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Abstract: Melanoma is an immunogenic tumor and a serious type of skin cancer. Tumor-associated
macrophages (TAMs) express an M2-like phenotype and are involved in all stages of melanoma-
genesis; it is hence a promising target for cancer immunotherapy. We herein investigated whether
melittin–dKLA inhibits the growth of melanoma by inducing apoptosis of M2-like macrophages.
For the in vitro study, a conditioned medium of macrophages was prepared from M0, M1, or M2-
differentiated THP-1 cells with and without melittin–dKLA. The affinity of melittin for M2 macrophages
was studied with FITC (fluorescein isothiocyanate)-conjugated melittin. For the in vivo study, murine
melanoma cells were inoculated subcutaneously in the right flank of mice, melittin–dKLA was
intraperitoneally injected at 200 nmol/kg every three days, and flow cytometry analysis of TAMs was
performed. Since melittin binds preferentially to M2-like macrophages, melittin–dKLA induced more
caspase 3 expression and cell death in M2 macrophages compared with M0 and M1 macrophages
and melanoma cells. Melittin–dKLA significantly inhibited the proliferation and migration of M2
macrophages, resulting in a decrease in melanoma tumor growth in vivo. The CD206+ M2-like TAMs
were reduced, while the CD86+ M1-like TAMs were not affected. Melittin–dKLA is therapeutically
effective against melanoma by inducing the apoptosis of M2-like TAMs.

Keywords: melanoma; melittin–dKLA; tumor-associated macrophage; M2 macrophage; therapeu-
tic agent

1. Introduction

Melanoma develops in the pigment-producing cells and is the most serious among the
types of skin cancer, which also include basal cell carcinoma (BCC) and squamous cell car-
cinoma (SCC) [1]. The worldwide incidence of melanoma has been increasing rapidly over
the last 50 years, especially in the fair-skinned populations [2,3]. Interestingly, melanoma
has been found to occur 1.5 times more frequently in men than in women; however, the
prevalence before age 40 is higher in women than in men [4,5]. Although treatments such
as surgery, radiotherapy, and chemotherapy are successful, many patients with melanoma
still die from distal metastasis because of the aggressive nature of this cancer [6]. In par-
ticular, metastatic melanoma occurs in about 20% of the patients and can spread to other
parts of the body, such as the lymph nodes and breasts [7]. Furthermore, the formation
of metastasis is regulated by the tumor microenvironment (TME), which supports tumor
progression and invasiveness [8]. The TME of melanoma is known to contain various types
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of cells, including endothelial cells, infiltrating immune cells, and cancer-associated fibrob-
lasts (CAFs) [9,10]. Among these immune cells, tumor-associated macrophages (TAMs)
are the major constituent of the melanoma microenvironment and are associated with
poor prognosis [11]. Therefore, melanoma has been identified as one of the immunogenic
tumors [12].

Macrophages (the so-called TAMs) are the most predominant immune cells in the
tumor microenvironment and play a critical role in tumor pathogenesis [13]. TAMs are
primarily made up of M2-like macrophages and play a key role in growth, survival, angio-
genesis, and metastasis in the tumor microenvironment [14]. Moreover, they have been
recognized as essential participants in the growth and survival of cutaneous melanoma [15].
Thus, M2-like TAMs could be an important target in anticancer therapy for melanoma.

Immune checkpoint inhibitors (ICIs) targeting the dysfunctional immune system to
induce the tumor cells killing by CD8+ T cells have been used for the treatment of a va-
riety of metastatic solid tumors, including melanoma [16]. Among immune checkpoint
inhibitors, cytotoxic T-lymphocyte-associated protein-4 (anti-CTLA4; ipilimumab) and
programmed cell death protein-1 (anti-PD-1; pembrolizumab, nivolumab) antibodies have
revolutionized the management of advanced melanoma by showing tumor regression in
nearly 50% of patients, compared to less than 10% in the past [17]. Unfortunately, data ac-
cumulated in recent years suggest that 40–60% of patients do not achieve a meaningful
therapeutic effect, and a significant proportion of patients experience tumor recurrence
within 2 years [18]. Furthermore, recent studies have reported that TAMs are involved in
the failure of conventional chemotherapy as well as the failure of the anti-tumor immune
surveillance and immunotherapy using ICIs [16].

Melittin (MEL), a major component of honey bee venom, consists of 26 amino acid
residues [19]. It has been reported to have membrane-perturbing effects, including pore
formation, fusion, and vesiculation, and therefore has non-specific cytotoxicity [20–22]. In a
previous study, a new synthetic peptide was designed using the GGGGS linker between
melittin and peptide d(KLAKLAK)2 (KLA), which modified the all-d enantiomer form
to avoid degradation by proteases; this peptide demonstrated anticancer effects in a lung
cancer model by inducing the apoptosis of M2-like TAMs [23].

The aim of this study was to determine whether melittin–dKLA selectively induces
apoptosis in M2 macrophages and inhibits tumor growth in melanoma. Thus, these findings
could provide a novel strategy to employ therapeutic agents, which target M2-like TAMs
in melanoma.

2. Results
2.1. Differentiation of M2 Phenotype in THP-1-Derived Macrophages

To test differentiation of macrophages to M2 phenotype, the THP-1 cells were stimu-
lated with LPS and IFN-γ for M1 and with IL-4 and IL-13 for M2, and the polarization of
macrophages was determined through the expression of M2 macrophage markers, such
as IL-10, TGF-β, arginase-1, and CD206, and M1 macrophage markers, such as IL-12 and
CXCL10. As shown in Figure 1A–D, M2 macrophages increased the production of IL-10 and
TGF-β and increased the expression of arginase 1 and CD206. However, M1 macrophages
showed increased production of IL-12 and CXCL10 and increased expression of CD86.
Thus, these differentiated cells were used in assays to determine the effect of melittin–dKLA
on M2 macrophages.
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Figure 1. Differentiation of M2 phenotype in THP-1-derived macrophages. Human monocytes 

(THP-1) were treated with 100 nM PMA for 24 h and cultured with the following: 100 ng/mL LPS 

and 20 ng/mL rhIFN-γ for M1 macrophage differentiation; 20 ng/mL rhIL-4 and 20 ng/mL rhIL-13 

for M2 macrophage differentiation. (A) Production of IL-10 and TGF-β as M2 macrophage markers 

was measured by ELISA. (B) Production of IL-12 and CXCL10 as M1 macrophage markers was 

measured by ELISA. (C) Expression of arginase 1 and CD206 protein was determined by Western 

blot as M2 macrophage markers. (D) Expression of CD86 and CD206 was measured by flow cytom-

etry. All data are presented as means ± SD; * p < 0.05 versus the M0. 

2.2. Affinity of Melittin in THP-1-Derived M2 Macrophages 

To test whether melittin binds selectively to M2 macrophages, FITC-conjugated 

melittin was used, and the percentage of FITC-positive cells was measured with flow cy-

tometry. Melittin was shown to bind to M0, M1, and M2 macrophages at 21%, 17%, and 

46%, respectively (Figure 2A,B). It was seen that melittin had a higher affinity for M2 mac-

rophages than M0 and M1 macrophages. In addition, fluorescence microscopy showed 

that melittin binds more to M2 macrophages compared with M0 and M1 macrophages 

(Figure 2C). These results suggest that melittin binds preferentially to M2 macrophages. 

Figure 1. Differentiation of M2 phenotype in THP-1-derived macrophages. Human monocytes
(THP-1) were treated with 100 nM PMA for 24 h and cultured with the following: 100 ng/mL LPS and
20 ng/mL rhIFN-γ for M1 macrophage differentiation; 20 ng/mL rhIL-4 and 20 ng/mL rhIL-13 for
M2 macrophage differentiation. (A) Production of IL-10 and TGF-β as M2 macrophage markers was
measured by ELISA. (B) Production of IL-12 and CXCL10 as M1 macrophage markers was measured
by ELISA. (C) Expression of arginase 1 and CD206 protein was determined by Western blot as M2
macrophage markers. (D) Expression of CD86 and CD206 was measured by flow cytometry. All data
are presented as means ± SD; * p < 0.05 versus the M0.

2.2. Affinity of Melittin in THP-1-Derived M2 Macrophages

To test whether melittin binds selectively to M2 macrophages, FITC-conjugated melit-
tin was used, and the percentage of FITC-positive cells was measured with flow cytometry.
Melittin was shown to bind to M0, M1, and M2 macrophages at 21%, 17%, and 46%, respec-
tively (Figure 2A,B). It was seen that melittin had a higher affinity for M2 macrophages than
M0 and M1 macrophages. In addition, fluorescence microscopy showed that melittin binds
more to M2 macrophages compared with M0 and M1 macrophages (Figure 2C). These
results suggest that melittin binds preferentially to M2 macrophages.
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(A) Affinity of Melittin in macrophages was measured by flow cytometry. (B) Representative graph 
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bound to macrophages was determined by fluorescence microscopy. All data are presented as 

means ± SD; * p < 0.05 versus the M0. 
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Figure 2. Affinity of melittin in THP-1-derived M2 macrophages. Human monocytes (THP-1)
were treated with 100 nM PMA for 24 h and cultured with the following: 100 ng/mL LPS and
20 ng/mL rhIFN-γ for M1 macrophage differentiation; 20 ng/mL rhIL-4 and 20 ng/mL rhIL-13 for
M2 macrophage differentiation. Cells were treated with melittin conjugated FITC (100 nM) at 37 ◦C
for 1 h. (A) Affinity of Melittin in macrophages was measured by flow cytometry. (B) Representative
graph generated from FACs analysis showing the percentage of FITC-positive cells. (C) Melittin–FITC
bound to macrophages was determined by fluorescence microscopy. All data are presented as means
± SD; * p < 0.05 versus the M0.

2.3. Apoptosis of THP-1-Derived M2 Macrophages by Melittin–dKLA

To determine the induction of M2 macrophage apoptosis by melittin–dKLA, the THP-1-
derived macrophages were treated with melittin–dKLA at concentrations ranging between
0.01 and 10 µM after differentiation into M0, M1, and M2; the cell viability was then mea-
sured using the CCK-8 assay. The half-maximal (50%) inhibitory concentration (IC50) of
melittin–dKLA in macrophages was evaluated as 2.227, 2.237, and 0.968 µM in M0, M1,
and M2, respectively. Thus, melittin–dKLA induced cell death at a lower concentration in
M2 macrophages than in other macrophages (Figure 3A). Moreover, the expression of cas-
pase 3 related to cell apoptosis in macrophages treated with melittin–dKLA was determined
by fluorescence microscopy and Western blotting. M2 macrophages showed increased ex-
pression of cleaved caspase 3 compared with M0 and M1 macrophages (Figure 3B,C). These
results indicate that melittin–dKLA selectively induces the apoptosis of M2 macrophages.
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Figure 3. Apoptosis of THP-1-derived M2 macrophages by melittin–dKLA. Human monocytes
(THP-1) were treated with 100 nM PMA for 24 h and cultured with the following: 100 ng/mL
LPS and 20 ng/mL rhIFN-γ for M1 macrophage differentiation; 20 ng/mL rhIL-4 and 20 ng/mL
rhIL-13 for M2 macrophage differentiation. (A) Macrophages were treated with melittin–dKLA by
concentrations from 0.01 µM to 10 µM. Cell viability of macrophages was measured by CCK-8 assay.
Data are presented as the means ± SD. (B,C) Macrophages were treated with melittin–dKLA (1 µM).
Expression of caspase 3 was observed by fluorescence microscopy (B) and Western blot (C), MK:
melittin–dKLA.

2.4. Cytotoxicity of Melittin–dKLA in THP-1-Derived M2 Macrophages and SK-MEL-28 Cells

To test whether melittin–dKLA selectively affects M2 macrophages, the affinity of
melittin–FITC and the cytotoxicity of melittin–dKLA were determined in M2 macrophages
and melanoma cells. Melittin was shown to bind preferentially to THP-1-derived M2
macrophages compared with SK-MEL-28 cells (Figure 4A). Further, cell death by melittin–
dKLA was induced more in M2 macrophages than in melanoma cells. The IC50 of melittin–
dKLA was evaluated as 1.055 and 3.583 µM in M2 macrophages and SK-MEL-28 cells,
respectively (Figure 4B). Moreover, the expression level of caspase 3 was higher in M2
macrophages than in SK-MEL-28 cells (Figure 4C). Thus, these results show that melittin–
dKLA selectively induced apoptosis in M2 macrophages.
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Figure 4. Cytotoxicity of melittin–dKLA in THP-1-derived M2 macrophages and SK-MEL-28 cells.
Human monocytes (THP-1) were treated with 100 nM PMA for 24 h and cultured with the following:
20 ng/mL rhIL-4 and 20 ng/mL rhIL-13 for M2 macrophage differentiation. (A) M2 macrophages
and SK-MEL-28 cells were treated with melittin conjugated FITC (100 nM). Melittin–FITC bound to
cells was determined by fluorescence microscopy. (B) M2 macrophages and SK-MEL-28 cells were
treated with melittin–dKLA by concentrations from 0.05 µM to 50 µM. Cell viability was measured
by CCK-8 assay. Data are presented as the means ± SD. (C) Cells were treated with melittin–dKLA
(1 µM). Expression of caspase 3 was observed by fluorescence microscopy.

2.5. Proliferation and Migration in SK-MEL-28 Cells by Conditioned Medium of THP-1-Derived
M2 Macrophages Pretreated with Melittin–dKLA

M2 macrophages in the tumor microenvironment have been reported to be associ-
ated with tumor-promoting behaviors, including proliferation, invasion, and metastasis.
As shown in Figure 3, melittin–dKLA induced selective apoptosis of M2 macrophages.
We tested whether melittin–dKLA inhibits the proliferation and migration of melanoma
cells by targeting M2 macrophages. First, the conditioned medium from M0, M1, and M2
macrophages was pretreated with melittin–dKLA, and the SK-MEL-28 cells were then
treated with the conditioned medium. The proliferation of SK-MEL-28 cells was signif-
icantly increased in the conditioned medium of M2 macrophages compared with the
conditioned media of M0 and M1 macrophages. However, the conditioned medium of M2
macrophages pretreated with melittin–dKLA significantly inhibited the proliferation of
SK-MEL-28 compared with the conditioned medium of M2 macrophages, whereas the con-
ditioned media of M0 and M1 macrophages pretreated with melittin–dKLA did not affect
the proliferation of SK-MEL-28 (Figure 5A). Next, the migration of melanoma cells was
measured using a wound-healing assay. As shown in Figure 5A, the migratory capability
of SK-MEL-28 cells was also enhanced in the conditioned medium of M2 macrophages but
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was inhibited significantly in the conditioned medium of M2 macrophages pretreated with
melittin–dKLA (Figure 5B,C). Thus, these findings suggest that melittin–dKLA inhibited
the proliferation and migration of melanoma cells by targeting M2 macrophages.
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Figure 5. Proliferation and migration in SK-MEL-28 cells by conditioned medium of THP-1-derived
M2 macrophages pretreated with melittin–dKLA. Human monocytes (THP-1) were treated with
100 nM PMA for 24 h and cultured with the following: 100 ng/mL LPS and 20 ng/mL rhIFN-γ
for M1 macrophage differentiation; 20 ng/mL rhIL-4 and 20 ng/mL rhIL-13 for M2 macrophage
differentiation. The differentiated macrophages were pretreated with melittin–dKLA (1 µM) for 1 h.
For preparation of macrophages, macrophages were incubated with serum-free media for 24 h and
then supernatants were harvested by syringe filter (0.2 µm). (A) Proliferation of SK-MEL-28 cells
was measured by CCK-8 assay. (B) Migration of SK-MEL-28 cells was determined by wound healing
assay. (C) The percent of each wounded area was calculated as: [(mean wounded breadth −mean
remaining breadth)]/mean wounded breadth × 100. The graph presents the percentage of wounded
area. All data are presented as means ± SD; * p < 0.05 versus the Control (C), # p < 0.05 versus the M2.

2.6. Inhibition of Tumor Growth by Melittin–dKLA in Mouse Model of Melanoma

To determine the effect of melittin–dKLA in a mouse melanoma model, C57BL/6
mice were inoculated subcutaneously with B16F10 cells (1 × 106/mouse) in the right
flank (n = 5/group). Melittin–dKLA (200 nmol/kg) was intraperitoneally administered
every 3 days (4 times) at 7 days after tumor inoculation. The measured tumor volume
and weight indicated that the tumor volume was significantly decreased in the melittin–
dKLA group compared with the PBS group (Figure 6A,B). Similarly, the tumor weight
was reduced in the melittin–dKLA group (Figure 6C). Further, the melittin–dKLA group
showed significant decreases in the expression of PCNA compared with the PBS group in
tumor tissues (Figure 6D,E). Although the expression of E-cadherin, an epithelial marker,
was not significantly increased by melittin–dKLA, the expression of vimentin and the
MMP9 gene related to the epithelial–mesenchymal transition (EMT) was decreased in the
melittin–dKLA group compared with the PBS group (Figure 6F). These results suggest that
melittin–dKLA has an inhibitory effect on melanoma in vivo.
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titative real-time PCR. All data are presented as means ± SD (n = 5); * p < 0.05, *** p < 0.0001 versus 
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Figure 6. Inhibition of tumor growth by melittin–dKLA in a mouse model of melanoma. (A) Images
show the tumor tissues from the mouse model. (B) The volume of the tumor was measured by a
digital caliper and calculated using the formula V = (Width (2) × Length)/2. (C) The tumor weight
of mice was measured by electronic scale after sacrifice. (D) Expression of PCNA in tumor tissues
was determined by immunofluorescence staining assay. Confocal images of a tumor tissue slice
stained for PCNA (green) and nucleus (DAPI; blue). (E) The graph is presented as intensity relative
to PBS. (F) Expression of E-cadherin, vimentin, and MMP9 mRNA in tumor tissues was analyzed by
quantitative real-time PCR. All data are presented as means ± SD (n = 5); * p < 0.05, *** p < 0.0001
versus the PBS group, MK: melittin–dKLA.

2.7. Reduction of M2-like TAMs by Melittin–dKLA in Mouse Model of Melanoma

Melittin–dKLA showed a tendency to suppress the tumor growth of melanoma
(Figure 6). To assess whether melittin–dKLA can reduce M2-like TAMs in tumor tissue,
single cells from tumor tissues were harvested, and the numbers of F4/80+CD86+ M1 and
F4/80+CD206+ M2-like TAMs in CD45+ leukocytes were measured by flow cytometry.
The number of M2-like TAMs was significantly lower in the melittin–dKLA group than
in the PBS group, while the number of M1-like TMAs showed no difference between the
melittin–dKLA and PBS groups (Figure 7A,B). Interestingly, the M1/M2 ratio was signif-
icantly higher in the melittin–dKLA group than in the PBS group (Figure 7C). In tumor
tissues, the melittin–dKLA group showed a decrease in CD206 positive cells compared with
the PBS group (Figure 7D,E). Furthermore, the melittin–dKLA group showed a decrease in
TGF-β mRNA expression and an increase in TNF-α and IFN-γ mRNA expression in tumor
tissues (Figure 7F). These data indicate that melittin–dKLA induces suppression of tumor
growth by reducing M2-like TAMs in a mouse melanoma model.
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Figure 7. Reduction of M2-like TAMs by melittin–dKLA in a mouse model of melanoma. Single cells
were harvested from tumor tissues. (A) M1-like TAMs were stained as CD45+F4/80+CD86+ (upper
panel), and M2-like TAMs were marked as CD45+F4/80+CD206+ (bottom panel). The cells are shown
as dot plots within the F4/80 and CD86 or CD206 axis gated on CD45+ cells. (B) Data for each cell
phenotype are displayed as the percentages of F4/80+CD86+M1- (upper) and F4/80+CD206+ M2-like
TAMs (bottom) in CD45+ cells. (C) The M1/M2 ratio was calculated on the basis of the percentage of
F4/80+CD86+ M1-like and F4/80+CD206+ M2-like TAMs in CD45+ cells. (D) Expression of CD86
and CD206 in tumor tissues was determined by immunofluorescence staining assay. Confocal images
of a tumor tissue slice stained for CD86 (green), CD206 (red), and nucleus (DAPI; blue). (E) The graph
is presented as intensity relative to PBS. (F) Expression of TGF-β, TNF-α, and IFN-γ mRNA in tumor
tissues was analyzed by quantitative real-time PCR. All data are presented as means ± SD (n = 5);
* p < 0.05 versus the PBS group.

3. Discussion

Our study demonstrated that melittin–dKLA induces apoptosis by selectively binding
to M2 macrophages and inhibits the growth of melanoma tumor cells.

Tumor-associated macrophages are the most common immune cells in the tumor
microenvironment [24]. Macrophages are generally divided into two distinct types: M1 and
M2 [25]. M1 macrophages have antitumor functions, while M2 macrophages have tumor-
promoting functions [26]. M1 macrophages are polarized by lipopolysaccharides (LPS) and
interferon (IFN)-γ and are characterized by the expression of IL-12, CXCL10, tumor necrosis
factor (TNF)-α, and inducible nitric oxide synthase (iNOS) [27]. M2 macrophages are
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polarized by Th2 cytokines, such as IL-4 and IL-13, and are characterized by the expression
of macrophage mannose receptor (MMR, also called CD206), arginase-1, and inflammatory
cytokines, such as IL-10 and TGF-β [28]. In this study, we determined that CD86 expression
and IL-12 and CXCL10 production occurred in macrophages treated with LPS and IFN-γ for
M1 polarization, while CD206 and arginase-1 expression and IL-10 and TGF-β production
were observed in macrophages treated with IL-4 and IL-13 for M2 polarization (Figure 1).
The tumor microenvironment is predominantly composed of M2 macrophages, and their
high density is closely associated with poor prognosis as well as mortality in various
cancers [29–31]. Recently, many researchers have attempted to develop anticancer drugs
targeting TAMs [32,33].

Melittin is the major component of honey bee venom, representing approximately
40–60% of the total composition [34]. It is widely used in the treatment of arthritis, frozen
shoulder, ulcer, colitis, and cancer [35]. Melittin has been investigated for anticancer effects
because of its ability to inhibit cell growth and induce apoptosis and necrosis of cells [36,37].
However, previous studies have reported that melittin binds preferentially to M2-like
TAMs and has a suppressive effect on tumor progression in lung cancer [38]. Moreover,
the peptide KLA, which is a naturally occurring antibacterial peptide, is a mitochondrial
membrane-disrupting agent that binds to the negatively charged bacterial membrane. It is
not bound to the eukaryotic plasma membrane and is not toxic to eukaryotic cells [39,40].
This peptide must be linked to other peptides to facilitate the cell-penetrating ability of
KLA in eukaryotic cells [41,42].

In this study, we determined that melittin binds to human M2 macrophages with more
affinity than M0 and M1 macrophages using FITC-conjugated melittin (Figures 2 and 4).
Furthermore, a previous study indicated that melittin–dKLA, with both melittin and the
pro-apoptotic peptide dKLA, induced the release of cytochrome c by disrupting the mi-
tochondrial membrane and selectively induced the apoptosis of M2 macrophages [23].
This study similarly showed that melittin–dKLA selectively induced apoptosis by express-
ing caspase 3 in M2 macrophages (Figures 3 and 4).

Melanoma originating from the malignant transformation of melanocytes is the most
aggressive form of skin cancer, and its incidence is increasing rapidly compared with other
types of cancer [43,44]. In the early stages of metastasis, tumor cells acquire migratory
and invasive properties [45]. Melanoma, which is an immunogenic tumor, is associated
with immune cells residing in the TME [12]. Among these immune cells, M2 macrophages
are known to be involved in tumor growth, angiogenesis, and metastasis in the TME [46].
In this study, melanoma cells showed increased proliferative and migratory properties in
a conditioned medium of M2 macrophages, which were, however, decreased by melittin–
dKLA (Figure 5). Additionally, melittin–dKLA suppressed the tumor volume and weight
in a mouse melanoma model (Figure 6A–E) and reduced the expression of EMT markers
associated with cancer cell metastasis, thereby showing that melittin–dKLA could inhibit
the metastasis of melanoma (Figure 6F). However, there are insufficient data on whether
metastasis is inhibited by melittin–dKLA in vivo. In a future study, it will be necessary to
evaluate the metastasis inhibitory efficacy of melittin–dKLA using a metastatic melanoma
mouse model.

Recently, M2 macrophages in tumor tissues were shown to play an important role as
a contributing factor in the formation of an immunosuppressive TME [47]. Thus, the en-
hanced anticancer effects of combination therapy with M2-like TAM-targeting agents on
immune checkpoints are repeatedly observed in various cancer models, including lung
cancer, colon cancer, melanoma, and breast cancer [48,49]. In this study, the number of
M2-like TAMs in tumor tissue of melanoma was decreased by melittin–dKLA, while the
number of M1-like TAMs was not affected. Importantly, the M1/M2 ratio in tumor tissues
was increased by melittin–dKLA (Figure 7); this is expected to have anticancer effects
because the increased proportion of M1-like TAMs performs proinflammatory functions in
the TME because of the apoptosis of M2-like TAMs by melittin–dKLA.
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These findings suggest that melittin–dKLA induces the suppression of tumor growth
by selectively targeting M2-like TAMs in melanoma. Thus, melittin–dKLA derived from
bee venom appears to be a promising antitumor agent for melanoma.

4. Materials and Methods
4.1. Cells and Mice

C57BL/6 wild-type mice were purchased from DBL (Chungbuk, Korea). The animal
procedures were approved by the University of Kyung Hee Institutional Animal Care and
Usage Committee (KHUASP(SE)-20-5302). All animals were maintained in a pathogen-free
environment on a 12 h light/dark cycle and had access to food and water. The murine
melanoma cell line (B16F10) was cultured in Dulbecco’s Modified Eagle’s medium (DMEM;
Welgene, Gyeongsan, Korea) supplemented with 10% fetal bovine serum (FBS; Welgene),
100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco; Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The human monocytic leukemia cell line (THP-1) was cultured in a
medium (RPMI1640; Welgene) supplemented with 10% fetal bovine serum (FBS; Welgene),
100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco). The cells were cultured every
2–3 days until the cells became 80% confluent, and they were then incubated at 37 ◦C with
95% humidity and 5% CO2 for all experiments.

4.2. Differentiation of Macrophages and Preparation of Conditioned Medium

THP-1 monocytes were treated with 100 nM phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich, St. Louis, MO, USA) for 24 h. The monocytes were treated with RPMI1640
supplemented with 5% FBS for 72 h to obtain differentiated non-polarized phenotype M0
cells. To generate polarized phenotypes, cells were incubated for 72 h with 20 ng/mL recom-
binant human interferon (rhIFN)-γ (Peprotech; Rocky Hill, NJ, USA) and with 100 ng/mL
lipopolysaccharides (LPS; Sigma-Aldrich) to obtain M1 macrophages; the cells were incu-
bated with 20 ng/mL recombinant human interleukin (rhIL)-4 (Peprotech) and 20 ng/mL
rhIL-13 (Peprotech) to obtain M2 macrophages. To prepare a conditioned medium for
THP-1-derived macrophages, the THP-1-derived macrophages that differentiated into M0,
M1, and M2 macrophages were replaced with a serum-free medium to remove the cytokine-
containing medium and were then incubated for 24 h. The supernatants of the cells were
then collected and identified using 0.2 µm syringe filters (GVSm Sanford, ME, USA).

4.3. Tumor Inoculation and Animal Study

For tumor model generation, the B16F10 cells were mixed with Matrigel (Corning, NY,
USA), and female C57BL/6 wild-type mice (6–8 weeks old) were inoculated subcutaneously
with 1 × 106 cells per mouse in the right flank (n = 5/group). Melittin–dKLA (GenScript
Corporation, Peace Catterway, NJ, USA) (200 nmol/kg) was administered every 3 days
intraperitoneally, 7 days after tumor inoculation. Tumor size was examined with a digital
caliper every 3 days, and tumor volume was calculated using the formula V = (Width (2) ×
Length)/2. According to the guidelines, mice were killed when the tumor size attained a
maximum diameter of 1–1.5 cm after inoculation.

4.4. Tissue Cell Preparation and Flow Cytometry Analysis

Tumor tissues were chopped into thin pieces and separated in DNase I (1 U/mL)
(Roche, Indianapolis, IN, USA) and collagenase D (1 mg/mL) (Roche) in serum-free
RPMI1640 (Welgene) for 30 min at 37 ◦C with a shaking incubator. The tissues were gently
dissociated using the MACS dissociator and the MACS C tube (Milteny Biotec, Auburn,
CA, USA). The tissues were separated using a 100 µm nylon mesh strainer. The single cells
were then passed through a 40 µm nylon mesh strainer. Red blood cells were eliminated
with 1X RBC lysing buffer, single cells were washed, and antibodies were stained. The fol-
lowing antibodies were purchased from BD Bioscience: mouse CD45-FITC, F4/80-PE,
CD86-PE-CY7, and CD206-APC. The cells were assessed for the percentage of double-
positive cells of F4/80 and CD86 for M1 or F4/80 and CD206 for M2 macrophages in CD45
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cells. The M1/M2 ratio was calculated as the percentage of each double-positive for M1
and M2 macrophages.

To identify the differentiation of THP-1-derived macrophages, the THP-1 cells were
differentiated into M0, M1, or M2 macrophages by the method described above. The cells
were washed, and the antibodies were stained. The following antibodies were purchased
from BD Bioscience: human CD86-FITC and CD206-APC.

To test the affinity of melittin for M2 macrophages, the THP-1-derived macrophages
that were differentiated into M0, M1, and M2 macrophages were incubated with 100 nM
melittin–FITC (GenScript Corporation, Peace Catterway, NJ, USA) for 1 h at 37 ◦C. All data
were detected with a FACSLyric System (BD Bioscience, CA, USA) and analyzed with
FlowJo software (BD Bioscience, OR, USA).

4.5. Immunofluorescence Staining

THP-1 cells were seeded at 5 × 104 cells/well on cover glass (NUNC; Thermo Fisher
Scientific Inc., Waltham, MA, USA) in a 24-well plate. The cells were differentiated into
M0, M1, and M2 macrophages by the aforementioned method and then treated with
melittin–dKLA (1 µM) for 24 h. The cells were washed, fixed with 4% paraformaldehyde
for 10 min at −20 ◦C, and blocked with 0.1% normal goat serum for 1 h. The cover glasses
were then incubated with anti-cleaved caspase 3 antibody (1:200, rabbit polyclonal) (Cell
Signaling Technology, Danvers, MA, USA) overnight at 4 ◦C and then washed and stained
with Alexa 488-conjugated anti-rabbit IgG secondary antibody (1:500) (Invitrogen, CA,
USA) at 37 ◦C for 1 h. The cover glasses were mounted in Vectashield mounting medium
(Vector Laboratories, Burlingame, CA, USA) with 4′,6-diamidino-2-phenylindole (DAPI)
to visualize the nuclei. All images were photographed using the ZEISS LSM 800 laser
scanning microscope (Bio-Rad, Richmond, CA, USA).

Tumor tissues were fixed overnight in 10% neutral buffered formalin and cut to 4 µm
with a regular thickness after being embedded in paraffin. The sections were dipped in
xylene and then 100%, 90%, 80%, and 70% ethanol, respectively, and washed in running
tap water for rehydration. For melanin bleaching, the slides were immersed in 10% H2O2
solution diluted in PBS in a glass jar and placed in a pre-heated 65 ◦C dry oven. The tissue
sections were washed in deionized water for 10 min after the bleaching procedure. The tis-
sue antigen was heat-retrieved with sodium citrate buffer (pH 6.0) for 1 min at 121 ◦C.
The tissue was incubated with 3% H2O2 for 15 min and blocked with 1.5% BSA containing
0.2% Triton X-100 for 1 h. The tissues were incubated with rat anti-mouse CD206, CD86,
and rabbit anti-mouse PCNA primary antibodies (1:1000; Abd Serotec, Oxford, UK) and
visualized using Alexa-488 conjugated anti-rat IgG and Alexa-594 conjugated anti-rabbit
IgG (1:1000; Invitrogen, CA, USA). All antibodies were diluted in 0.5% BSA solution. Five
random fields of different tumor nodules in the lung were detected with laser scanning
confocal microscopy (Carl Zeiss, Jena, Germany).

4.6. ELISA

To assess the phenotypic changes in THP-1-derived macrophages, the THP-1 cells
were differentiated into M0, M1, or M2 macrophages using the methods described above.
The supernatants of the cells were harvested and stored at −20 ◦C. To quantify interleukin
(IL)-10, IL-12, CXCL10, and tumor growth factor (TGF)-β levels, the supernatants were
measured using BD OptEIA ELISA kits (BD Biosciences Inc., San Diego, CA, USA) according
to the manufacturer’s instructions.

4.7. CCK-8 Assay

To examine the cytotoxic effect of melittin–dKLA in THP-1-derived macrophages, the
THP-1 cells were seeded at 2 × 104 cells/well in 96-well plates and differentiated into
M0, M1, or M2 macrophages using the aforementioned methods. After the differentiation
of macrophages, the cells were pretreated with melittin–dKLA (10, 5, 1, 0.5, 0.1, 0.05,
and 0.01 µM) for 1 h and cultured in a serum-free medium for 24 h. For the proliferation of
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melanoma cells in the macrophage-conditioned medium, SK-MEL-28 cells were seeded at
0.5 × 104 cells/well in 96-well plates and incubated with 20% conditioned medium of M0,
M1, and M2 macrophages or M0, M1, and M2 macrophages pretreated with melittin–dKLA
(1 µM) for 24 h. Cell death and proliferation were analyzed using the Cell Counting Kit-8
(CCK-8) assays. CCK-8 reagent (Enzo Life Sciences, Farmingdale, NY, USA) was added
to each well at a ratio of 1/10 and the plates were incubated for 2 h. The absorbance was
measured at 450 nm using a microplate reader (Molecular Devices, San Jose, CA, USA).
Data are expressed as the means ± SD of three independent experiments.

4.8. Wound Healing Assay

The migration of melanoma cells was assessed using wound-healing assays. SK-MEL-
28 cells were seeded in 24-well plates at 2 × 105 cells/well and incubated with 10% FBS
in RPMI1640. After reaching confluence, the cells were scratched by scraping the surface
of the well with a sterile micropipette tip. The cells were cleaned immediately, and the
wells were filled with serum-free medium or 20% conditioned media of macrophages and
cultured for 24 h. Five or more different fields were photographed for the wound site of
each sample before and after incubation using an inverted microscope (Olympus, Tokyo,
Japan). The wound areas were measured using ImageJ software (NCI, Bethesda, MD, USA).
The percentage of each wound site filled with cell migration was calculated as: [(mean
wounded breadth −mean remaining breadth)/mean wounded breadth × 100]. The data
are expressed as the means ± SD of three independent experiments.

4.9. Western Blot Analysis

THP-1 cells were differentiated into M0, M1, or M2 macrophages using the methods
described above. The cells were obtained and lysed in PRO-PREP protein extraction so-
lution (iNtRON, Bio Inc., Seongnam, Korea). The protein concentrations were measured
with a Bradford protein assay reagent kit (Bio-Rad, Richmond, CA, USA). Proteins were
separated using 10% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to
polyvinylidene difluoride (PVDF) membranes. These were cultured as primary antibodies
with anti-caspase 3, anti-cleaved caspase 3 (Cell Signaling Technology), anti-arginase 1,
anti-CD206, and anti-β-actin Ab (1:1000) (Abcam). Goat anti-rabbit horseradish peroxidase-
conjugated IgG or goat anti-mouse horseradish peroxidase-conjugated IgG (Abcam, Cam-
bridge, MA, USA) were used as secondary antibodies. Protein bands were detected using a
chemiluminescence reagent kit (SurModics, MN, USA).

4.10. Quantitative Real-Time PCR

Total RNA was extracted from lung tissues using an easy-BLUE RNA extraction kit
(iNtRON Biotechnology, Korea). The cDNA synthesis was performed using cyclescript
reverse transcriptase (Bioneer, Korea) following the manufacturer’s instructions. Quantita-
tive real-time PCR was performed using the SensiFAST SYBR no-Rox kit (Bioline, Korea).
The cDNA synthesis conditions were as follows: cycling conditions were 95 ◦C for 15 s,
55 ◦C for 10 s, and 72 ◦C for 10 s. Each reaction was performed in triplicate. The base
sequences of the primers used were the following: TGF-β: forward, 5-CCA CCT GCA
AGA CCA TCG AC-3; reverse, 5-CTG GCG AGC CTT AGT TTG GAC-3. E-cadherin:
forward, 5-CAA GGA CAG CCT TCT TTT CG-3; reverse, 5-TGG ACT TCA GCG TCA
CTT TG-3. Vimentin: forward, 5-TGA AGG AAG AGA TGG CTC GT-3; reverse, 5-TCC
AGC AGC TTC CTG TAG GT-3. MMP9: forward, 5-TGA ATC AGC TGG CTT TTG TG-3;
reverse, 5-ACC TTC CAG TAG GGG CAA CT-3. TNF-α: forward, 5′-ACG GCA TGG
ATC TCA AAG AC-3′; reverse, 5′-GTG GGT GAG GAG CAC GTA GT-3′. IFN-γ forward,
5′-TTT GAG GTC AAC AAC CCA CA-3′; reverse, 5′-CGC AAT CAC AGT CTT GGC TA-3′.
GAPDH: forward, 5′-CCC AGA AGA CTG TGG ATG G-3′; reverse, 5′-CAC ATT GGG
GGT AGG AAC AC-3′.
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4.11. Statistics

All data are expressed as means ± standard deviation. Statistical significance was
analyzed by one-way ANOVA followed by Tukey’s multiple comparison tests and the
two-tailed Mann–Whitney U test using Prism 5.01 software. Differences with p-values of
<0.05 were considered statistically significant.
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