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Differentiated HL-60 is an effector cell widely used for the opsonophagocytic-killing assay
(OPKA) to measure efficacy of pneumococcal vaccines. We investigated the correlation
between phenotypic expression of immunoreceptors and phagocytic ability of HL-60 cells
differentiated with N,N-dimethylformamide (DMF), all-trans retinoic acid (ATRA), or 1α,
25-dihydroxyvitamin D3 (VitD3) for 5 days. Phenotypic change was examined by flow
cytometry with specific antibodies to CD11c, CD14, CD18, CD32, and CD64. Apoptosis
was determined by flow cytometry using 7-aminoactinomycin D. Function was evaluated
by a standard OPKA against serotype 19F and chemiluminescence-based respiratory burst
assay. The expression of CD11c and CD14 gradually increased upon exposure to all three
agents, while CD14 expression increased abruptly after VitD3 . The expression of CD18,
CD32, and CD64 increased during differentiation with all three agents. Apoptosis remained
less than 10% until day 3 but increased after differentiation by DMF or ATRA.
Differentiation with ATRA or VitD3 increased the respiratory burst after day 4. DMF
differentiation showed a high OPKA titer at day 1 which sustained thereafter while ATRAor VitD3-differentiated cells gradually increased. Pearson analysis between the phenotypic
changes and OPKA titers suggests that CD11c might be a useful differentiation marker for
HL-60 cells for use in pneumococcal OPKA.
Keywords: Opsonophagocytic-Killing Assay; Streptococcus pneumonia; HL-60;
Differentiation

INTRODUCTION
Streptococcus pneumoniae is a significant pathogen for young
children and the elderly worldwide (1, 2). Antibiotic treatment
is becoming less effective because of an increase in multidrugresistant S. pneumoniae (3) and patients end up with serious
sequelae despite effective antibiotic treatment (4). Therefore an
effective pneumococcal vaccine is highly desirable (5). Currently, several pneumococcal conjugate vaccines more effective than
the 23-valent polysaccharide (PS) vaccine are under development (6-8).
In evaluating pneumococcal vaccines, an enzyme-linked immunosorbent assay (ELISA) is commonly used as the measure
of vaccine efficacy by quantitating antibodies to serotype specific S. pneumoniae PS in sera (9). However, the ELISA assays
for antibodies to pneumococcal PS were not always specific and
cross-reactivity of antibody binding to several serotypes was often observed (10, 11). Opsonophagocytic killing assay (OPKA)
is an in vitro surrogate assay to test protective efficacy of the pneu
mococcal vaccines and is often used to complement the ELISA
results (12).
For OPKA, granulocytes differentiated from HL-60 have been
used as effector cells to lessen the effort of isolating fresh granu-

locytes from human peripheral blood (12). HL-60 cells can be
differentiated into granulocytes by N,N-dimethylformamide
(DMF) (13, 14) dimethylsulfoxide (DMSO) (15-17), all-trans
retinoic acid (ATRA) (16-18) or granulocyte colony stimulating
factor (G-CSF) (19) and into monocytes or macrophage-like
cells by phorbol 12-myristate 13-acetate (PMA) or 1α,25-dihy
droxyvitamin D3 (VitD3) (17, 20-22). Differentiated HL-60 cells
change the expression of surface markers and the ability of OPKA
activity (16, 17, 23) but the relationship between phenotypic expression and function of differentiated HL-60 cells has not been
fully characterized.
In the present study, we investigated the correlation between
phenotypic and functional changes that occur during differentiation of HL-60 cells with DMF, ATRA, and VitD3 over time. This
data would be useful in optimizing the differentiation protocol
of HL-60 cells for use in OPKA to S. pneumoniae.

MATERIALS AND METHODS
Cell culture and differentiation condition
The HL-60 cells (ATCC, CCL-240, Rockville, MD) were grown in
RPMI 1640 (Gibco, Grand Island, NY, USA) supplemented with
10% (v/v) fetal bovine serum (FBS, Bio Whittaker, Walkersville,
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MD, USA), 0.2% sodium bicarbonate and appropriate antibiotics
in 5% CO2–humidified incubator at 37°C and the culture me
dium was changed every 3-4 days. The HL-60 cells at final concentrations of 5 × 105 cells/mL were induced to differentiate by
incubation with 100 mM DMF (Fisher Scientific, Pittsburgh,
PA, USA), 1 μM ATRA (Sigma, St. Louis, MO, USA), or 100 nM
VitD3 (Sigma) for 5 days. These were optimized conditions for
differentiation of HL-60 cell into granulocytes or monocytes in
our and others’ previous studies (12, 17, 18, 22). Triplicates of
phenotypic and functional analyses were performed before and
on day 1, 2, 3, 4, and 5 after each differentiation induction.
Flow cytometric analysis of phenotypic expression
Each ten microliters of phycoerythrin (PE)-conjugated mouse
anti-human CD64, CD32, CD14, and CD11c (mouse IgG1, Serotec, Oxford, England), PE-conjugated rat anti-human CD18
(rat IgG2b, Serotec), and PE-conjugated mouse IgG1 (Serotec)
and PE-conjugated rat IgG2b (Serotec), as isotype controls, were
added to 1 × 106 differentiated HL-60 cells and incubated at room
temperature for 15 min. Then the cells were centrifuged at 300
× g for 5 min and suspended in 1 mL of phosphate-buffered saline (PBS, pH 7.4). The cells were centrifuged again and washed
twice as such. The cells were resuspended in 5 mL of PBS with
0.5% paraformaldehyde and the fluorescence intensities were
measured with FACS Calibur (Beckton-Dickinson, San Jose, CA,
USA).
Opsonophagocytic-killing assay
S. pneumoniae serotype 19F (ATCC) was grown in Todd-Hewitt
broth (Difco, Detroit, MI, USA) with 0.5% yeast extract to the log
phase, aliquoted in 15% glycerol and frozen at -70°C for further
use. The recovery rate and dilution factor of bacteria were assessed. The same frozen lot was used for OPKA throughout the
entire investigation. HL-60 cells before and day 1, 2, 3, 4, or 5 of
differentiation by DMF, ATRA or VitD3 were used for OPKA. HL60 cells were diluted to 1 × 107 cells/mL in Hanks’ buffer supplemented with 0.1% gelatin and 10% FCS. Intravenous immunoglobulin (IVIG, Green Cross, Yongin, Korea) was also diluted
in the same buffer. Ten microliters of pneumococci solution
containing 2,000 colony forming unit (CFU) and 40 μL of serial
1:3 dilutions of IVIG were placed in a well of 96-well micro -titer
plate. After 30 min incubation at room temperature, 40 μL of
HL-60 suspension (4 × 105 per well) and 10 μL of baby rabbit
complement (Accurate Chemical, Westbury, NY, USA) were
added to the well. The mixture was incubated for 1 hr at 37°C
with shaking. Ten microliters of the reaction mixture was plated
in a blood agar plate. The plates were incubated at 37°C in 5%
CO2 for 12-18 hr. CFU was determined by counting bacterial
colonies in the plates. OPKA activity is defined by % killing as
follows.
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% Killing = (CFU in the absence of HL-60 - CFU in the presence of HL-60) × 100/
CFU in the absence of HL-60
Measurement of respiratory burst using a
chemoiluminescence assay
A reaction mixture was prepared containing 50 mM luminol
(5-Amino-2, 3-dihydro-1, 4-phthalazinedione, Sigma) and 500
nM PMA in 800 μL of PBS and was stabilized in a luminometer
vial at 37°C for 5 min. HL-60 cells (5 × 105 cells/200 μL) were
added to the mixture and luminescent intensity was measured
at 37°C for 2 hr with a luminometer (Multi-biolumat LB9505C,
Berthold, Germany). The tests were repeated three times and
the mean values of the maximum amounts were calculated.
Analysis of apoptotic cell death
HL-60 cells were stained with 20 μg/mL of 7-amino-actinomycin D (7-AAD, Sigma) and analyzed by flow cytometry. Briefly,
7-AAD was solubilized in small volume of acetone and diluted
in PBS to adjust the concentration to 200 μg/mL. Fifty microliters of the 7-AAD solution was added to 450 μL of cell suspension to adjust the final concentration into 20 μg/mL and cultur
ed for 20 min at room temperature. Flow cytometric analysis
was carried out to analyze apoptotic cells, which are moderately stained by the 7-AAD.
Statistical analysis
The phenotypic expressions of differentiated HL-60 cells were
expressed as means ± SD and were statistically analyzed by twotailed non-paired t-test. Correlations between expression of
CD64, CD32, CD14, or CD11b/CD18 and OPKA activity were
analyzed by Pearson correlation analysis. P value of < 0.05 was
considered statistically significant.

RESULTS
Phenotypic expression of immune receptors on the
differentiated HL-60 cells
CD11c was not expressed on the undifferentiated HL-60 cells
but a gradual increase in its expression was observed on the
cells differentiated with DMF, ATRA, or VitD3 up to day 5 (Table
1). There was no expression of CD14 on the HL-60 cells before
the induction of differentiation and it increased significantly by
DMF on day 3 and by ATRA on day 4, respectively. Meanwhile,
VitD3 showed the highest induction of CD14 expression on day
2 and a gradual decrease thereafter. The expression of CD18 was
already high (76.5%) before the induction and increased a little
bit further by DMF on day 3, by ATRA on day 1, and by VitD3 on
day 2. On the 4th and 5th day, there were differences in the expression of CD18 on the cells differentiated with the 3 agents
and DMF produced the highest expression. The expression of
CD64 on HL-60 cells was 98.5% before differentiation and it sushttp://dx.doi.org/10.3346/jkms.2015.30.2.145
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Table 1. Phenotypic expression of immune receptors on the differentiated HL-60 cells
Receptors
CD11c

CD14

CD18

CD32

CD64

Differentiation (days)

Stimulants
DMF
ATRA
VitD3
DMF
ATRA
VitD3
DMF
ATRA
VitD3
DMF
ATRA
VitD3
DMF
ATRA
VitD3

0

1

2

3

4

5

1.2 ± 0.1

3.3 ± 0.2*
11.4 ± 0.9*
9.9 ± 0.6*
1.5 ± 0.2
1.9 ± 0.8
80.6 ± 1.9*,†
76.9 ± 1.5
90.5 ± 1.8*
81.7 ± 1.5
81.5 ± 1.1*
56.6 ± 1.5*
71.8 ± 1.8*
96.3 ± 1.5
98.5 ± 0.5
99.1 ± 0.2

13.0 ± 1.6
17.6 ± 1.6
32.5 ± 1.2
7.4 ± 0.5
3.9 ± 1.5
90.6 ± 0.9†
75.6 ± 1.6
89.7 ± 1.5
91.5 ± 1.2
84.8 ± 2.1
77.0 ± 1.3
73.4 ± 0.7
98.8 ± 0.7
98.0 ± 1.1
98.1 ± 1.0

42.9 ± 2.6
40.6 ± 1.8
41.3 ± 0.7
70.8 ± 4.8*
13.7 ± 1.8
85.6 ± 1.2
91.2 ± 0.9*
91.7 ± 1.4
87.8 ± 1.3
93.4 ± 1.5†
57.1 ± 1.7
82.0 ± 1.6
97.8 ± 1.0
98.0 ± 1.1
98.0 ± 1.1

67.8 ± 1.4
65.0 ± 1.5
62.0 ± 1.5
81.3 ± 1.7
55.5 ± 4.8*
63.1 ± 3.7
96.2 ± 1.1†
69.3 ± 1.3
83.9 ± 1.7
96.5 ± 1.2†
63.5 ± 1.2
74.3 ± 1.8
98.5 ± 0.9
99.0 ± 0.0
99.0 ± 0.0

78.2 ± 1.0
72.6 ± 2.1
60.1 ± 2.1
82.5 ± 1.7
52.0 ± 1.7
54.9 ± 3.0
97.0 ± 1.5†
61.4 ± 1.3
80.0 ± 1.1
96.1 ± 1.4†
65.2 ± 1.1
69.7 ± 1.8
98.3 ± 0.6
98.2 ± 0.9
98.2 ± 0.9

1.7 ± 0.2

76.5 ± 1.6

39.2 ± 1.6

98.5 ± 0.6

Numbers in the Table are the geometric mean ± SD of fluorescence intensity. *P < 0.05 (vs. Day 0); †P < 0.05 (DMF vs. ATRA or VitD3).

Change in apoptotic cell population during differentiation
Cells stop proliferation during differentiation and begin to die
at a certain time point after the end of differentiation. In order
to examine the change in dead cell populations during differentiation, apoptotic cells were enumerated using 7-AAD, a fluorescent dye intercalating into DNA of dead cell. Dead cell fraction of HL-60 cells before the differentiation was 1.8% and it remained less than 10% for 3 days when the cells were differentiated with DMF or ATRA. However, apoptotic cells increased on
day 4 and 5 post DMF or ATRA treatment. On the contrary to
DMF and ATRA, VitD3 showed no increase of dead cells until
day 4 with a small increase in the dead cells (3.5%) on day 5 (Fig. 1).
Respiratory burst of the differentiated HL-60 cells
During phagocytosis, a metabolic process known as the respiratory burst occurs in the phagocytes producing a number of
reactive oxygen species that are extremely toxic to the microorganisms. Respiratory burst of the differentiated HL-60 cells was
determined by the chemiluminescence assay. The production
of reactive oxygen species was immediately down-regulated at
the early stage of differentiation (up to 2 days after induction).
Then, DMF showed a robust induction of the respiratory burst
on day 3 and the induction reached its maximum on day 4. ATRA
and VitD3 showed similar patterns with DMF in the kinetics of
the respiratory burst but produced 10 times higher intensities
of the fluorescence on day 4 and 5 compared to DMF (Fig. 2).
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Fig. 1. Analysis of apoptotic cell death during HL-60 differentiation. HL-60 cells were
incubated with or without DMF (0.8%), ATRA (1 µM), or VitD3 (20 µg/mL) for the indicated time period. Cells were stained with 20 µg/mL of 7-AAD and percentage of apop
totic cell populations were determined by analyzing fluorescence intensity of moderately stained cells with flow cytometry. *Indicates P < 0.05 when the values were compared with that of the day 0. DMF, dimethylformamide; ATRA, all-trans retinoic acid;
VitD3, vitamin D3; 7-ADD, 7-aminoactinomycin D.

Correlation between the phenotypic expression patterns
and OPKA titers
To further investigate the correlation between phenotypic change
of the cells and OPKA activity during differentiation, a standard
OPKA was performed using serotype 19F of S. pneumoniae. Un
differentiated HL-60 cells showed 49.7% of OPKA activity as determined by percent killing. With DMF, OPKA activity increased
significantly on day 1 and remained constant till day 5. On the
contrary, ATRA and VitD3 gradually increased the OPKA activity
as the differentiation continued. At the end of differentiation,
there was no significant difference in OPKA activity among the
3 agents and the titer reached approximately 90% (Fig. 3). Pearson correlation analysis demonstrated that changes in CD11c
http://jkms.org  147
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Fig. 2. Analysis of respiratory burst during HL-60 differentiation. HL-60 cells were incubated with or without DMF (0.8%), ATRA (1 µM), or VitD3 (20 µg/mL) for the indicated time period. The HL-60 cells were incubated with 50 mM luminal and 500 nM
PMA for 2 hr. Chemiluminescence intensity was examined with a luminometer. One
of the three similar results is shown. DMF, dimethylformamide; ATRA, all-trans retinoic acid; VitD3, vitamin D3; 7-ADD, 7-aminoactinomycin D.

Fig. 3. Opsonophagocytic-killing assay activity of HL-60 cells during differentiation.
HL-60 cells were incubated with or without DMF (0.8%), ATRA (1 µM), or VitD3 (20
µg/mL) for the indicated time period. The HL-60 cells were applied to a conventional
pneumococcal OPKA against serotype 19F as described in the Materials and Methods. DMF, dimethylformamide; ATRA, all-trans retinoic acid; VitD3, vitamin D3; 7-ADD,
7-aminoactinomycin D.

Table 2. Correlation between the phenotypic expression of immune receptors and
opsonophagocytic-killing assay titer of the differentiated HL-60

differentiated with DMF, CD32 expression also correlates with
OPKA activity. These results suggest that CD11c might be a useful marker for confirming differentiation of HL-60 cells and CD32
can be used as a marker for DMF-differentiated cells to achieve
qualification of HL-60 cells as an effector cell for the pneumococcal OPKA.
Phagocytosis involves two processes: 1) attachment of opsonized bacteria to the receptors of phagocytes and 2) subsequent
engulfment and digestion of target microbes. Since recognition
and attachment of opsonized bacteria are mediated through
various adhesion molecules expressed on phagocytic cells, CD11c
could play an important role in this process by forming adhesions such as CD11c/CD18 complex (C3b receptor, CR4). CD11c
contributes to the adhesive properties of granulocytes and mediates adsorptive endocytosis on granulocytes by binding to a
complement component C3b (24). Expression of CD11c on the
differentiated HL-60 cells was significantly increased on day 1
in all three groups and increased continuously until the 5th day
with rates ranging between 60%-80%, and there was no significant difference among the three agents in the expression of CD11c.
These results are in agreement with Miller et al. (25). Along with
the CD11c, CD11b also participates in the cell-to-cell interaction
by forming CD11b/CD18 complex (CR3, iC3b receptor, Mac-1)
which is a part of integral family of adhesion molecules. Previously, we reported that the expression of CD11b correlated well
with OPKA activity as well (26). Although the HL-60 cells have
been shown to express only the FcγRIIa-R131 allotype, which
has a lower affinity for IgG2, these cells are still capable of phagocytosis of opsonized pneumococci in the presence of complements (27). Thus, the C3b receptor containing CD11b appears

Stimulants
DMF
ATRA
VitD3
Total

R values by receptors
CD11c

CD14

CD18

CD32

0.66
0.97
0.96
0.72

0.62
0.94
-0.70
0.43

0.58
-0.95
-0.25
0.17

0.98
0.05
0.15
0.60

expression of the differentiated HL-60 cells correlated well with
OPKA activity in all 3 agents (Table 2). With DMF, CD32 expression had a strong correlation with the OPKA activity and the expression of other markers such as CD14, CD11c, and CD18 de
monstrated a moderate correlation with the OPKA activity com
pared with other agents. CD14 showed a strong correlation with
the OPKA activity on the differentiation of HL-60 cells induced
by ATRA treatment.

DISCUSSION
Having originated from a leukemia cell with karyotypic abnormalities, HL-60 cells can be differentiated into phagocytes to
display phenotypic and functional characteristics commonly
associated with normal peripheral blood granulocytes including OPKA activity and respiratory burst. The current study was
performed to identify the correlation between phenotypic expression of HL-60 cells and the OPKA activity during differentiation induced by DMF, ATRA, and VitD3 and demonstrated that
CD11c expression correlates well with OPKA activity in HL-60
cells differentiated with all three agents. When HL-60 cells are
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to play a critical role in the opsonophagocytosis of S. pneumoniae. On the other hand, CD18 was expressed on the 76.5% of HL60 cells before differentiation, which signifies that it is already
expressed in the early stage of myelopoiesis.
OPKA measures bacterial uptake and killing by phagocytes
in the presence of antibody and complement (24). Our results
demonstrate that cells differentiated with DMF for 1-5 day(s)
yielded comparable OPKA activity. However it took 3 days with
VitD3 and 4 days with ATRA to reach sufficient opsonophagocytic-killing, respectively. On day 5 there was no difference in
OPKA titers among all three inducer groups. The results were
comparable to similar studies in which HL-60 cells differentiated by DMSO or ATRA were assessed for OPKA activity (26, 28).
It is also notable that HL-60 cells are able to be used for OPKA
in just 2 days post DMF treatment in the view of the fact that
DMF can differentiate HL-60 cells into effector cells earlier than
ATRA or VitD3.
Since Martinez et al. (29) reported that the in vitro differentiated HL-60 cells showed similar effectiveness in the phagocytosis of labeled pneumococci to granulocytes isolated from multiple donors, enormous efforts have been done to improve the
efficacy of phagocytes used for OPKA. However, there are difficulties that remain to be solved. Appropriate differentiation condition should derive HL-60 cells into the cells capable of successfully mimicking genuine granulocytes circulating through
the body and playing a role in phagocytosis of foreign microorganisms. It may be worthwhile to examine the differentiation of
HL-60 cells with a combination of various inducers in order to
improve the effectiveness of cells for a better bioassay. For instance, HL-60 cells differentiate into functional granulocytes
better when they are exposed to a mixture of ATRA, VitD3 and
G-CSF (30). Next, as HL-60 cells are differentiated, they cease
proliferation and begin to express new genes and molecules
and undergo morphologic changes, then begin to die mainly
via apoptosis. It might be useful to find a condition to make the
differentiated cells survive longer without changing their functions and phenotypic expression even after the end of differentiation. One promising approach would be to generate a transfectant ectopically expressing anti-apoptotic genes to prevent
cells from apoptotic cell death. Simultaneously, a technology
for cryo-preservation would be developed to preserve the differentiated effecter cells till the time to use.
Despite the instability of HL60 culture and the variability of
the phagocytic functions of the differentiated HL-60 cells, HL60 is widely used in surrogate pneumococcal OPKA from its simple differentiation process, availability of HL-60 cell line, and
difficulties in obtaining human granulocytes through a routine
phlebotomy and complicated isolation procedures from blood
(31-33). However, to make the OPKA more reliable, procedures
for differentiation of HL-60 cell into effective phagocytes should
be optimized and further standardized. Therefore, this study
http://dx.doi.org/10.3346/jkms.2015.30.2.145

will provide the basis to identifying the correlation between phenotypic expression pattern and OPKA activity and to suggest
the markers that should be examined to confirm differentiation
into relevant effector HL-60 cells.
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