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Abstract. Neutrophil extracellular traps (NETs) are web‑like 
structures made of chromatin and have been identified to have 
a role in the host's immune defense. Differentiated human 
promyelocytic leukemia HL‑60 cells (dHL‑60) have been used 
to study the mechanisms of NETs formation, as neutrophils have 
a short lifespan that limits their use. However, dHL‑60 cells 
are inefficient at generating NETs and therefore are not ideal 
replacements for neutrophils in studying of NET formation. 
In the present study, the optimal cell culture conditions and 
differentiation time that result in the most effective release of 
NETs from dHL‑60 cells upon stimulation were determined. 
HL‑60 cells were cultured in serum (FBS) or serum‑free 
(X‑VIVO) medium and differentiated using all‑trans retinoic 
acid (ATRA) or dimethyl sulfoxide (DMSO). dHL‑60 cells 
were stimulated with phorbol 12‑myristate 13‑acetate (PMA) 
or Ca2+ ionophore (CI). Cell differentiation and apoptosis, 
as well as the formation of reactive oxygen species (ROS) 
and citrullinated histone  H3 (citH3) were analyzed using 
flow cytometry. NETs were visualized using fluorescence 
microscopy and NET quantification was performed using 
PicoGreen. Induction of HL‑60 cells for five days produced 

the best results in terms of differentiation markers and cell 
viability. Both ATRA‑ and DMSO‑induced dHL‑60 cells were 
able to release NETs upon PMA and CI stimulation; dHL‑60 
cells in serum‑free medium produced more NETs than those 
in serum‑containing medium. DMSO‑dHL‑60 (X‑VIVO) 
cells were most efficient at producing NETs and ROS upon 
stimulation with PMA, while ATRA‑dHL‑60 (X‑VIVO) 
cells were most efficient at producing NETs and citH3 upon 
stimulation with CI. It was concluded that DMSO‑dHL‑60 
(X‑VIVO) may be a model for the study of ROS‑high NETosis 
and ATRA‑dHL‑60 (X‑VIVO) may be suitable for ROS‑low 
NETosis.

Introduction

Neutrophils are the most abundant type of leukocyte in the 
human bloodstream and are recruited from the circulation 
to sites of infection, inflammation or damage  (1). As key 
components of the innate immune system, neutrophils have 
various functions, such as releasing granule proteins, gener‑
ating reactive oxygen species (ROS) and releasing neutrophil 
extracellular traps (NETs) (1,2). 

NETs are web‑like structures made of chromatin and are 
decorated with histones, myeloperoxidase (MPO), neutrophil 
elastase and cathepsin G. NETs are known for their ability to 
defend against pathogens, including Staphylococcus aureus (3), 
pneumococci (4) and streptococci (5). Previous studies (3,5,6) 
have highlighted the ‘double‑edged sword’ concept, as NETs 
have been identified to have a role in the host immune defense, 
while also being implicated in the pathophysiology of various 
diseases, including thrombosis. A further understanding of 
how neutrophils cast their NETs is critical for exploring the 
pathogenesis of diseases associated with NETs.

Numerous pathogens may induce neutrophils to form 
NETs via different signals, such as Toll‑like receptors, Fc 
receptors, chemokine receptors and cytokine receptors (1). 
Brinkmann et al (7) first described the NETosis pathway in 
2004; this cell death process depends on the generation of 
ROS by NADPH oxidase (8) and the generation of citrul‑
linated histone H3 (citH3) by peptidylarginine deiminase 
type  4  (PADI4)  (9). Neutrophils are also able to release 
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NETs in a cell death‑independent manner called vital 
NETosis. In this process, NETs are released rapidly and 
NADPH oxidase function is not necessary (10,11). Recently, 
Chen et al (12) reported that cytosolic lipopolysaccharide 
or cytosolic gram‑negative bacteria are able to activate the 
noncanonical (caspase‑4/11) inflammasome and trigger 
gasdermin D‑dependent neutrophil cell death recently called 
noncanonical NETosis, which is still debatable. The involve‑
ment of a number of pathways implies that the progress of 
NET formation is complex; however, the short life of neutro‑
phils makes it difficult to explore the molecular and cellular 
mechanisms of NET formation. 

HL‑60 cells may be differentiated into granulocyte‑like 
cells using all‑trans retinoic acid (ATRA) or dimethyl sulfoxide 
(DMSO). A model based on a stable cell line has been used to 
reduce dissonant results due to different experimental settings 
or conditions  (13‑15) and differentiated HL‑60 (dHL‑60) 
cells have been used to study neutrophil functions, including 
NETosis (16‑18). However, the inefficiency of dHL‑60 cells in 
generating NETs makes it challenging to completely replace 
neutrophils in the analysis of NET formation. In the present 
study, the cell culture and differentiation conditions that lead 
to the most effective release of NETs from dHL‑60 were 
optimized.

Methods

Reagents. Fetal bovine serum (FBS), goat sera, RPMI‑1640 
medium and PBS were purchased from Biological Industries 
Israel Beit Haemek. X‑VIVO™ 15 medium was purchased from 
Lonza (cat. no. 04‑418Q). FITC Annexin V Apoptosis Detection 
kits were purchased from BD Pharmingen (cat. no. 556547). 
Anti‑CD11b‑PE, anti‑CD16‑APC and anti‑CD66b‑FITC were 
purchased from Biolegend (cat. no. 101207, 302011 and 305104, 
respectively). ATRA was purchased from MedChemExpress 
(cat. no. 302‑79‑4). DMSO was purchased from Sigma‑Aldrich 
(Merck KGaA; cat.  no.  D8418‑100). Neutrophil isolation 
kits were purchased from TBD (cat. no. LZS11131). citH3 
antibody (histone H3 citrulline R2 + R8 + R7), anti‑MPO 
antibody and Ca2+ ionophore  (CI) were purchased from 
Abcam (cat. nos. ab5103, ab9535 and ab120287, respectively). 
Goat anti‑mouse Alexa Fluor 488, ProLong Gold Antifade 
reagent and histone H3 mouse antibody were purchased from 
Cell Signaling Technology, Inc. (cat. nos. 4408s, 9071S and 
14269s, respectively). Goat anti‑rabbit Alexa Fluor 568, Total 
ROS Assay kits and Quant‑iT™ PicoGreen™ double‑strand 
(ds)DNA Assay kits were purchased from Thermo Fisher 
Scientific, Inc. (cat.  no.  A‑11011, 88‑5930‑74 and P7589, 
respectively). R‑PE‑antibody conjugation kits were purchased 
from Fcmacs (cat. no. FMS‑ABPE0001).

Cell culture and differentiation. The HL‑60 cell line was 
obtained from the American Type Culture Collection. 
Cells were cultured in RPMI‑1640 medium supplemented 
with 10% FBS or X‑VIVO™ 15 medium in a humidified 
atmosphere containing 5% CO2 at 37˚C. Cells were passaged 
every three days and only cells passaged no more than 
15 times were used for the experiments. ATRA (1 µmol/l) 
or DMSO (1.25%) were used to induce HL‑60 cells to 
differentiate. CD11b, CD16 and CD66b expression was 

detected to evaluate the rate of HL‑60 differentiation using 
a BD FACSCanto II flow cytometer (BD Biosciences). FITC 
Annexin V Apoptosis Detection kits were used to determine 
the viability of differentiated cells using a BD FACSCanto 
II flow cytometer (BD Biosciences).

Quantification of ROS production using flow cytometry. 
Total ROS Assay kits were used to quantify ROS in cells. The 
500 X ROS Assay Stain stock solution was diluted to 1X using 
the ROS Assay Buffer. The cells were centrifuged for 5 min 
at 350 x g and washed with PBS. Washed cells (1x106 cells/ml) 
were incubated with 1X ROS assay stain for 60 min in a 37˚C 
incubator with 5% CO2, followed by treatment with phorbol 
12‑myristate 13‑acetate (PMA; 50 nmol/l) or CI (4 µmol/l) 
for 1.5 h to induce the production of ROS. The analysis was 
performed with a BD FACSCanto II flow cytometer using the 
488 nm (blue) laser in the FITC channel.

NETs visualization by fluorescence microscopy. In order to 
avoid abnormal NET generation caused by serum, the dHL‑60 
cells were centrifuged for 5 min at 350 x g at 4˚C and washed 
with PBS. Washed cells (5x105 cells/ml) were incubated for 
1 h in RPMI‑1640 in confocal dishes and the cells were then 
stimulated with 50 nmol/l of PMA or 4 µmol/l of CI for 4 h 
in a humidified atmosphere containing 5% CO2 at 37˚C. Cells 
were fixed with 4% paraformaldehyde for 20 min at room 
temperature and permeabilized with 0.3% Triton X‑100 for 
10 min at room temperature. Samples were blocked with 10% 
goat serum for 1 h at 37˚C and then incubated with antibodies 
directed against MPO (1:100 dilution) or H3 (1:100 dilution) 
overnight at 4˚C. After washing with PBS, the cells were incu‑
bated with goat anti‑rabbit Alexa Fluor 568 (1:1,000 dilution) 
and goat anti‑mouse Alexa Fluor 488 (1:500 dilution) for 
1 h at 37˚C in the dark. Cells were incubated with DAPI for 
10 min at room temperature and exposed to ProLong Gold 
Antifade reagent according to the manufacturer's protocols. 
Cells were visualized using a confocal TCS SP8 microscope 
(Leica Microsystems). 

Comparison of NETs composition. Cells were visualized 
using a confocal microscope and the composition of NETs 
was calculated via four random fluorescence scanning planes 
using ImageJ software (version 1.46r; National Institute of 
Health) (6). The average size of individual NETs was calcu‑
lated by measuring the area of DNA stained by DAPI, the 
average size of NET‑associated proteins was calculated from 
the area of MPO or histone H3. The composition of NETs was 
determined by calculating the average size of NET‑associated 
proteins divided by the average size of the area occupied by 
DNA.

Quantification of NETs. PicoGreen was used to detect dsDNA 
following the manufacturer's protocol. Washed dHL‑60 
cells were transferred to 96‑well plates (1x106  cells/ml in 
RPMI‑1640) and the cells were stimulated with 50 nmol/l PMA 
or 4 µmol/l CI for 4 h. The supernatant was gently removed 
and replenished with 100 µl PBS and an equivalent amount 
of 1X Quant‑iT PicoGreen reagent was added to the 96‑well 
plates, followed by incubation for 5 min at room temperature. 
Fluorescence was detected at an excitation wavelength 
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of 502 nm with an emission wavelength of 523 nm using a 
spectrofluorometer (SpectraMax M2; Molecular Devices).

CitH3 quantification by flow cytometry. CitH3 quantification 
was performed as previously described  (19), with certain 
modifications. Anti‑citH3 antibody was pre‑conjugated with 
PE‑antibody using antibody conjugation kits. Cells were 
cultured in RPMI‑1640 and stimulated with PMA (50 nmol/l) 
or CI (4 µmol/l) for 2 h at 37˚C in 5% CO2, fixed in 2% para‑
formaldehyde for 20 min, washed with PBS and centrifuged 
for 20 min at 16,000 x g at 4˚C. Cells were incubated with 
citH3‑PE for 30 min at room temperature in the dark, washed 
with PBS, centrifuged for 20 min at 16,000 x g at 4˚C and 
analyzed using a BD FACSCanto II flow cytometer.

Statistical analysis. SPSS Statistics 23.0 for Win10 (IBM Corp.) 
was used for data processing. Normally distributed data 
were expressed as the mean ± standard deviation. One‑way 
ANOVA was used to analyze differences among groups. As a 
multiple‑comparisons test, Dunnett's test was selected if one 
column represented control data and Tukey's test was chosen 
when comparing all pairs of columns. Two‑way ANOVA with 
Bonferroni's test for multiple comparisons was used when 
there were two independent variables. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Differentiation and apoptosis of HL‑60 cells under ATRA and 
DMSO. Since the HL‑60 differentiation time was different 
in previous studies (13,15,20‑22), the present study aimed to 
determine the differentiation protocol that led to the highest 
expression of the neutrophil surface marker, while maintaining 
high cell viability. The differentiation was observed for three 
to seven days using the most commonly used differentiation 
agents, ATRA and DMSO. High concentrations of serum have 
been reported to inhibit differentiation (23). X‑VIVO™ 15 is a 
serum‑free medium, which has been reported to improve cell 
differentiation (24). Hence, the effects of serum (RPMI‑1640 
supplemented with 10%  FBS) and serum‑free medium 
(X‑VIVO™ 15 medium) on the differentiation of HL‑60 cells 
were also compared. 

To investigate the differentiation efficiency, CD11b, 
CD16 and CD66b were used as the neutrophil surface 
markers (20,25‑27) and Apoptosis Detection kits were used 
for the evaluation of cell viability. Both ATRA and DMSO 
need five days to produce efficient expression of CD11b, CD16 
and CD66b in dHL‑60 cells incubated in normal medium 
with serum or X‑VIVO™ 15 medium (Fig.  1A‑N). With 
increasing differentiation time, the expression of CD11b, 
CD16 and CD66b decreased in certain groups (Fig. 1M‑O). 
The association between the differentiation time and the 
survival rate of cells was determined and the results indi‑
cated that the cell viability was similar from the third to the 
fifth day; however, cell death increased significantly from the 
sixth day (Fig. 1P).

Since induction for five days produced the best results 
in terms of differentiation markers and cell viability, the 
expression of CD11b, CD16, and CD66b was compared in 
different groups. The group with the best differentiation 

potential [DMSO‑dHL‑60 (FBS)] was used as a representa‑
tive control group. It was observed that CD11b expression 
was significantly higher in the DMSO‑dHL‑60 (FBS) group 
than in the ATRA‑dHL‑60 (X‑VIVO) group (Fig. 1M). The 
expression of CD66b was also significantly higher in the DMSO‑ 
dHL‑60 (FBS)group as compared with that in the 
ATRA‑dHL‑60 (FBS) group (Fig. 1N). After induction for 
5  days, the DMSO‑dHL‑60 (FBS) group had the highest 
expression of CD16 among the groups (Fig. 1O).

In summary, induction for five days provided the best 
results in terms of differentiation markers and cell viability, 
while among the four methods studied, the differentiation 
protocol involving the induction of differentiation using 
DMSO in serum‑containing medium produced the best differ‑
entiation potential.

ROS formation in dHL‑60 cells after stimulation with PMA or 
CI. In the above experiments, it was determined that induction 
for five days produced the best results in terms of differen‑
tiation markers and cell viability. In subsequent experiments, 
the ability of dHL‑60 cells to produce ROS after five days of 
differentiation was tested. ROS formation was analyzed using 
Total Reactive Oxygen Species Assay kits, which contain the 
necessary reagents and buffers for identifying ROS in cells 
by flow cytometry in the FITC channel. It was determined 
that all four different protocols may induce HL‑60 cells to 
produce ROS upon stimulation with PMA (Fig. 2A and C). 
Both ATRA‑dHL‑60 and DMSO‑dHL‑60 cells cultured 
in serum‑free medium released more ROS than the cells in 
serum‑containing medium. DMSO‑dHL‑60 (X‑VIVO) was 
the most efficient of the four groups (Fig. 2C). Under stimula‑
tion with CI, the ATRA‑dHL‑60 (FBS) group was not able to 
form ROS. ROS formation was more effective in serum‑free 
medium than in serum‑containing medium with the same 
agents and ATRA‑dHL‑60 (X‑VIVO) was the most efficient 
of all four groups (Fig. 2B and D). 

Stimulation of differentiated HL‑60 cells in serum‑free 
medium results in highly efficient NETs production. In the 
above experiments, it was determined that ROS formation was 
more effective in serum‑free medium than in serum‑containing 
medium. As the release of NETs occurs downstream of ROS 
generation, the ability of dHL‑60 cells to produce NETs after 
stimulation was tested in subsequent experiments. By fluores‑
cent microscopy, it was observed that all four differentiation 
protocols are able to release NETs upon stimulation by both 
PMA and CI (Fig. 3A). 

Quantification of NETs using PicoGreen indicated that 
these cells release DNA when stimulated with PMA or CI; 
however, differentiated HL‑60 cells in serum‑free medium 
appeared to produce more NETs than those in serum‑containing 
medium (Fig. 3B). Therefore, the numerical value of NETs was 
compared according to the medium in which the cells were 
incubated. The results indicated that both ATRA and DMSO 
dHL‑60 cells in serum‑free medium formed more NETs than 
those in serum‑containing medium upon stimulation with 
PMA or CI. The DMSO‑dHL‑60 (X‑VIVO) group was the 
most efficient in releasing NETs post‑PMA stimulation, while 
the ATRA‑dHL‑60 (X‑VIVO) group was the most efficient in 
releasing NETs post‑CI stimulation (Fig. 3C).
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Next, the composition of NETs was compared by calcu‑
lating the areas of NET‑associated proteins (MPO and histone 
H3) divided by DNA areas determined using fluorescent 
microscopy (6). When dHL‑60 cells were stimulated with 
PMA, both ATRA and DMSO dHL‑60 groups in serum‑free 
medium released a greater ratio of histone H3 to DNA than 
those in serum‑containing medium (Fig.  3D); however, 
the ratio of MPO expression exhibited no difference. There 
was no statistically significant difference in the composi‑
tion of NET‑associated proteins between the groups upon 
CI stimulation (Fig. 3E). Furthermore, the composition of 

NET‑associated proteins differed for different stimulation 
agents (data not shown).

Histone citrullination in dHL‑60 cells after stimulation 
with PMA or CI. The conversion of arginine into citrulline 
by PADI4 may contribute to chromatin relaxation, which is 
frequently required for NET extrusion via suicidal and vital 
NETosis (28). To evaluate the ability for histone citrullination 
in different protocols after stimulation, the formation of citH3 
was detected using a flow cytometer. The results indicated 
that none of the dHL‑60 cells contained citH3 upon PMA 

Figure 1. Differentiation and apoptosis of HL‑60 cells in the presence of ATRA and DMSO. HL‑60 cells were differentiated into a neutrophil‑like state by stimula‑
tion with ATRA (1 µmol/l) or DMSO (1.25%) for three to seven days in serum‑containing medium (RPMI‑1640 supplemented with 10% FBS) or serum replacement 
medium (X‑VIVO™ 15 Medium). (A‑D) CD11b, (E‑H) CD16 and (I‑L) CD66b expression was used as a neutrophil surface marker to measure the differentiation 
state in (A, E, I) ATRA‑dHL‑60 (FBS), (B, F and J) DMSO‑dHL‑60 (FBS), (C, G and K) ATRA‑dHL‑60 (X‑VIVO) and (D, H and L) DMSO‑dHL‑60 (X‑VIVO). 
(M‑O) CD11b, CD66b and CD16 expression was compared between the four protocols during three to seven days of differentiation; one‑way ANOVA with 
Dunnett's test for multiple comparisons was used for comparing the expression of surface markers on the fifth differentiation day. (M) CD11b expression in was 
significantly higher in the DMSO‑dHL‑60 (FBS) group than in the ATRA‑dHL‑60 (X‑VIVO) group, *P<0.05. (N) The expression of CD66b was also significantly 
higher in the DMSO‑dHL‑60 (FBS) group compared with that in the ATRA‑dHL‑60 (FBS) group, *P<0.05. (O) The DMSO‑dHL‑60 (FBS) group had the highest 
expression of CD16 among the groups; **P<0.01. (P) Cell viability was similar from the third day to the fifth day and decreased significantly from the sixth day. 
Samples were measured using flow cytometry and data were analyzed using FlowJo software. The experiments were performed three times and a representative 
experiment is presented. ATRA, all‑trans retinoic acid; DMSO, dimethyl sulfoxide; dHL‑60, differentiated HL‑60 cells; d, days. 
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treatment (Fig. 4A and C). After CI treatment, the proportion 
of citH3‑positive cells among dHL‑60 cells was 10.4% in the 
ATRA‑dHL‑60 (FBS), 6.58% in the DMSO‑dHL‑60 (FBS), 
32.8% in the ATRA‑dHL‑60 (X‑VIVO) and 18.4% in the 
DMSO‑dHL‑60 (X‑VIVO) group; however, ATRA‑dHL‑60 
(X‑VIVO) was the most effective group regarding citH3 
formation after CI stimulation (Fig. 4B and C).

Discussion

In the present study, the ability of dHL‑60 cells to form NETs 
under different differentiation conditions and with different 
stimulation agents was assessed. The experimental evidence 
suggested that the optimal experimental protocol involved 
differentiation of HL‑60 cells for five days and culture in 
serum‑free medium. With respect to the ability of dHL‑60 cells 
to release NETs, DMSO‑dHL‑60 (X‑VIVO) cells were most 

efficient at producing NETs and ROS upon PMA stimulation, 
while ATRA‑dHL‑60 (X‑VIVO) cells were most efficient at 
producing NETs and citH3 upon CI stimulation.

The biology of neutrophils remains to be fully elucidated 
and the short life span of neutrophils makes it difficult to study 
their functions. HL‑60 cells are a human myeloid leukemia 
cell line, which may undergo granulocytic differentiation after 
stimulation using agents such as ATRA and DMSO (13,29‑33). 
There are various differentiation conditions. For stimulation 
using DMSO, Song et al  (32) and Wang et al  (34) treated 
HL‑60 cells for three days, Gupta et al (22) suggested incuba‑
tion for three to four days, Manda‑Handzlik et al (13) treated 
the cells for five days and Razvina et al (16) treated the cells for 
seven days. The treatment time with ATRA was also different 
in previous studies (13,20,22,32). Since neutrophilic differen‑
tiation is frequently coordinated with cell death, exploration 
of HL‑60 differentiation conditions is conducive to effective 

Figure 2. ROS formation in dHL‑60 cells after stimulation. (A and B) ROS formation stimulated with (A) PMA or (B) CI was assessed by flow cytometry in the 
FITC channel. (C and D) Median fluorescence intensity of ROS stimulated with (C) PMA or (D) CI. Values are expressed as the mean ± standard error of the 
mean calculated from three independent experiments; one‑way ANOVA with Dunnett's test for multiple comparisons was used for comparing the expression 
between experimental groups and control group; *P<0.05. One‑way ANOVA with Tukey's test for multiple comparisons was used for comparing the expression 
between the serum‑free group and serum‑containing group with the same differentiation agent; +P<0.05. ROS, reactive oxygen species; dHL‑60, differentiated 
HL‑60 cells; ATRA, all‑trans retinoic acid; DMSO, dimethyl sulfoxide; PMA, phorbol 12‑myristate 13‑acetate; CI, Ca2+ ionophore. 
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differentiation. The present results indicated that incubation 
with DMSO or ATRA for five days was the most suitable 
period for inducing neutrophil marker expression and cell 
viability.

NETs have critical roles in the host defense mechanism 
mediated by neutrophils; therefore, numerous studies have 
used dHL‑60 to explore the molecular and cellular mecha‑
nisms of NETs formation (14,16,17,29). However, the capacity 

Figure 3. NETs released from dHL‑60 post‑PMA and CI stimulation. (A) NETs formation was detected by fluorescent microscopy. Samples were stained with 
antibodies against MPO (red) and histone H3 (green). DNA was counterstained with DAPI (original magnification, x20; scale bar, 25 µm). (B and C) DNA 
release was detected by PicoGreen. (B) One‑way ANOVA with Dunnett's test for multiple comparisons was used for comparing the DNA release between 
the stimulated and unstimulated groups. All four different protocols can induce HL‑60 cells to produce NETs upon stimulation with PMA and CI. *P<0.05, 
**P<0.01, ***P<0.001 and ****P<0.0001. (C) One‑way ANOVA with Tukey's test for multiple comparisons was used for comparing the DNA release between 
the serum‑containing medium group and the serum‑free medium group with the group with the same differentiation agents, *P<0.05, **P<0.01. In B and C, 
values are expressed as the mean ± standard error of the mean from six independent experiments. (D and E) The composition of NETs was detected by 
calculating the areas of NET‑associated proteins (MPO and histone H3) divided by DNA area. (D) Stimulation with PMA and compared between the 
serum‑containing medium group and serum‑free medium group with the same differentiation agents, *P<0.05. (E) Stimulation with CI and compared between 
the serum‑containing medium group and serum‑free medium group with the same differentiation agents. Data were measured using ImageJ software. 
NETs, neutrophil extracellular traps; MPO, myeloperoxidase; dHL‑60, differentiated HL‑60 cells; ATRA, all‑trans retinoic acid; DMSO, dimethyl sulfoxide; 
PMA, phorbol 12‑myristate 13‑acetate; CI, Ca2+ ionophore; dsDNA, double‑strand DNA. 
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of dHL‑60 to release NETs was weak compared with that of 
neutrophils (13,30). A maximum of 28% of NETs release was 
reached after 4 h of co‑incubation of dHL‑60 with PMA, while 
blood‑derived neutrophils produced almost 100% NETs after 4 h 
of stimulation (30). It is important to increase the ability of dHL‑60 
cells to release NETs. High concentrations of serum have been 
reported to inhibit differentiation (23). To suppress the adverse 
effects of serum, a serum‑free medium (X‑VIVO™ 15 medium), 
which has been reported to improve cell differentiation (24), was 
used in the present study. The present results confirmed that the 
ability of dHL‑60 cells cultured in serum‑free media to release 
NETs upon PMA or CI stimulation was greater than that of cells 
cultured in serum‑containing media. 

PMA and CI are commonly used for the study of NETosis. 
PMA is able to activate numerous pathways in neutrophils and 
mediate suicidal NETosis. Upon treatment with PMA, NADPH 
oxidase is activated via protein kinase C and the Raf‑MAPK 
kinase‑ERK signaling pathway, leading to ROS generation and 

MPO activation and resulting in chromatin decondensation in 
the nucleus (7,35). In this cell death process, the generation of 
ROS by NADPH oxidase is critical. Consistent with the weak 
ability of dHL‑60 cells to release NETs, they do not release 
ROS as vigorously as neutrophils  (29,30,36). Imaizumi and 
Breitman (33) reviewed several studies and concluded that the 
capacity for ROS production by DMSO‑dHL‑60 cells was 
stronger than that of ATRA‑dHL‑60 cells upon PMA stimulation. 
Sham et al (31) reported the opposite result. In the present study, 
it was observed that the capacity for ROS production was similar 
between DMSO‑dHL‑60 (FBS) cells and ATRA‑dHL‑60 (FBS) 
cells; however, ROS formation was more effective in serum‑free 
medium than in serum‑containing medium with the same agents 
and DMSO‑dHL‑60 (X‑VIVO) was the most effective.

Neutrophils may form NETs independent of oxidant produc‑
tion. CI‑induced NET formation is dependent on AKT signaling 
and calcium‑induced mitochondrial ROS, but not on the NADPH 
oxidase pathway (18,37). The present study also determined that 

Figure 4. Histone citrullination in dHL‑60 cells after stimulation. (A and B) Representative flow cytometry images for the identification of citH3‑positive cells 
defined as NETs. (A) Stimulation with PMA and (B) stimulation with CI. (C) Two‑way ANOVA with Bonferroni's test for multiple comparisons was used 
for comparing the percentage of citH3‑positive cells among the groups. After stimulation with CI, the percentage of citH3‑positive cells was significantly 
higher in ATRA‑dHL‑60 (FBS), ATRA‑dHL‑60 (X‑VIVO) and DMSO‑dHL‑60 (X‑VIVO) groups as compared with that in unstimulated group, *P<0.05 
**P<0.01 and ***P<0.001. The percentage of citH3‑positive cells was significantly higher in serum‑free group as compared with that in serum‑containing group 
[DMSO‑dHL‑60 (X‑VIVO) vs. DMSO‑dHL‑60 (FBS); +P<0.05 and ATRA‑dHL‑60 (X‑VIVO) vs. ATRA‑dHL‑60 (FBS), ++P<0.01] when stimulation with CI. 
NETs, neutrophil extracellular traps; dHL‑60, differentiated HL‑60 cells; ATRA, all‑trans retinoic acid; DMSO, dimethyl sulfoxide; PMA, phorbol 12‑myris
tate 13‑acetate; CI, Ca2+ ionophore; citH3, citrullinated histone H3. 
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the ROS release stimulated by CI was much lower than with 
PMA. Serum may influence the generation of ROS and NET 
formation (38) and the presence of DNase I in serum also affects 
the degradation of NETs (39). To avoid any interference of serum 
with ROS and NET generation, all dHL‑60 cells cultured in media 
were washed and cultured with RPMI‑1640 during stimulation.

The formation of NETs is a process dependent on both 
ROS formation and histone citrullination. It was indicated 
that dHL‑60 cells only exhibited histone citrullination upon 
CI stimulation but not upon PMA stimulation. This result was 
consistent with the results of previous neutrophil stimulation 
experiments using CI and PMA (18). The present study indi‑
cated that citH3 formation after CI stimulation was highest in 
the ATRA‑dHL‑60 (X‑VIVO) group. Song et al (32) reported 
that ATRA stimulation led to significant upregulation of PADI4 
expression at both the mRNA and protein levels in HL‑60 
cells in a time‑dependent manner. It was speculated that the 
effective histone citrullination ability of ATRA‑dHL‑60 cells 
may be due to the upregulation of PADI4.

In conclusion, the optimal experimental protocol for 
HL‑60 cells was differentiation for five days and culture in 
serum‑free medium. The DMSO‑dHL‑60 (X‑VIVO) group 
was most efficient in terms of NETs and ROS production upon 
PMA stimulation, while the ATRA‑dHL‑60 (X‑VIVO) group 
was most efficient in terms of NETs and citH3 generation upon 
CI stimulation. Based on the different pathways of PMA and 
CI, DMSO‑dHL‑60 (X‑VIVO) may be proposed as a model 
for the study of ROS‑high NETosis, while ATRA‑dHL‑60 
(X‑VIVO) may be suitable for ROS‑low NETosis.
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