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Abstract
CD47 is over-expressed in Acute Myeloid Leukemia (AML) and functions as an inhibitory signal, suppressing phagocytosis 
by binding to signal regulatory protein α (SIRPα) on the surface of macrophages. Inhibition of CD47 restores the immune 
surveillance of AML cells. However, the inhibition of CD47 in AML by activated macrophages and the subsequent effects on 
different immune response parameters are not fully understood. Here, we demonstrate the use of a distinct co-culture method 
to inhibit CD47 and therefore eliminate AML cells by macrophages in vitro. Human chemically induced THP-1 macrophages 
were activated using different concentrations of lipopolysaccharide (LPS) and co-culturing with three AML cancer cell 
lines (HL-60, NB4, and THP-1), respectively, as well as normal human peripheral blood mononuclear cells (PBMC). CD47 
inhibition was observed in and selective to AML but not observed in normal PBMC. Additionally, calreticulin (CRT) levels 
were elevated in the same cell lines simultaneously, after co-culturing with activated human macrophages, but not elevated in 
normal cells. We also show that the activated macrophages secreted high levels of cytokines, including IL-12p70, IL-6, and 
TNF-α, consistent with the elimination of AML by macrophages. Our study reveals the potential of this model for screening 
new drugs against AML and the possibility of using human macrophages in AML treatment in the future.
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Abbreviations
AML  Acute myeloid leukemia
CRT   Calreticulin
DMEM  Dulbecco’s Modified Eagle’s Medium
FBS  Fetal bovine serum
HBSS  Hank’s balanced salt solution
LPS  Lipopolysaccharide
MFI  Mean of fluorescence intensity
PBMC  Primary peripheral blood mononuclear cells
SIRPα  Signal regulatory protein alpha

Introduction

Acute myeloid leukemia (AML) is an aggressive malignancy 
with a generally poor prognosis. Chemotherapy may provide 
complete remission in most of AML patients (50–80%). Yet, 
relapse rate is high (60–90%) with approximate 5-year sur-
vival rate of 27% [1–3]. Therefore, there is a need to explore 
other treatment options for AML to increase the survival rate 
and improve overall prognosis.

Tumor immune surveillance is a way by which the 
immune system identifies and eliminates tumor cells based 
on the expression of tumor-specific antigens on their sur-
faces. This concept was introduced over a century ago [4]. 
Macrophages are the main cells involved in tumor elimi-
nation and have been shown only recently to play a vital 

role in regulating tumor pathogenesis [5]. In addition, mac-
rophages mediate tumor cell elimination by production of 
cytokines and mainly by phagocytosis [6, 7]. AML, as is true 
for many types of cancers, can evade macrophage phago-
cytosis through the up-regulation of CD47, the “don’t eat 
me signal,” on their surface, whose expression is associated 
with a worse clinical prognosis in adult AML patients [7–9].

The phagocytic activity of macrophages can be regulated 
by either inhibition of the CD47 or activation of the “eat me 
signal,” calreticulin (CRT) [10]. CD47 is a transmembrane 
glycoprotein that functions as a critical inhibitory signal, 
suppressing phagocytosis by binding to signal regulatory 
protein alpha (SIRPα) on the surface of macrophages. When 
activated, SIRPα recruits a signal transduction cascade, 
resulting in inhibition of phagocytosis [11, 12]. Many stud-
ies have reported that blocking CD47 expression in many 
types of cancer cells, including AML, leads to phagocytic 
uptake of tumor cells by macrophages [13–15]. The blocking 
of CD47 may result in increased levels of “eat me signal” 
CRT, which is necessary for macrophage recognition and, 
therefore, triggers CRT-mediated phagocytosis [16–18].

A growing body of evidence has shown that M1 mac-
rophages activated by lipopolysaccharides (LPS) and other 
pro-inflammatory cytokines (e.g., IFN-γ) kill tumor cells, 
inhibit angiogenesis, and improve prognosis by macrophage 
elimination of cancer cells [19, 20]. LPS is a bacterial, 
potent toxin, and it has been associated with initiation of 
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inflammation [20, 21]. Many studies have reported the elimi-
nation of cancer cells using in vitro induced macrophage 
models [15, 17, 22]. However, vital immune parameters 
associated with this induction, specifically in AML, are still 
not fully elucidated and are the focus of this report.

Herein, a novel model to simultaneously inhibit CD47 
and elevate CRT expression levels for elimination of AML is 
demonstrated using human macrophage and cancer cell co-
culture. LPS at different concentrations (0–100 ng/mL) was 
employed. Several immune response parameters and related 
biomarker expressions were evaluated. The results obtained 
here offer a novel co-culture method useful for screening 
drugs against AML.

Materials and methods

Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), Iscove’s 
Modified Dulbecco’s Medium (IMDM), Hank’s Balanced 
Salt Solution (HBSS), Phosphate Buffered Saline (PBS) 
1X solution (pH 7.4), Fetal Bovine Serum (FBS), penicil-
lin–streptomycin antibiotics, and 0.5% trypsin EDTA (1X 
Trypsin) were purchased from Gibco (Thermo Fisher Sci-
entific, Canada). Phorbol 12-myristate 13-acetate (PMA), 
lipopolysaccharide (LPS) from Escherichia coli (O127:B8), 
6.5 mm Transwell permeable, 0.40 µm pore polyester mem-
brane supports, and a Milliplex human high-sensitivity 
T-cell magnetic bead panel kit were products of Sigma 
(Canada). A PE-Annexin V Apoptosis Detection Kit and an 
APC-conjugated antihuman CD14 antibody were purchased 
from BD-Biosciences (Canada). FITC- or PE-conjugated 
antihuman CD11b, PE-conjugated antihuman CD47, cell 
staining buffer, and human TruStain FcX™ (Fc Receptor 
Blocking Solution) were purchased from BioLegend (USA). 
Alexa Fluor® 488 anti CRT antibody was obtained from 
Abcam (Canada).

Cell culture and THP‑1 differentiation

Promyeloblast, acute promyelocytic leukemia (HL-60); 
monocyte, acute monocytic leukemia (THP-1); promyelo-
blast, acute promyelocytic leukemia with t(15;17) translo-
cation marker (NB4); macrophage—Abelson murine leu-
kemia virus transformed (Raw 264.7); and normal human 
Primary Peripheral Blood Mononuclear Cells (PBMC) were 
purchased from American Type Culture Collection (ATCC, 
USA).

THP-1, Raw 264.7, and NB4 cell lines were cultured in 
DMEM. PBMC were maintained in HBSS. FBS (10%) and 
100 U/ml penicillin/streptomycin were added to the media of 
all the above cell lines. HL-60 cells were cultured in IMDM 

supplemented with 20% FBS and 100 U/ml penicillin/strep-
tomycin. All cells were cultured in a 5%  CO2, 95% humidi-
fied incubator at 37 °C.

THP-1 cells were differentiated into macrophage-like 
cells by the addition of PMA [23, 24]. Briefly, 4 − 5 × 105 
cells were plated in 6-well tissue culture plate, and then, 
PMA (5 ng/mL) was added to the cells and incubated over-
night at 37 °C. Cells were then washed twice with PBS, and 
fresh medium was added to the cells prior to LPS stimu-
lation. Cell differentiation was assessed by monitoring 
the morphology of the cells using an optical microscope 
(ECHO- Revolve, USA), and quantification of the surface 
markers CD11b and CD14 was carried out by flow cytom-
etry analysis.

Co‑culture experiments and LPS stimulation

Suspension AML cells (HL-60, NB4, and THP-1) were co-
cultured with either differentiated THP-1 macrophage or 
Raw 264.7 cells using 0.40 µm Transwell polyester mem-
brane inserts into 6-well culture plate. Suspension cells 
(1 − 2 × 105) were plated on the membrane inserts (upper 
chamber), and differentiated THP-1 cells or Raw 264.7 
(4 − 5 × 105) were plated in the lower chamber. All cells were 
allowed to grow overnight to reach confluency. Next, LPS 
was added to the macrophage cells (differentiated THP-1 and 
Raw 264.7 cells) at concentrations of 0, 5, 20, and 100 ng/mL  
and incubated overnight. As control experiments, suspen-
sion cells were seeded in the same way as mentioned above, 
but in 6-well culture plate in the absence of co-culture with 
no differentiated THP-1 cells or Raw 264.7, and they were 
treated with the same concentrations of LPS used in the co-
culture experiment.

Flow cytometry and cell viability analysis

After LPS stimulation, suspension AML cells (from the 
upper chamber) were harvested and adherent macrophages 
cells (from the base of the lower chamber) were obtained 
by trypsin digestion (1X Trypsin for 5 min). All cells (can-
cer and macrophages) were then washed with cell staining 
buffer twice (10 mL each time) and centrifuged at 400 g for 
5 min, respectively. Next, 1 × 105 cancer cells and 1 × 105 
macrophages were re-suspended in 100 μL of cell staining 
buffer. To prevent non-specific binding, both cancer cells and 
macrophages were blocked with Human TruStain FcX™ (5 
µL) for 15 min at room temperature. Subsequently, the cancer 
suspension cells were stained with both PE-conjugated anti-
human CD47 and Alexa  Fluor® 488 conjugated antihuman 
CRT antibodies simultaneously. Macrophages (differentiated 
THP-1 cells and Raw 264.7, respectively) were stained with 
both APC-conjugated antihuman CD14 and Alexa  Fluor® 488 
conjugated antihuman CRT at the same time.
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Afterwards, stained cancer cells and THP-1 macrophages 
were incubated separately at room temperature for 30 min in 
the dark on a shaker (Boekel Scientific, USA) at 30 rpm. All 
cells were washed with cell staining buffer (1 mL) twice and 
centrifuged at 400 g for 5 min, and re-suspended in 0.5 mL 
of cell staining buffer containing 1% formaldehyde, and were 
ready for flow cytometry analysis (BD FACSCanto, USA).

Control measurements to determine the levels of CD47, 
CRT, and CD14 on suspension cells without co-culturing 
were carried out by harvesting the cells followed by staining 
cells with the same antibodies used in the co-culture experi-
ment. To test macrophage surface markers, differentiated 
THP-1 cells were stained with both APC-conjugated antihu-
man CD14 and PE-conjugated antihuman CD11b antibodies 
following the aforementioned protocol.

To determine the percentage of CD47 down-regulation in 
cancer cells, the following formula was used:

where the mean of fluorescence intensity (MFI) of cancer 
cells at the target concentration (5, 20, or 100 ng/mL) of 
LPS is subtracted from the MFI of cancer cells at 0 ng/mL 
of LPS, and this difference in MFI is divided by the MFI of 
cancer cells at 0 ng/mL of LPS multiplied by 100%.

To evaluate cell viability, the Annexin V viability assay 
was used according to the manufacturer’s instructions. 
Briefly, all cells were harvested as mentioned above and 
washed twice with cold PBS. They were then re-suspended 
in 1X Binding Buffer (provided in PE-Annexin V Apoptosis 
Detection Kit) at a concentration of 1 × 105 cells/100 µL. 
Next, 5 μL of PE-Annexin V and 5 μL 7-AAD were added 
to sample and incubated for 15 min at room temperature 
in the dark on a shaker at 30 rpm. 400 μL of 1X Binding 
Buffer was then added to sample prior to the flow cytometry 
measurements.

Measuring cytokine levels

The concentrations of IFN-γ, IL-10, IL-12p70, IL-1β, IL-2, 
IL-6, IL-8, and TNFα in cell culture supernatants were 
measured using a commercially available, Milliplex, human 
high-sensitivity T-cell magnetic bead panel kit, following the 
manufacturer’s instructions. The fluorescence intensity was 
detected using the  MAGPIX® system (Luminex, USA). The 
standard kit and cell samples were added in duplicate wells. 
Cytokine concentrations were calculated after the collection 
of standard curves and used as the protein level (pg/mL). 
The data were processed using Milliplex analyst software 
(version 5.1 Flex, VigeneTech, USA).

%CD47down−regulation
cancer

=

(

MFILPS=0
cancer

−MFI
LPS=5, 20, 100

ng

mL
cancer

)/

MFILPS=0
cancer

× 100%,

Statistical analysis

All data are presented as mean ± SEM. Experiments in this 
study were performed at least three times in duplicate. All 
statistical analysis and graphical displays were performed 
with OriginPro 2019 (USA). Differences between two 
experimental conditions were analyzed using independent 
two-sample t test, and differences among more than three 
conditions were analyzed using one-way ANOVA test. A 
value of P < 0.05 was considered statistically significant.

Results

THP‑1 cells exhibit macrophage‑like phenotype 
with increased expression of CD11b and CD14

Human THP-1 cells were differentiated into macrophage-
like cells (THP-1 macrophages) by incubation in the pres-
ence of PMA (5 ng/mL). Cell phenotype and morphological 
features, including both shape and size, were examined after 
the first 4 h of incubation and after overnight incubation. 
Cell surface expression levels of CD11b and CD14 were 
analyzed before and after PMA treatment by flow cytometry.

The PMA addition to THP-1 cells results in their differ-
entiation into M1 macrophage-like cells, characterized by 
changes in morphology and increased cell surface expres-
sion of CD11b and CD14 [23]. In this study, the micros-
copy results showed changes in cell morphology, internal 
structure, and appearance over time (see Supporting Infor-
mation Fig. S1A-S1C). Flow cytometry analysis revealed 
an increase in cell surface expression levels of CD11b and 
CD14 of PMA-treated THP-1 cells compared to non-treated 
(Fig. 1a, b), indicating differentiation to macrophage-like 
cells [24, 25]. These cells were then used as the human 
macrophages model to study the elimination of AML in 
co-culture.

Simultaneous down‑regulation of CD47 
and increased CRT expression on HL‑60 leukemia 
cell in co‑culture

In this study, our hypothesis stated that the down-regulation 
of CD47 expression in leukemia cells (e.g., via LPS activa-
tion of macrophages) could increase their elimination by 
macrophages in co-culture. To test this hypothesis, human 
HL-60 cells were first co-cultured with THP-1 macrophages 
in paired chambers (Fig. 2a). LPS at 0, 5, 20, and 100 ng/mL  
was added to the bottom chambers containing THP-1 mac-
rophages cells and incubated for 16–18 h (overnight). All 
cells were then harvested and the levels of CD47 and CRT 
on HL-60 after co-culture were assessed using flow cytom-
etry. As described earlier, PMA was removed by adding 



791Cancer Immunology, Immunotherapy (2021) 70:787–801 

1 3

fresh medium to culture (after washing with PBS) prior to 
the addition of LPS.

M1 macrophage-like cells activated by LPS were pre-
viously shown to have the ability to eliminate tumor cells 
[26]. In our study, as shown in Fig. 2b, the levels of CD47 
on HL-60 decreased with increasing amounts (ng/mL) of 
LPS used to stimulate THP-1 macrophages (Fig. 2b). Sur-
prisingly, the levels of CRT on HL-60 also increased with 
increasing doses of LPS (Fig. 2c). The stimulation of THP-1 
macrophages resulted in the down-regulation of the “don’t 
eat me signal” CD47. Interestingly, it also increased the lev-
els of “eat me signal” CRT on the surface of HL-60 cells. 

CD47 levels were highest at 0 ng /mL of LPS and conversely 
CRT levels were the lowest at 0 ng/mL of LPS (Fig. 2b, 
c). This pattern was seen at all LPS concentrations used to 
stimulate THP-1 macrophages co-cultured with HL-60 cells 
(Fig. 2b, c). CD47 level showed 81% down-regulation at 
100 ng/mL of LPS. Down-regulations of 32–77% were seen 
at 5–20 ng/mL of LPS, respectively (Fig. 2b). The correlated 
side scatter plots of CD47 and CRT expression levels can 
also be found in Fig. S2A-S2E.

The pattern of CD47 down-regulation and CRT up-regu-
lation was only seen in co-culture. When HL-60 cells were 
cultured alone and treated with the same LPS concentrations 

Fig. 1  Flow cytometric analysis of THP-1 cells exhibits increases 
of surface marker expression of both CD11b and CD14, after PMA 
treatment. The expression levels of CD11b (a) and CD14 (b) were 
assessed by incubating PE-conjugated antihuman CD11b and APC-
conjugated antihuman CD14 with non-treated THP-1 and PMA-
treated THP-1. Representative graphs of the mean of fluorescence 

intensity of  CD11b+ and  CD14+ indicate the change in CD11b (a) 
and CD14 (b), levels before and after PMA treatment. Un-stained 
THP-1 cells were used as a control. Values in the graphs are shown 
as means ± SEM of three trials of duplicate samples. The statistical 
significance was determined by independent two-sample t test (Orig-
inPro 2019). ** P < 0.01
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used when co-cultured with THP-1 macrophages, CD47 and 
CRT levels did not show any significant changes compared 
to 0 ng/mL (P > 0.05). However, the change in the levels of 
both proteins was significant after co-culture, when com-
pared to the levels in the absence of co-culture (P < 0.01 at 
5, 20, and 100 ng/mL) (Fig. S2F, and S2G), indicating the 
necessity of the co-culture model in order for this inhibition 
to take place.

Second, we examine whether the down-regulation of 
CD47 occurs in normal blood cells. PBMC normal blood 
cells [24] were co-cultured with differentiated THP-1 mac-
rophages under the same conditions as HL-60 and used as 

the control (Fig. 2b). PBMC exhibited similarly low CD47 
expression levels at all LPS concentrations used, including 
that of 0 ng/mL (Fig. 2d). Similar results were observed 
with CRT levels (Fig. 2e). As is the case with most normal 
cells, PBMC did not express high levels of CD47 compared 
to HL-60, meaning that PBMC threshold levels of CD47 
and CRT were low (Fig. S2H) and, therefore, no down-reg-
ulation of CD47 (Fig. S2I) or elevation of CRT (Fig. S2J) 
was seen in PBMC normal cells at any concentration of LPS 
used when co-cultured with THP-1 macrophages after LPS 
stimulation and when cultured alone (without co-culture, 
P > 0.05) (Fig. 2d, e, Fig. S2K and S2L). These results 

Fig. 2  Levels of CD47 and CRT in HL-60 and PBMC after co-cul-
turing with stimulated THP-1 macrophages. a Scheme of the THP-1 
macrophages co-culturing with HL60 or PBMC in a co-culture cham-
ber. Flow cytometric analysis of CD47 b and CRT c in HL-60 cells; 
CD47 d and CRT e in PBMC cells after co-culturing with THP-1 
macrophages. The expression levels of CD47 and CRT were assessed 
by incubating PE-conjugated anti human CD47 and Alexa  Fluor® 488 
conjugated antihuman CRT antibodies on cancer (HL-60) and nor-

mal cells (PBMC). Representative graphs of  CD47+ and CRT + cells 
show the mean of fluorescence intensity of positive counts of cancer 
or normal cells at 0, 5, 20, and 100 ng/mL of LPS used to activate 
THP-1 macrophages 24  h to flow cytometry measurements. Values 
in the graphs are shown as means ± SEM of three trials of duplicate 
samples. The statistical significance between the different concentra-
tion of LPS with and without co-culture was determined by one-way 
ANOVA (OriginPro 2019). ** P < 0.01, ns non-significant, P > 0.05
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suggested that the activation of macrophage-like cells and 
subsequent inhibition of CD47 and increase of CRT levels 
could be selective for only cancer cells, and could be applied 
gradually at different concentrations of the material used 
for activation. Moreover, the inhibition of CD47 and the 
induction of CRT levels can only be obtained in co-culture, 
indicating the potential of the model to guide the develop-
ment of therapies for leukemia.

Elimination of HL‑60 by activated THP‑1 
macrophages in co‑culture and cells viability

In the co-culture, LPS was used to activate THP-1 mac-
rophages and incubated overnight with HL-60 leukemia 
cells. Therefore, it was necessary to study the effect of LPS 
on the viability of HL-60 and PBMC before co-culture. 
Moreover, to further test our hypothesis and to investigate 
the elimination of cancer cells by macrophages, the apopto-
sis rate of HL-60 and PBMC (as the control) after co-culture 
with macrophages was determined. PE-Annexin V Apop-
tosis-based detection followed by flow cytometric analysis 
was performed.

It was shown that the viabilities of HL-60 and PBMC 
remain above 90% at all LPS concentrations over 16 − 18 h 
of incubation (Fig. S3A) when these two cell lines were 
cultured alone and treated with LPS. However, after co-cul-
ture with THP-1 macrophages, an increase of apoptosis was 
observed as the LPS concentration was increased (Fig. 3a, 
c). The apoptosis of HL-60 cells increased from 22% at 
5 ng/mL of LPS to 77% at 100 ng/mL of LPS (Fig. 3a, c). 
However, PBMC did not show any significant increase of 
apoptosis at any concentrations of LPS compared to 0 ng/
mL of LPS (Fig. 3b, c). The results above indicate that the 
elimination of cancer cells by macrophages as a result of 

LPS activation is selective to cancer cells and that the co-
culture model is necessary for this cancer cell elimination 
to take place.

Down‑regulation of CD47 and elimination by THP‑1 
macrophages extend to other leukemia cell lines 
in co‑culture

To investigate whether the inhibitory effect of CD47 extends 
to other types of leukemia cell lines, NB4 and THP-1 cancer 
cell lines were used. Cancer cells were co-cultured in the 
upper chamber with the THP-1 macrophages in the lower 
chamber, as mentioned previously (Fig. 2a). LPS was used to 
activate THP-1 macrophages at the same concentrations as 
mentioned earlier, with cells incubated overnight. After that, 
cells were harvested, and levels of CD47 and CRT on THP-1 
and NB4 cancer cells were evaluated, and the apoptosis rates 
were determined using flow cytometry.

As found with HL-60, the levels of CD47 expressed in 
both THP-1 and NB4 cancer cells decreased with increas-
ing amounts of LPS used, and the converse was observed 
for CRT levels (Fig. 4). However, the percentage of CD47 
down-regulation was the highest when THP-1 cancer cells 
were co-cultured with THP-1 macrophages, in comparison 
with HL-60 and NB4 cells (Figs. 2b, 4a, b). The percent-
age of CD47 down-regulation in THP-1 cancer cells was 
around 90% when 20–100 ng/mL of LPS were used to acti-
vate macrophage-like cells (Fig. 4a). Moreover, the levels 
of CRT were the highest in THP-1 cancer cells and NB4 at 
20–100 ng/mL of LPS compared to HL-60 after co-culture 
(Figs. 2c, 4c, d).

When NB4 and THP-1 cancer cell lines were cultured 
alone (without THP-1 macrophages) and treated with the 
same LPS concentrations used in the co-culture experiment, 

Fig. 3  Elimination of HL-60 by LPS-activated THP-1 macrophages 
in co-culture. Side scatter plots showing apoptosis rate (PE-Annexin 
V) of cancer and normal cells after co-culturing with activated THP-1 
macrophages at 0, 5, 20, and 100  ng/mL of LPS, respectively. Side 
scatter plots of HL-60 (a) and PBMC (b). All plots showed apoptosis 
at 0, 5, 20, and 100 ng/mL of LPS. c A graph shows the percentage 

(%) of apoptosis of cancer and normal cells after co-culturing with 
THP-1 macrophages. Values in the graph are shown as means ± SEM 
of three trials of duplicate samples. The statistical significance was 
determined by one-way ANOVA (OriginPro 2019) ** P < 0.01, ns 
non-significant, P > 0.05. The side scatter plots shown here are repre-
sentative and show one of three trials



794 Cancer Immunology, Immunotherapy (2021) 70:787–801

1 3



795Cancer Immunology, Immunotherapy (2021) 70:787–801 

1 3

CD47 and CRT levels on both cells did not show any sig-
nificant changes compared to the levels at 0 ng/mL of LPS 
(P > 0.05, Fig. S4A-S4D). However, the changes in the 
levels of the same proteins obtained after co-culture were 
significant when compared to the levels without co-culture 
(P < 0.01, Fig. 4 and Fig. S4). This result showed a similar 
trend as was seen when HL-60 cells were cultured alone and 
treated with LPS (Fig. S2F and S2G). Most importantly, the 
control (without co-culture) experiments prove that the stim-
ulation of THP-1 macrophages with LPS did indeed induce 
the down-regulation of CD47 and the up-regulation of CRT 
on the surface of leukemia cells, leading to their elimination, 
as proven by the apoptosis results seen in Figs. 3 and 5.

In our results, all of the cell lines mentioned above were 
responsive to the co-cultured macrophages, and furthermore, 
inhibition of CD47 and increased CRT expression levels 
were observed in all cancer cells, suggesting that the mac-
rophage elimination of leukemia cells only happens when 
co-culturing together. To support this conclusion, apopto-
sis rates were determined in all of the cell lines mentioned 
above after co-culture with activated THP-1 macrophages. 
Apoptosis of THP-1 and NB4 cancer cells was increased 
with increasing amounts of LPS used to activate mac-
rophages in a dose-dependent manner (Fig. 5). The highest 
levels of apoptosis (over 95%) were seen in THP-1 cancer 
cells after co-culture with THP-1 macrophages at 100 ng/
mL of LPS compared to 0 ng/mL (Fig. 5a, c). The NB4 
apoptosis percentage was very close to that of THP-1 cancer 
cells (91%) and slightly higher than HL-60 at the same LPS 
concentration, but both values were significantly higher than 
what was observed at 0 ng/mL LPS (Fig. 5b, c). It is worth-
while to note that at 5 ng/mL of LPS, over 50% of apoptosis 
was observed in THP-1 and NB4 cancer cells (Fig. 5a–c), 
suggesting that THP-1 macrophage co-culture is a sensitive 
in vitro model for testing targeted drugs to eliminate AML 
cells.

The effect of LPS on THP-1 and NB4 cancer cells, as 
well as THP-1 macrophages when cultured alone was also 
addressed here. The results show that cancer cells and 

macrophages remain viable (over 90%) at all concentrations 
of LPS used (Fig. S3B), indicating that the apoptosis seen 
here is a result of the elimination of cancer cells by activated 
macrophages in a co-culture setting.

Increased levels of CRT and CD14 on LPS‑activated 
THP‑1 macrophages in co‑culture

So far, we have shown that LPS activation induced an inhi-
bition of the “do not eat me signal” CD47 and an increase 
of the “eat me signal” CRT levels on leukemia cells in 
co-culture, as well as increased cancer cell elimination by 
THP-1 macrophages (Figs. 2 and 5). To further the study, we 
investigated the levels of CRT and CD14 on LPS-activated 
macrophages and their link to phagocytosis. We noticed 
that the alteration of the expression of biomarkers on the 
cancer cells only occurs in co-culture with macrophages 
(Fig. 6). This could be the reason behind their elimination 
via CRT-mediated phagocytosis [16]. When co-cultured 
with HL-60 and THP-1 cancer cells, THP-1 macrophages 
showed the highest levels of CRT (Fig. 6a–c and k). Levels 
of CRT were similar when THP-1 macrophages were co-
cultured with NB4 and lower when co-cultured with PBMC. 
(Fig. 6d, e and k). It should be noted here that the levels of 
CRT on THP-1 macrophages (when co-cultured with can-
cer cells) were significantly higher (P < 0.05) than the levels 
of CRT obtained after co-culture with PBMC normal cells 
(Fig. 6k), indicating higher levels of CRT alteration occurred 
on THP-1 macrophages in co-culture, and, therefore, ulti-
mately resulted in phagocytosis and elimination of cancer 
cells by co-culture with macrophages.

When THP-1 macrophages were cultured alone and stim-
ulated with different concentrations of LPS, no significant 
increase of CRT level was observed at 5 and 20 ng/mL of 
LPS treatment (P > 0.05), and an increase of CRT level was 
found at 100 ng/mL LPS treatment, compared to the level 
at 0 ng/mL (P < 0.05, Fig. S5A). However, CRT levels on 
THP-1 macrophages were significant increased at all LPS 
concentrations used in co-culture with cancer cells (P < 0.05, 
Fig. 6k and Fig. S5A). This indicates that in order for the 
cancer cell elimination to take place, THP-1 macrophages 
and cancer cells have to be in co-culture.

CD14 is known to be involved in the binding of LPS and 
the subsequent generation of pro-inflammatory responses 
[27, 28]. In our results, LPS-activated THP-1 macrophages, 
indeed, showed high levels of CD14 when co-culturing with 
HL-60 and NB4 (Fig. f–h and l). Lower levels were seen 
on THP-1 macrophages after co-culturing with PBMC nor-
mal cells (Fig. 6j, l). All cancer cells mentioned above were 
cultured alone and treated with 0, 5, 20, and 100 ng/ mL 
of LPS, after which CD14 was measured on their surfaces 
by flow cytometry. The levels of CD14 on HL60 and NB4 
cancer cells were not significantly increased after 5 ng/mL 

Fig. 4  Down-regulation of CD47 and increased levels of CRT on 
THP-1 and NB4 cancer cells after co-culturing with stimulated 
THP-1 macrophages. Flow cytometric analysis of CD47 on THP-1 
cancer cells (a) and NB4 (b); analysis of CRT on THP-1 cancer 
cells (c) and NB4 (d), after co-culturing with THP-1 macrophages. 
The expression levels of CD47 and CRT were assessed by incubating 
PE-conjugated antihuman CD47 and Alexa Fluor® 488 conjugated 
antihuman CRT with cancer cells for 30  min at room temperature. 
Representative graphs indicate the mean of fluorescence intensity of 
positive counts of cancer cells at 0, 5, 20, and 100 ng/mL of LPS used 
to activate THP-1 macrophages 24 h prior to flow cytometry analy-
sis. Values in the graphs are shown as means ± SEM of three trials of 
duplicate samples each. The statistical significance between the dif-
ferent concentration of LPS with and without co-culture was deter-
mined by one-way ANOVA (OriginPro 2019). ** P < 0.01
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of LPS treatment (Fig. S5B-S5C). For THP-1 cancer and 
PBMC normal cells, the increase of CD14 at all concentra-
tions was insignificant (P > 0.05) when compared to the level 
at 0 ng/mL of LPS (Fig. S5D-S5F). At 20 and 100 ng /mL 
of LPS treatment, the increase in CD14 levels on HL60 and 
NB4 was significant (P < 0.05) (Fig. S5B, S5C and S5F); 
however, CD14 levels on all cell line cells were signifi-
cantly higher (P < 0.05) when co-cultured with THP-1 mac-
rophages (when compared to the levels of cultured alone, 
Figs. 6 and S5). Similarly, the levels of CD14 on THP-1 
macrophages when cultured alone increased with increasing 
the concentration of LPS, but these increased levels were 
much lower than the increased CD14 levels on the THP-1 
macrophages after co-culture with cancel cells (Figs. 6l and 
S5G). These pieces of evidence indicate that CRT-mediated 
macrophage elimination of cancer cells likely took place in 
co-culture.

Increased levels of M1 macrophage polarization 
cytokines after LPS activation of THP‑1 
macrophages

It has been reported that various CD47 inhibition methods 
(including the use of LPS to activate macrophages) result in 
increased production of certain cytokines and stimulate phago-
cytosis [22, 29]. In our study, LPS was used to stimulate THP-1 
macrophages at various concentrations. As a result, CD47 was 
down-regulated in all leukemic cell lines used. We also found 
that LPS stimulation resulted in significant productions of IL-
12p70, IL-6, TNF-α, IL-1β, IL-10, and IL-8, compared to the 
control in a dose-dependent manner (Fig. 7). IL-12p70 was 
30-fold higher than the control (0 ng/mL of LPS) when THP-1 
macrophages were activated at 100 ng/mL of LPS (Fig. 7a). 
IL-6 and TNF-α followed by an increase of over 20-fold at 

the same concentration of LPS as the control (Fig. 7). All the 
cytokines mentioned above are secreted from type M1 mac-
rophages as a result of mainly LPS stimulation [30]. M1 mac-
rophages have a role in the elimination and phagocytosis of 
microbes [30]. The presence of these cytokines in high levels 
in the supernatant of the media in co-culture indicates that 
THP-1 macrophages are M1 type, and their main role was to 
eliminate cancer cells. These results are another piece of evi-
dence that support our hypothesis that upon LPS stimulation 
of macrophages in co-culture, CD47 and CRT levels change 
to mark cancer cells for elimination by M1 macrophages. This 
was shown earlier by the alteration of CD47 and CRT levels, 
as well as the elimination (apoptosis) of cancer cells.

IL-2 and IFN-γ are known as markers of M2 mac-
rophages, and they are mainly secreted as a result of cer-
tain cytokines stimulation. They also have a role in tissue 
repairing and wound healing [30, 31]. These cytokines in 
low levels in the supernatant of the media in co-culture sup-
port the assertion that THP-1 macrophages are type M1 not 
M2 (Fig. 7). The data shown here indicate the need for co-
culture to test the elimination of cancer cells.

Investigating CD47 down‑regulation and cancer 
cells elimination in co‑culture using murine 
macrophage model Raw 264.7

To support our findings and determine whether the changes 
of CD47 and CRT levels observed in our co-culture model 
with human THP-1 macrophages can be detected in a murine 
model, cancer cells (HL-60, NB4, and THP-1), as well as 
normal cells (PBMC) were each co-cultured that were acti-
vated with the same concentrations of LPS as the THP-1 
macrophages (Fig. 2a). CD47, CRT, and CD14 levels on 
cancer cells without co-culture with Raw 264.7 were also 

Fig. 5  Elimination of cancer cells by LPS-activated THP-1 mac-
rophages extends to other cell lines in co-culture. Side scatter plots 
showing apoptosis rate (PE-Annexin V) of cancer cells a THP-1 and 
b NB4, after co-culturing with activated THP-1 macrophages at 0, 
5, 20, and 100  ng/mL of LPS respectively. All plots showed apop-
tosis at 0, 5, 20, and 100 ng/mL of LPS. c A graph showing the per-

centage (%) of apoptosis of THP-1 and NB4 after co-culturing with 
THP-1 macrophages. Values in the graph are shown as means ± SEM 
of three trials of duplicate samples. The statistical significance was 
determined by one-way ANOVA (OriginPro 2019) ** P < 0.01, ns: 
non-significant, P > 0.05. Side scatter plots shown here is one repre-
sentative out of three trials
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tested. The results showed that CD47 down-regulation went 
from 41 to 64% at 5–20 ng/mL of LPS, respectively; and 
CRT levels increased at the same LPS concentrations in 
HL-60 cells (Supporting Information Fig. S6A and S6B). 
HL-60 and NB4 cells showed similar trends of decreased 
CD47 and increased CRT levels (Fig. S6C and S6D). How-
ever, at 100 ng/mL, both cells showed a significant reduction 
in CD47 down-regulation and increase of CRT levels com-
pared to the same concentration of LPS (100 ng/mL) when 
both cell lines were co-cultured with THP-1 macrophages 
(Fig. S6C-S6D). This trend was not seen in THP-1 cancer 
cells when co-cultured with Raw 264.7. CD47 down-regu-
lation and CRT up-regulation were seen as LPS concentra-
tions increased (Fig. S6E and S6F). The inhibition of CD47 
went from 59% at 5 ng/mL of LPS to 95% at 100 ng/mL of 
LPS (Fig. S6E and S6F). When PBMC normal cells were 
co-cultured with Raw 264.7, no significant increase in CD47 
down-regulation or CRT levels was observed in any of the 
LPS concentrations used to activate Raw 264.7 (Fig. S6G 
and S6H). CD47 and CRT levels remain unaltered in all of 
the cancer and normal cells when cultured alone and treated 
with the same concentrations of LPS (0, 5, 20, and 100 ng/
mL) used in co-culture (Fig. S2 and Fig. S4).

When looking at the viability of Raw 264.7 before co-
culturing, it was shown that the cells remain over 90% viable 
at all concentrations except at 100 ng/mL of LPS, at which 
point the cells showed only a 51% viability (Fig. S3C). This 
may explain the unexpected results of the decreased CD47 
down-regulation and CRT levels at 100 ng/mL of LPS in 
HL-60 and NB4 after co-culturing with Raw 264.7 (Fig. 
S6C-S6D).

When investigating the apoptosis rate in all cancer 
cells mentioned above, we found similar CD47 and CRT 
level changes. In HL-60 and NB4 cells, the apoptosis rate 
increased as the LPS concentration increased compared to 
the control (0 ng/mL), except at 100 ng/mL, it drops from 
58% at 20 ng/mL to 35% at 100 ng/mL for HL-60 (Fig. S7A 
and S7E), and from 57% at 20 ng/mL to 29% at 100 ng/mL 
for NB4 (Fig. S7B and S7E). As the CD47 down-regulation 
and CRT levels were the highest in THP-1 cancer cells at 
100 ng/mL of LPS, the apoptosis rate was also the highest 
with around 60% of THP-1 cancer cells being killed (Fig. 
S7C and S7E). This is likely due to THP-1 cancer cells pos-
sibly being more sensitive to elimination by Raw 264.7 than 
HL-60 or NB4. PBMC normal cells did not show any sig-
nificant increase of the apoptosis rate at all LPS concentra-
tions used for activation when compared to the control (0 ng/
mL) (Fig. S7D and S7E).

CRT and CD14 levels obtained on Raw 264.7 after co-
culturing with leukemic cells were comparable to those 

obtained from THP-1 macrophages, except at 100 ng/mL 
LPS. The levels dropped significantly after co-culturing with 
HL-60 and NB4 (Fig. S8A, S8B, S8E, S8F, S8I, and S8J). 
However, at the same concentration of LPS, CRT and CD14 
levels were the highest after co-culturing with THP-1 can-
cer cells (Fig. S8C, S8G, S8I, and S8J). In co-culture with 
PBMC normal cells, Raw 264.7 showed increased CRT and 
CD14 levels at all LPS concentrations used (Fig. S8D, S8H, 
S8I, and S8J). When cultured alone, all cancer and normal 
cells showed an increase of CD14 levels (Fig. S5). However, 
the levels of CD14 measured after co-culturing with Raw 
264.7 were significantly higher (Fig. S8).

To support the elimination results, cytokines were meas-
ured in the supernatant of Raw 264.7 after activation of the 
different concentrations of LPS. The data showed a similar 
trend as that for THP-1 macrophages, with IL-12p70 record-
ing the highest levels compared to the control, followed by 
IL-6 and TNF-α at the same concentration of LPS (Fig. S9A 
and S9B). Moreover, the productions of M2 macrophages 
markers IFN-γ and IL-2 were twofold higher than the control 
at all concentrations of LPS used to stimulate Raw 264.7 
cells (Fig. S9A and S9B).

Data obtained using the murine Raw 264.7 as a model to 
eliminate leukemia cancer cells showed selectivity to only 
cancer cells in the set examined and were comparable to the 
data obtained from using human macrophages as an elimi-
nation model (Figs. 2 and 7), except at one concentration of 
LPS where Raw 264.7 cells were more in-tolerant.

Discussion

Using LPS -activated human THP-1 macrophages in a co-
culture model to eliminate AML cells, we have defined a 
distinct method to simultaneously inhibit the “don’t eat me 
signal” CD47 and up-regulate the “eat me signal” CRT on 
the surface of AML cells to flag them for elimination by 
macrophages in vitro. There is limited literature on restor-
ing immune surveillance in AML cells in vitro using this 
method [32–34]. However, previously published studies to 
restore immune surveillance in many tumors in vitro were 
found to either focus on CD47 inhibition or activation of 
CRT [16, 17]. Nevertheless, in our findings, the activation of 
macrophages by LPS led to both actions taking place at the 
same time. The investigation of these two signals in AML 
cells in vitro may help in understanding the high relapse 
rate of AML and establish new ways to diagnosis and treat 
the diseases.
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Many studies reported that using monoclonal antibodies 
directed against CD47 leads to inhibition of CD47 levels on 
AML cells [8, 35, 36]. In addition, other studies reported 
that the level of CD47 on these cells determines the prob-
ability that they were engulfed by macrophages [17, 18]. 
However, the inhibition of CD47 using a model like the one 
described here in AML cells has not been previously dem-
onstrated. In our study, we showed that CD47 inhibition as 
well as CRT up-regulation in AML cells were correlated 
with the amount of LPS (ng/mL) used to activate THP-1 
macrophages, and this was comparable to the apoptosis rate 
of AML cells in co-culture chamber. For instance, HL-60, 
which was first used here in a co-culture model with mac-
rophages to study expression levels of CD47 and CRT to 
restore immune surveillance showed an 81% inhibition of 
CD47 at 100 ng/mL of LPS. This was correlated with their 
apoptosis rate, which was around 80%. Slightly higher inhi-
bition of CD47 and apoptosis rate were seen in both NB4 
and THP-1 cancer cells at the same LPS concentration in 
the co-culture chamber. These results are consistent with 
those in the literature when monoclonal antibodies against 
CD47 were used as the inhibition method [35, 36]. In addi-
tion to CD47 inhibition, CRT levels on all AML cells were 
increased as the inhibition of CD47 increased, suggesting 

the increase of AML cell uptake by CRT-mediated phagocy-
tosis, which was reported elsewhere [17]. Our data revealed 
that using a small amount (as low as 5 ng/mL) of LPS can 
trigger over 45% of AML uptake by macrophages. In order 
for our model to have a potential use in the diagnosis and 
treatment of AML, it has to be selective for only cancer cells. 
Our data confirmed that the inhibition of CD47 and the up-
regulation of CRT in co-culture was only selective to AML 
cells. Normal human blood cells (PBMC) did not show any 
significant change in their CD47 nor CRT expression levels 
before and after co-culture with LPS-activated macrophages.

It has been reported that when activated, macrophages 
increase the expression levels of CRT and therefore, increase 
the uptake of cancer cells [37, 38]. Our results showed that 
CRT levels on THP-1 macrophages increased as LPS con-
centration increased indicating the uptake of AML cells 
by these macrophages in co-culture. Moreover, as an LPS 
receptor and an element of inflammatory response, CD14 
showed increased expression levels similarly to CRT and 
was correlated to LSP concentrations. This further indicates 
the uptake of AML cells by macrophages in co-culture. It has 
been reported that the inhibition of CD47 induces a broad 
antitumor immune response, including the shift toward an 
inflammatory phenotype macrophages (M1), and increased 
pro-inflammatory cytokine production [39–41]. Our results 
are consistent with these findings, as we observed an 
increased production of many M1 cytokines including IL 
12p70, IL-6, and TNF-α in the supernatant after co-cultured 
with AML cancer cells.

Consistent with human cell model data, the murine cell 
results showed comparable signatures when Raw 264.7 was 
co-cultured with AML cancer cells and PBMC normal cells. 
Elimination of AML cells by Raw 264.7 was dependent on 
the concentration of LPS used, except for at 100 ng/mL in 
the case of HL-60 and NB4 cancer cells. Future work to fur-
ther investigate this could explain the results obtained here.

In conclusion, our findings demonstrate the successful 
use of human macrophage model to inhibit CD47 and up-
regulate CRT in AML cancer cells to increase their elimi-
nation in co-culture. Moreover, our data showed that this 
model is selective to AML cells, and does not affect several 
other types of normal blood cells, implicating the use of this 
model in drug screening targeted against AML.

Fig. 6  Increased levels of CRT and CD14 on THP-1 macrophages 
after co-culturing with leukemic cells. Representative examples of 
side scatter plots show an increase of CRT (a) and CD14 (f) levels 
on THP-1 macrophages when activated with 0, 5, 20, and 100 ng/mL  
of LPS in co-culture with HL-60. Flow cytometric histograms show-
ing CRT (b–e) and CD14 (g–j) levels on THP-1 macrophages when 
activated with 0, 5, 20, and 100 ng/mL of LPS and co-cultured with 
HL-60 (b, g); THP-1 cancer cells (c, i); NB4 (d, h); and PBMC 
normal cells (e, j). The expression levels of CRT and CD14 were 
assessed by incubating Alexa  Fluor® 488 conjugated antihuman CRT 
and APC-conjugated antihuman CD14 with THP-1 macrophages 
after co-culturing with each cell line mentioned above for 30 min at 
room temperature. Then, cells were washed and re-suspended with 
0.5 mL of cell staining buffer containing 1% formaldehyde and was 
ready for flow cytometry analysis. Graphs representing CRT (k) 
and CD14 (l) levels on THP-1 macrophages after co-culturing with 
HL-60, NB4, THP-1 cancer cells, and PBMC normal cells. Values 
are shown as means ± SEM of three trials of duplicate samples each. 
The statistical significance of the effect of different LPS concentra-
tions in each group was determined by one-way ANOVA (OriginPro 
2019), and the statistical significance between each cancer cell line 
and the normal cell line PBMC was determined using independent 
two-sample t test (OriginPro 2019). * P < 0.05, ** P < 0.01
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