). For SHI-1 cells, 
there were significant differences in the percentage of S 
phase between 10, 20, and 40 ng/mL G-CSF groups and 
the corresponding GM-CSF groups (P < 0.05) (Fig. 2c, d). 
Similar results were also seen in M5 primary cells (P < 0.05) 
(Fig. 4e, f). Based on these results and reports by others, 
20 ng/mL G-CSF and GM-CSF were chosen for further 
experiments [10].

Effect of CAG and CAGM on cell proliferation

Although G-CSF or GM-CSF alone enhanced prolifera-
tion of THP-1 and SHI-1 cells, combination of G-CSF 
(GM-CSF) with Ara-C and ACR induced cell death. 
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In particular, CAGM was more effective than CAG in 
inhibiting cell proliferation at the presence of either 
4 × 10−8 mol/L or 8 × 10−8 mol/L ACR (P < 0.05) (Fig. 3a, 
b).

CAG and CAGM induce cell apoptosis

CAG or CAGM with the lowest ACR concentration did not 
induce obvious apoptosis. However, with increasing ACR 
concentration, apoptosis in both CAG and CAGM groups 
increased gradually; and CAGM group had a significantly 
higher apoptosis rate (Annexin V-FITC +/PI − and Annexin 
V-FITC +/PI +) than the corresponding CAG group in 
THP-1 cells (P < 0.05) (Fig. 4a, b). Similar results were seen 
in SHI-1 cells (P < 0.05) (Fig. 4c, d), and in M5 primary 
cells (P < 0.05) (Fig. 4e, f).

Effect of CAG and CAGM on expression 
of apoptosis‑related proteins

At 24 h, caspase 9 down-regulation was observed with 
increasing concentrations of ACR in both CAG and 
CAGM groups. CAGM induced higher expression of 
cleaved caspase 3 than CAG at high concentrations of 
ACR (P < 0.05) (Fig. 5a1, 2 for THP-1 and Fig. 5c1, 2 for 
SHI-1). However, caspase 8 expression was not detectable 
at 24 h or 48 h in both groups (Supplemental Fig). These 
results suggest that CAG and CAGM-induced apoptosis 
involves mitochondrial apoptotic pathway. Because this 
pathway is regulated by Bcl-2 family proteins, we next 
examined Bcl-2 and Bax expression. Results showed the 
expression levels of Bcl-2 decreased, while the expres-
sion of Bax increased in both THP-1 and SHI-1 cells 
in an ACR dose-dependent manner. As a result, CAGM 

Table 1   Clinical characteristics 
of two groups

FAB French–American–British, WBC white blood cell count, PLT platelet, CR complete remission, OR 
overall remission, FLT3-ITD Fms-like tyrosine kinase3-internal tyrosine duplication, MLL mixed lineage 
leukemia

M1/M2 group n (73) M4/M5 group n (53) P value

Before reinduction
 Median age (years, range) 39 (25–51) 43 (29–52) 0.352
 Gender, n (%) 0.501
  Male 47 (64.4) 31 (58.5)
  Female 26 (35.6) 22 (41.5)

 Disease status, n (%) 0.558
  Relapse 16 (21.9) 14 (26.4)
  Refractory 57 (78.1) 39 (73.6)

 Complex karyotype n (%) 5 (6.8) 6 (11.3) 0.525
 FLT3-ITD mutation (±) 3/70 4/49 0.453
 MLL rearrangements (±) 3/70 6/47 0.165

After reinduction
 CR rate, n (%) 47 (64.4) 18 (34.0) 0.001

OR rate, n (%) 56 (76.4) 27 (50.9) 0.003
 WBC decrease, n (%) 0.829
  Grade 1 or 2 9 (11.0) 8 (12.5)
  Grade 3 or 4 73 (89.0) 58 (87.5)

 PLT decrease, n (%) 0.842
  Grade 1 or 2 8 (9.6) 6 (8.7)
  Grade 3 or 4 75 (90.4) 63 (91.3)

 Days of WBC < 0.5 × 109/L 0.237
  Median(range) 12 (0–20) 13 (10–27)

Days of PLT < 50 × 109/L 0.590
Median (range) 15 (0–37) 16 (7–29)
Infection rate, n (%) 0.644
Lung 34 (27.9) 19 (21.8) 0.776
Sepsis 2 (1.6) 2 (2.4)
Febrile neutropenia 34 (27.9) 28 (32.2)
Other organs 7 (5.7) 9 (10.3)
No infection 45 (36.9) 29 (33.3)
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caused significantly lower Bcl-2/Bax ratio than CAG did 
(P < 0.05) (Figs. 5a3, 4, c3, 4).

Discussion

AML is a heterogeneous disease and different subsets of 
AML may response differently to the same treatment. In 
AML patients refractory to the first course of induction 
chemotherapy, those with non-M4/M 5 subtypes benefited 
more from the CAG regimen than those with M4/M5 sub-
types, but the underlying reason is unknown [20]. The pre-
sent retrospective study found that patients of M1/M2 sub-
types benefited more from the CAG regimen than patients 
of M4/M5 subtypes, which may be due to higher expression 
levels of G-CSFR on M1/M2 cells [8, 21, 22]. We also found 
higher expression levels of GM-CSFR on M5 cell lines and 
primary cells. As expected, substitution of GM-CSF for 
G-CSF in the CAG regimen can augment the anti-leukemia 
effect of CAG regimen in acute monocytic leukemia in vitro.

Addition of either G-CSF or GM-CSF increased the per-
centage of cells in S phase, especially GM-CSF, in both 
SHI-1 cells and THP-1 cells, but it was worth noting that 
no significant differences were obtained in the percentages 
of S phase with 10 and 40 ng/mL for both G-CSF and GM-
CSF in THP-1 cells (P > 0.05) (Fig. 2a, b). We think that 
a concentration of 10 ng/mL of either G-CSF or GM-CSF 

was not high enough to stimulate cell cycle conversion. At 
the concentration of 40 ng/mL, GM-CSF may stimulate 
some cells into G2 phase from S phase, which decreased 
the percentage of cells in S phase. That is why, the per-
centages of S phase of GM-CSF groups with the above two 
concentrations were not much higher than that in the cor-
responding G-CSF groups. This indicates an optimal dose 
of GM-CSF should be explored when GM-CSF is used for 
M5 patients in the clinical setting.

To confirm the different priming efficacy of G-CSF and 
GM-CSF on acute monocytic leukemia, we performed cyto-
toxic assays of these two regimens by mimicking clinical 
administration of CAG regimen. As expected, either G-CSF 
or GM-CSF alone stimulated cell proliferation [10]. Upon 
addition of Ara-C and ACR, cell proliferation was inhibited, 
with a greater inhibitory effect seen in the CAGM group. 
Similar results had been observed in AML blasts with 
G-CSF and Ara-C [23]. Apoptosis assay also confirmed 
that anti-leukemic effect of CAGM regimen was signifi-
cantly stronger than CAG regimen. In addition, apoptosis 
increased in an ACR concentration-dependent manner of 
in both CAG and CAGM regimens, which was in line with 
clinical findings that increasing ACR dose in the CAG regi-
men increased CR rate of R/R AML patients [24]. Notably, 
the differences in proliferation rate were small between CAG 
and CAGM regimens, whereas the differences were much 
greater for apoptosis. The underlying reason is unknown.

Fig. 1   G-CSFR and GM-CSFR expression in cell lines and primary cells
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Fig. 2   Effect of G-CSF (GM-CSF) on cell cycle in acute monocytic leukemia cells

Fig. 3   Cell proliferation rate in cell lines by CCK-8 assay
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Apoptosis can be induced by intrinsic pathway (mito-
chondria) with activation of caspase 9 and extrinsic path-
way with activation of caspase 8. Activated caspase 8 and 
caspase 9 then induces caspase 3 cleavage [25]. Our results 
showed that caspase 8 was not detectable in the presence of 
either CAGM or CAG, indicating that only mitochondrial 
pathway was involved in apoptosis process induced by these 
two regimens. As expected, caspase 9 and cleaved caspase 3 
were activated more strongly by CAGM than by CAG. The 
previous studies have demonstrated a negative correlation 
between Bcl-2/Bax ratio and apoptotic sensitivity [26, 27]. 

In THP-1 and SHI-1 cells, the decrease of Bcl-2/Bax ratio 
upon CAG and CAGM treatment suggested that these two 
members of Bcl-2 family were involved in mitochondria-
mediated apoptotic pathway.

Encouraged by findings from experiments of cell 
lines, we further harvested bone marrow mononuclear 
cells from M5 subtype patients for similar investigations. 
Again, more notable accumulation of S phase population 
was observed in the GM-CSF group than in the G-CSF 
group (P < 0.05) (Fig. 2e, f). The percentage of apopto-
sis cell was also higher in the GM-CSF group (P < 0.05) 

Fig. 4   Effect of CAG and CAGM on cell lines and primary cells
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(Fig. 4e, f). Interestingly, we noticed a small increase in 
the percentage of S phase resulted in a dramatically higher 
sensitivity of leukemic cells to chemotherapy. This indi-
cated that other mechanisms may be involved in addition 
to GM-CSFR signal pathway.

In conclusion, our study demonstrated that priming with 
GM-CSF instead of G-CSF can maximize the cytotoxic 
activity of chemotherapy in acute monocytic leukemia 
cells in vitro. Further clinical trials are desirable to evalu-
ate the potential benefits of CAGM regimen on patients 
with acute monocytic leukemia.
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