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M2-polarized macrophages in 
keratocystic odontogenic tumor: 
relation to tumor angiogenesis
Wen-Qun Zhong1, Gang Chen1,2, Wei Zhang1,2, Xue-Peng Xiong1,2, Yi Zhao1,3, Bing Liu1,2 & 
Yi-Fang Zhao1,2

The purpose of this study was to evaluate the presence of M2-polarized macrophages and their 
relationships to angiogenesis in keratocystic odontogenic tumor (KCOT). M2-polarized macrophages 
were detected in KCOT samples by immunohistochemistry and immunofluorescence. Meanwhile, 
microvessel density measured with antibody against CD31 was closely correlated with the 
presence of M2-polarized macrophages. In addition, macrophage colony-stimulating factor (M-CSF) 
significantly contributed to the activation of M2-polarized macrophages. Moreover, the results of in 
vitro wound healing, cell migration and tube formation assays further revealed the pro-angiogenic 
function of M2-polarized macrophage-like cells. This function might be associated with secretion 
of angiogenic cytokines, such as vascular endothelial growth factor (VEGF), transforming growth 
factor-β (TGF-β) and matrix metalloprotein-9 (MMP-9). This study demonstrates for the first time 
that M2-polarized macrophages are prevalent in KCOT, and their presence is dependent on M-CSF 
expression. More importantly, these tumor-supportive cells can also promote tumor angiogenesis by 
secreting angiogenic cytokines.

Keratocystic odontogenic tumor (KCOT) is one of the most common tumors arising from odontogenic 
epithelium1. KCOT is a benign but rapidly growing aggressive odontogenic neoplasm associated with 
nevoid basal cell carcinoma syndrome2. Although conventional studies on KCOT focused on epithelial 
lining, recent studies indicated that the stromal components of KCOT might promote vital processes, 
including tumor growth, invasion, and angiogenesis3,4. Hence, the main cells in the KCOT stroma and 
their precise roles must be elucidated.

Macrophages are the major cellular population in the tumor stroma and feature remarkable  diver-
sity  and  plasticity5,6. Macrophages acquire two different phenotypes, which are dependent on various 
signals in the tumor microenvironment. Classical  M1-polarized macrophages, which are activated by 
microbial products and interferon-γ , highly express CD68 and human leukocyte antigen (HLA)-DR7,8. 
M2-polarized macrophages can exhibit pro-inflammatory and anti-tumor activities5, while alterna-
tive M2-polarized macrophages (activated by interleukin-4 [IL-4] and interleukin-13 [IL-13]) facili-
tate anti-inflammation and tumor progression and thus are referred as tumor-associated macrophages 
(TAMs)6. M2-polarized macrophages, which express high levels of CD68 and CD163, may promote 
tumor progression through immunosuppression, invasion, and angiogenesis5,9. However, the function of 
macrophages in KCOT remains largely unknown.

In this study, we reported, for the first time, that M2-polarized macrophages were present and con-
tributed to angiogenesis in KCOT. As previous studies have confirmed that tumor angiogenesis greatly 
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contributed to the growth potential and locally aggressive behavior of KCOT10–13, our findings pro-
vide novel insights into the pathology of KCOT and may facilitate the development of new treatment 
approaches.

Results
Infiltration of M2-polarized macrophages in KCOT.  We tested the presence and distribution of 
M2-polarized macrophages in KCOT samples via immunofluorescence for CD68 and CD163 while 
M1-polarized macrophages were detected via immunostaining for CD68 and HLA-DR. Six oral mucosa 
(OM) and six oral squamous cell carcinoma (OSCC) samples were used as negative and positive controls, 
respectively. As shown in Supplementary Figure 1 and Fig.  1, CD68+/HLA-DR+ (M1-polarized mac-
rophages) cells and CD68+/CD163+ (M2-polarized macrophages) cells were not detected in OM samples 
but were observed in OSCC samples. Our data showed that either M2-polarized or M1-polarized mac-
rophages were present in 32 of the 34 KCOT samples As shown in Fig. 1, CD68+ and CD68+/CD163+ 
cells were observed in the stromal component of KCOT tissues, mainly located around the perivascu-
lar-like region and in the invasive front. Immunohistochemical analyses for CD68, HLA-DR and CD163 
were also performed (Supplementary Figure 2). The ratios of CD68+, CD68+/HLA-DR+ and CD68+/
CD163+ cells in the total cells varied among the KCOT tissue samples. The results of manual counting 
in five random sections revealed the following: (a) the ratio of CD68+ cells in the total cells ranged from 
0% to 62.18%, with an average value of 29.91 ±  17.36%; (b) the ratio of CD68+/HLA-DR+ in the total 
cells ranged from 0% to 44.95%, with an average value of 12.31 ±  10.08%; and (c) the ratio of CD68+/
CD163+ in the total cells ranged from 0% to 34.58%,with an average value of 16.04 ±  11.01%.

M2-polarized macrophages were positively correlated with angiogenesis in KCOT sam-
ples.  We evaluated the correlation of M2-polarized macrophages with tumor angiogenesis to explore 
their roles in KCOT. Previous evidences demonstrated that microvessel density (MVD) could reflect the 
angiogenesis of tumor tissues14,15. Thus, we initially determined the level of MVD by using anti-CD31 
antibody. As shown in Supplementary Figure 3, CD31-positive vessels were mainly distributed in the 
connective tissues adjacent to the cystic epithelium lining and invasive front, similar to the description 
of previous publications11–13. MVD was higher in KCOT than that in OM (P <  0.05) but less than that in 
OSCC (P <  0.01). Interestingly, the MVD showed positive correlation with cellular proliferation marker 
(PCNA) and cellular invasive marker (MMP-9), respectively, which is in line with previous studies10,13 
(Supplementary Figure 3C–E) .

Not only macrophages, but CD3+ T cells and CD20+ B cells were also observed in the KCOT stroma 
(Supplementary Figure 4). To determine the correlation of these inflammatory cells with MVD, we per-
formed a hierarchical clustering analysis. The results were visualized with a heat-map (Fig. 2A). In the 
heat-map, the length and subdivision of the branches directly reflected the correlation between the tested 
markers (top) and samples (left). In the whole group, CD68+, CD68+/HLA-DR+ and CD68+/CD163+ 

Figure 1.  Detection of M2-polarized macrophages in KCOT using immunofluorescence. Double-labeling 
immunofluorescence for CD68 and CD163 in OM, KCOT and OSCC samples. The arrowheads indicate the 
CD68+/CD163+M2- polarized macrophages cells.
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cells clustered closely with one another. These macrophages showed a closer correlation with MVD than 
both CD3+ T cells and CD20+ B cells. To verify the potential significance of these inflammatory cells in 
angiogenesis in KCOT, we investigated the correlations between MVD and the ratio of CD3+, CD20+, 
CD68+, CD68+/HLA-DR+ and CD68+/CD163+ cells in the total KCOT cells by using Spearman’s rank 
test. The MVD of KCOT was positively correlated with CD68+/CD163+ cells but not with CD68+/
HLA-DR+ cells (Fig. 2B). MVD was also correlated with the ratio of CD68+ macrophage cells (Fig. 2B), 
but not CD3+ T cells, and CD20+ B cells in the total KCOT cells (Supplementary Figure 4). In addition, 
to provide a more definitive analysis, the correlation between MVD and the ratio of CD68+/CD163+ 
to CD68+/HLA-DR+ was performed. The result revealed that the ratio of CD68+/CD163+ to CD68+/
HLA-DR+ was significant correlation with MVD in KCOT samples (Fig. 2B).

Double-labeling immunofluorescence analyses were then performed in the serial sections of KCOT 
tissue samples to validate the correlation between M2-polarized macrophages and tumor angiogenesis. 
As shown in Fig.  2C, CD68+/CD163+ M2-polarized macrophages were located around CD31-positive 

Figure 2.  Correlation between M2-polarized macrophages and tumor angiogenesis. (A) Hierarchical 
clustering analysis for tested markers in KCOT samples. (B) Spearman rank correlation test and linear 
regression were performed to determine the correlation of MVD with CD68+, CD68+/HLA-DR+ and 
CD68+/CD163+, respectively. (C) Double-labeling immunofluorescence analyses for CD31 and CD68+/
CD163+ were used to determine the colocalization of vessels and M2-polarized macrophages in the serial 
sections of KCOT samples. The proximity of vessels with M2-polarized macrophages could not been 
detected in OM tissue samples.



www.nature.com/scientificreports/

4Scientific Reports | 5:15586 | DOI: 10.1038/srep15586

vessels. Collectively, these results implied that CD68+/CD163+ M2-polarized macrophages contributed 
to enhanced angiogenesis in KCOT.

Homogenate supernatant of enucleation-treated KCOT tissues promoted the production of 
M2-polarized macrophages-like cells.  To determine the effect of tumor homogenate supernatant 
on PMA-treated TPH-1 cells, we treated the cells with 25 ng/ml PMA for the first 12 hours and added 
with or without fresh OM or enucleation alone-treated KCOT (eKCOT) tissue supernatant for another 
36 hours. Cells were also treated with IL-4/IL-13 to set as the positive controls. As shown in Fig. 3A, the 
treated THP-1 cells underwent morphological changes characterized by increased size and improved 
adherence, implying their differentiation from monocytes into macrophages. THP-1 cells treated with 
PMA only or PMA +  OM homogenate supernatant displayed round morphology, whereas M2-polarized 
macrophages induced by IL-4/IL-13 were elongated. The morphology of most THP-1 cells cultured with 
PMA +  eKCOT homogenate supernatant was also elongated and spindle like, which was similar to that 
of M2-polarized macrophages.

Figure 3.  Induction of M2-polarized macrophages-like cells by homogenate supernatant of KCOT 
tissue. (A) Morphological changes of macrophage phenotypes. PMA only-treated, PMA +  OM and PMA 
+  dKCOT (secondary enucleation after decompression) homogenate supernatant-treated THP-1 cells 
appeared like a more round morphology, while M2-polarized macrophages induced by IL-4/IL-13 in positive 
control group turned out to be a more elongated shape. The morphology of most THP-1 cells treated with 
PMA +  eKCOT (KCOT treated with enucleation alone) extract were also rather elongated, spindle-like 
shapes as the M2-polarized macrophages. (B) Expression of classical M2-polarized macrophages surface 
markers was evaluated by flow cytometry. The THP-1 cells showed a CD68+/CD163+ phenotype after the 
addition of PMA and eKCOT homogenate supernatant as the M2-polarized macrophages, but distinct from 
the PMA only, PMA +  OM or PMA +  dKCOT homogenate supernatant-treated macrophages. (C) The 
classical cytokine profiles of these macrophage populations were detected by real-time PCR. PMA +  eKCOT 
homogenate supernatant-treated THP-1 displayed a low TNF-α , IL-1β , IL-6 and high TGF-β  status as M2 
type macrophages. Data are shown as the mean ±  SEM. *P <  0.05, **P <  0.01, and ***P <  0.001 versus PMA 
only group.
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Flow cytometry was then performed to investigate the expression of surface markers for these cells. 
THP-1 cells treated with PMA only and PMA +  OM homogenate supernatant demonstrated CD68+/
CD163− phenotype, whereas THP-1 cells treated with PMA +  eKCOT homogenate supernatant showed 
CD68+/CD163+ phenotype (Fig. 3B).

We further compared the classical cytokine profiles of THP-1 cells treated with PMA only, PMA +  
OM and PMA +  eKCOT homogenate supernatant. The cells treated with PMA only or PMA +  OM 
homogenate supernatant shared similar profiles, including high TNF-α , IL-1β , and IL-6 levels and low 
TGF-β  level. By contrast, the cells treated with PMA +  eKCOT homogenate supernatant were similar 
to M2-polarized macrophages in terms of low TNF-α , IL-1β , and IL-6 levels and high TGF-β  level 
(Fig.  3C). These results suggested that eKCOT homogenate supernatant could induce production of 
M2-polarized macrophages-like cells (M2L-macrophages) from PMA-treated THP-1macrophages.

Macrophage colony-stimulating factor (M-CSF) was positively associated with the presence 
of M2-polarized macrophages in KCOT.  Numerous studies have shown that M-CSF (also known 
as colony-stimulating factor-1[CSF-1]) played a key role in induction and activation of M2-polarized 
macrophages in various tumors16,17. In this regard, we evaluated the expression levels of M-CSF in OM 
and KCOT tissue samples via immunohistochemistry. In line with our hypothesis, the expression level 
of M-CSF in KCOT samples was higher than that in OM samples (Fig. 4A,B). The results of Spearman 
rank’s test revealed a close correlation between the expression level of M-CSF and the ratio of CD68+ or 
CD68+/CD163+ cells in the total cells in KCOT (Fig. 4C). Moreover, as most CD163+ cells co-expressed 
CD68 in KCOT, we used CD163 to locate M2-polarized macrophages in subsequent experiments. 
Double-labeling immunofluorescence analyses for M-CSF and CD163 were further conducted on KCOT 
samples. As shown in Fig. 4D, CD163+ cells were widely co-expressed with M-CSF or closely surrounded 
by M-CSF+ cells. This observation implied that M-CSF could promote the phenotypic skewing of mac-
rophages into the M2-polarized response through autocrine and paracrine pathways.

GW2580 significantly inhibited the M2-polarized response of macrophages cultured in con-
ditioned medium (CM) added with eKCOT tissue supernatant.  M-CSF content in homogenate 
supernatant was analyzed with an enzyme-linked immunosorbent assay (ELISA) kit to determine the 
role of M-CSF during polarization of THP-1 cells. As expected, the results showed that the amount 
of M-CSF in the eKCOT homogenate supernatant (222.02 ±  13.40 ng/ml) was significantly higher than 
that in OM homogenate supernatant (24.34 ±  4.15 ng/ml) (Fig.  5A). GW2580, a specific inhibitor of 
CSF-1R18,19, was used to block the action of M-CSF in vitro. We determined the growth of PMA-treated 
THP-1 cells in response to GW2580 treatment (12 hours after PMA) by using MTT. As shown in Fig. 5B, 
treatment with increased GW2580 concentrations substantially inhibited the growth of PMA-treated 
THP-1 cells. However, the results of cell viability assays demonstrated that treatment with different 
GW2580 concentrations (0–4 μ M) for 36 hours did not affect the viability of PMA-treated THP-1 cells 
(Fig. 5C). Therefore, we set the 36-hour treatment period with GW2580 (0, 1, 2 and 4 μ M) as the non-
toxic condition for subsequent studies. THP-1 cells were then cultured in eKCOT homogenate super-
natant with or without GW2580. As shown in Fig.  3, the morphological changes, the results of flow 
cytometry and cytokine profile analyses collectively revealed that GW2580 (4 μ M) inhibited M2 polari-
zation of PMA-treated THP-1 cells.

M2L-macrophages facilitated angiogenesis in vitro.  As previous studies demonstrated that 
endothelial cells must undergo migration and tube formation during angiogenesis20,21, we cultured human 
umbilical vein endothelial cells (HUVECs) in different CMs to determine whether M2L-macrophages 
promote angiogenesis. As shown in Fig.  6A,B,D, the results of wound healing and transwell assays 
indicated that co-culture with CM from PMA +  eKCOT tissue supernatant-treated THP-1 cells 
(PMA +  eKCOT-CM) for 12 hours enhanced the migration of endothelial cells compared with these 
cultured in CM from THP-1 cells treated with PMA only (PMA only-CM). The results form tube for-
mation assay further showed that exposure to PMA +  eKCOT-CM could induce tube formation, whereas 
exposure to PMA only-CM weakened HUVEC tube formation (Fig. 6C,D). Hence, these above results 
suggested that the M2L-macrophages cells were capable of promoting angiogenesis.

M2-polarized macrophages promoted KCOT angiogenesis by secreting angiogenic 
cytokines.  To further investigate the mechanism of M2-polarized macrophages in mediating angi-
ogenesis in KCOT, we performed double-labeling immunofluorescence for CD163/vascular endothe-
lial growth factor (VEGF), CD163/transforming growth factor-β  (TGF-β ), and CD163/matrix 
metalloprotein-9 (MMP-9) on KCOT samples. Previous studies have demonstrated that M2-polarized 
macrophages could deliver angiogenic molecules, such as VEGF, TGF-β , and MMPs22,23. Similarly, our 
data revealed the co-expression of CD163/VEGF, CD163/TGF-β  and CD163/MMP-9 in KCOT samples. 
All co-expression relationships were distributed in the perivascular-like sites of KCOT (Fig. 6E). In addi-
tion, most of the strong fluorescence signals for these major angiogenic cytokines were synchronously 
located in CD163-positive cells in KCOT. These findings suggest that M2-positive macrophages may be 
a major source of angiogenic factors.
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Decompression down-regulated M2-polarized macrophages and angiogenesis in KCOT.  For 
clinical significance, we compared presence of macrophages in eKCOT and dKCOT (KCOT treated by 
secondary enucleation after decompression) samples through double-labeling immunofluorescence for 
CD68 and CD163. In line with the preceding data, M2-polarized macrophages were abundantly detected 
in eKCOT. A weak immunoreaction for CD68+ cells was observed in dKCOT, whereas the immuno-
reaction for CD163+ and CD68+/CD163+ cells was rarely observed in dKCOT (Fig.  7A). The results 
of Student’s t-test further revealed that the ratios of CD68+ and CD68+/CD163+ cells in the total cells 
significantly decreased in dKCOT relative to those in eKCOT samples, which indicated that the presence 
of M2-polarized macrophages was significantly positive correlation with the treatment method, while the 
ratio of CD68+/HLA-DR+ cells in total cells did not significantly differ between the two groups (Fig. 7B). 
Consistently, the tumor homogenate supernatant of dKCOT failed to draw PMA-treated TPH-1 cells 
into M2-polarized macrophages according to Fig. 3. Meanwhile, in vitro studies also indicated that PMA 
+  dKCOT-CM treated THP-1 cells lacked the capability to promote angiogenesis (Fig.  6). Thus, we 
explored the angiogenic phenotypes in both eKCOT and dKCOT samples through immunohistochem-
istry for CD31. As expected, the results revealed that the MVD was down-regulated after decompression, 
which indicated that the tumor angiogenesis was significant correlation with the treatment (Fig. 7C,D). 

Figure 4.  The correlation of M-CSF with the number of M2-polarized macrophages in KCOT samples 
(A) Increased expression of M-CSF in both epithelial and stromal sides of KCOT samples was found 
compared with this OM. (B) Quantification of M-CSF expression levels in both OM and KCOT samples. 
(C) The number of CD68+, CD68+/CD163+, but CD68+/HLA-DR+ macrophages showed a closely positive 
correlation with the expression of M-CSF. (C) Double-labeling immunofluorescence for M-CSF and CD163 
in both of OM and KCOT samples. The white arrowheads indicated the M-CSF+ cells. Data are shown as 
the mean ±  SEM. **P <  0.01versus OM group.
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Collectively, these results demonstrated that decompression in KCOT restrained the phenotypic skewing 
of macrophages into the M2-polarized types, and suppressed tumor angiogenesis.

Discussion
M2-polarized macrophages, also known as TAMs, are primary cellular component of the tumor stroma 
and important in facilitating tumor maintenance and growth. M2-polarized macrophages exert their 
pro-tumor functions by enhancing immunosuppression, invasion, angiogenesis, and metastasis5,24. 
Nevertheless, the presence and potential roles of M2-polarized macrophages in KCOT, a benign odon-
togenic tumor with infiltrative behavior, remain largely unknown.

This study demonstrated for the first time the presence and distribution of M2-polarized macrophages 
as well as M1-polarized macrophages in the KCOT stroma. The number of M2-polarized macrophages 
was significantly correlated with MVD, a well-known marker for tumor vascularization25,26. Thus, we 
investigated the mechanisms underlying macrophage polarization and their potential relationships to 
angiogenesis in KCOT.

The phenotypic skewing of macrophages depends on an intricate crosstalk between tumor cells and 
their cellular and extracellular microenvironments24. Generally, the culture supernatant of tumor cells is 
often used for research in vitro, and addition of CM of various carcinoma cells is also utilized to deter-
mine macrophage polarization. This method can succinctly reflect the tumor microenvironment to some 
extent. However, these carcinoma cells differ from the neoplasm microenvironment in vivo because of 
the complex and mutual interactions between tumor cells and various stromal cells. In this regard, the 
supernatant of tumor tissue homogenate is regarded as an appropriate material to simulate the tumor 
microenvironment27. By contrast, researches aimed to explore the influence of the tumor microenvi-
ronment on tumor epithelial and stromal cells in KCOT have been hampered because of insufficient 
stabilized and recognized cell populations. Given this limitation, we prepared CM by adding KCOT 
homogenate supernatant to investigate the effect of the supernatant on macrophage polarization. As 
expected, the homogenate supernatant of eKCOT tissues induced M2-like polarization in PMA-treated 
macrophages. The number of M2-polarized macrophages was also significantly correlated with M-CSF 
expression in KCOT samples. This finding indicated the key role of M-CSF played in the M2-polarized 
response of macrophages. Moreover, the quantified amount of M-CSF in eKCOT homogenate super-
natant was higher than that in normal OM. GW2580, a specific M-CSFR inhibitor, was used to block 
the effect of M-CSF to further investigate the underlying mechanisms. The results demonstrated that 
GW2580 could effectively inhibit the M2-polarized response of PMA-treated macrophages. Therefore, 

Figure 5.  Evaluation of the concentration of M-CSF in tissue homogenate supernatant of OM and 
KCOT and the effect of GW2580 on PMA-treated macrophages’ growth and viability. (A) ELISA was 
performed to evaluate the concentration of M-CSF in tissue homogenate supernatant of OM and KCOT. 
(B) PMA-treated macrophages growth was determined by the MTT assay after treatment with various 
concentrations of GW2580 for 24, 36, and 48 h. The results were demonstrated as a percentage of the control 
group. (C) PMA-treated macrophages viability was measured by using the Vi-CELL cell viability analyzer 
after treatment with various concentrations of GW2580 for 24, 36, and 48 h. The results were demonstrated 
as the percentages of the control group. Data are shown as the mean ±  SEM. *P <  0.05, and **P <  0.01versus 
the control group.
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KCOT tissue homogenate supernatant can induce the production of M2-polarized macrophages in an 
M-CSF-dependent manner.

To provide evidence for our hypothesis that M2-polarized macrophages might play a key role in 
angiogenesis in KCOT, we collected CMs from M2L-macrophage cells and macrophages treated with 
PMA only. Moreover, the effect of CMs on the migration and tube formation of HUVECs was measured 
in vitro through wound healing, cell migration and tube formation assays. Data showed that the CM 
from M2L-macrophage cells could significantly enhance the motility and tube formation of HUVECs 
compared with that from macrophages treated with PMA only. These results confirm that M2-polarized 
macrophages may considerably affect angiogenesis in KCOT.

Basically, the new vessel formation is necessary to supply nutrients and oxygen, which are indispen-
sable for survival and rapid growth of tumor cells. Numerous studies have revealed that M2-polarized 
macrophages played a central role in controlling tumor angiogenesis23. According to these studies, 
TAMs usually served as a major source of angiogenic factors and could release various pro-angiogenic 
factors22,23. In the present study, M2-polarized macrophages co-expressed VEGF, MMP-9, and TGF-β . 
Besides, the synchronous distribution of these angiogenic cytokines and M2-positive macrophages in 
KCOT further revealed that M2-polarized macrophages might function as a primary source of angi-
ogenic molecules. Collectively, these results demonstrate that M2-polarized macrophages can promote 
angiogenesis by secreting various cytokines in KCOT.

Previous studies, including our previous work, showed that decompression was an effective treatment 
strategy for KCOT, particularly for those with large sizes28. Nevertheless, the exact pathological process 
of KCOT after decompression, particularly in connective tissues, remains unknown. For clinical signif-
icance, we explored the changes in macrophages and MVD in KCOT after decompression. The results 

Figure 6.  M2-polarized macrophages-like cells (M2L-macrophages) enhance HUVECs migration, tube 
formation. Meanwhile, M2-polarized macrophages promote tumor angiogenesis by secreting pro-
angiogenic cytokines. (A,B) The enhanced cell migration was measured by wound healing and transwell 
system assays. (C) The increased formation of capillary-like structures was determined by tube formation 
assays. (D) Quantification of migration and capillary-like structures in wound healing, transwell migration 
and tube formation assays. The results were represented as relative ratios to the control group. (E) Double-
labeling immunofluorescence staining for CD163 and VEGF, MM-9, TGF-β , respectively, both in OM and 
KCOT tissue samples. Data are shown as the mean ±  SEM. NS, P ≥  0.05, *P <  0.05, and **P <  0.01versus the 
control group.
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showed that CD68+ macrophages, CD68+/CD163+ M2-polarized macrophages and the MVD decreased 
in KCOT after decompression. In addition, decompression also reduced the ability of KCOT homogenate 
supernatant to promote the production of M2-polarized macrophages, and decompression could also 
suppress tumor angiogenesis. Therefore, decompression can lead to anti-tumor transformation of the 
intrinsic pro-tumor connective tissues, which can be a novel evidence supporting the use of decompres-
sion for conservative management of KCOT.

In summary, this study revealed, for the first time, the presence and distribution of M2-polarized 
macrophages in KCOT and their key roles in angiogenesis in KCOT. As specific intervention strategies 
targeting TAMs have emerged as a desirable perspective and have made some considerably progresses, 
they can also be further developed into KCOT. However, future studies must investigate the origin and 
precise differentiation processes of macrophages in KCOT.

Methods
Samples, immunohistochemistry, double-labeling immunofluorescence.  Thirty-four KCOT 
samples, including 26 eKCOT and 8 dKCOT, 6 normal OM samples, and 6 OSCC samples were collected 
at the Hospital of Stomatology, Wuhan University. This study was approved by the review board from 
the ethics committee of the Hospital of Stomatology, Wuhan University. The procedures were carried out 
according to the National Institutes of Health guidelines regarding the use of clinical tissues. Meanwhile, 
written informed consent for this study was obtained from all the participants. All samples were fixed 
in buffered 4% paraformaldehyde and embedded in paraffin. Anti-human CD68 monoclonal antibodies 
were used to recognize macrophages. CD68, CD163 double immunohistochemical staining was per-
formed to identify M2-polarized macrophages. On the other hand, CD68, HLA-DR double immuno-
histochemical staining was carried out to detect M1-polarized macrophages. MVD was determined by 

Figure 7.  Detection of M2-polarised macrophages and MVD in eKCOT and dKCOT. (A) Double-labeling 
immunofluorescence for CD68 and CD163 in eKCOT and dKCOT samples. The arrowheads indicate the 
CD68+/CD163+ M2-polarized macrophages cells. (B) Down-regulation of CD68+ macrophages and CD68+/
CD163+ M2-polarized macrophages in dKCOT were observed when compared with these in eKCOT.  
(C) Down-regulation of MVD in dKCOT was found when compared with eKCOT. (D) Quantification of 
MVD level in both eKCOT and dKCOT. Data are shown as the mean ±  SEM. *P <  0.05 versus the eKCOT 
group.
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counting the number of vessels. KCOT diagnosis, immunohistochemistry, double-labeling immunofluo-
rescence as described previously9,29,30.

Preparation of tumor tissue homogenate.  Tumor homogenate was prepared according to previ-
ously reported procedures27,31. Ten fresh eKCOT and seven dKCOT tissues were collected and washed 
thoroughly. Each KCOT tissue sample (100 mg) was immediately placed in 5 ml of serum-free RPMI 
1640 medium and homogenized in a glass homogenizer. The supernatant was centrifuged at 10,000 g 
for 1 hour. Cell-free tissue supernatant was then collected and stored frozen at − 80 °C for further use.

Cell culture.  THP-1 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/
mlpenicillin, and 100 ng/ml streptomycin32. HUVECs were isolated from human umbilical cord veins 
as previously described20 and then cultured in endothelial basal medium supplemented with 20% FBS, 
SingleQuot (Bio Science), 100 U/ml penicillin, and 100 ng/ml streptomycin. The protocols for generating 
or inhibiting polarized THP-1 macrophages were described in Supplementary Materials and Methods.

Real-time quantitative PCR.  Basing on previously described procedures33, we isolated total RNA, 
synthesized cDNA and conducted real-time qPCR. GAPDH was selected as the internal control in our 
experiments. The primer nucleotide sequences for PCR were listed in Supplementary Materials and 
Methods.

Preparation of CMs.  After THP-1 cells were treated with PMA in the absence or presence of tissue 
supernatants for 48 hours, the mediums were changed and added with serum-free PRMI 1640. After 
48 hours, CMs were collected and centrifuged at 500 g for 20 minutes and stored at − 20 °C for further 
use. These CMs were named as follows: PMA only-CM (from THP-1 cells treated with PMA only), 
PMA +  eKCOT-CM (from THP-1 cells treated with the PMA and eKCOT tissue supernatant) and PMA 
+  dKCOT-CM (from THP-1 cells treated with the PMA and dKCOT tissue supernatant)

Wound healing, migration and tube formation assays.  Wound healing, migration and tube for-
mation assays using HUVECs were performed as previously described21,34 in Supplementary Materials 
and Methods.

Flow cytometry.  After treatment with PMA in the absence or presence of tissue supernatant, THP-1 
cells (1 ×  106) were collected for flow cytometric analyses through BD fluorescent-activated cell sorter 
system (Calibur, CO) to detect surface markers according to our previous procedures35,36. The results 
were analyzed with FlowJo 7.6.1 software (Tree Star, Inc., OR). The cells were surface-stained with 
FITC-CD68 and PE-CD163 according to the manufacturer’s instructions.

ELISA.  Human M-CSF level in KCOT tissue supernatant was measured through ELISA as previous 
steps27,31. An ELISA kit (DoBi, China) for human M-CSF was used according to the manufacturer’s 
instructions.

Statistical analysis.  To evaluate the ratio of different kinds of macrophages, 5 representative 
high-power fields (× 400 magnification) of each specimen were randomly selected and the total number 
of cells counted by two blind researchers. The ratios for the positive cells were calculated by the for-
mula as our former description9: positive ratio =  positive cells number/total cells number. All data were 
presented as mean ±  SEM of three independent experiments. One-way analysis of variance, Student–
Newman–Keuls, and Spearman’s rank correlation test were performed for statistical analysis. P <  0.05 
was considered statistically significant.

References
1.	 Thompson, L. World Health Organization classification of tumours: pathology and genetics of head and neck tumours. Ear Nose 

Throat J 85, 74 (2006).
2.	 Pan, S., Dong, Q., Sun, L. S. & Li, T. J. Mechanisms of inactivation of PTCH1 gene in nevoid basal cell carcinoma syndrome: 

modification of the two-hit hypothesis. Clin Cancer Res 16, 442–450 (2010).
3.	 Hong, Y. Y., Yu, F. Y., Qu, J. F., Chen, F. & Li, T. J. Fibroblasts Regulate Variable Aggressiveness of Syndromic Keratocystic and 

Non-syndromic Odontogenic Tumors. J Dent Res 93, 904–910 (2014).
4.	 Jiang, W. P. et al. Identification of the involvement of LOXL4 in generation of keratocystic odontogenic tumors by RNA-Seq 

analysis. Int J Oral Sci 6, 31–38 (2014).
5.	 De Palma, M. & Lewis, C. E. Macrophage regulation of tumor responses to anticancer therapies. Cancer Cell 23, 277–286 (2013).
6.	 Gordon, S. & Martinez, F. O. Alternative activation of macrophages: mechanism and functions. Immunity 32, 593–604 (2010).
7.	 Ino, Y. et al. Immune cell infiltration as an indicator of the immune microenvironment of pancreatic cancer. Br J Cancer 108, 

914–923 (2013).
8.	 Ma, J. et al. The M1 form of tumor-associated macrophages in non-small cell lung cancer is positively associated with survival 

time. BMC Cancer 10, 112 (2010).
9.	 Wang, F. Q. et al. M2-polarised macrophages in infantile haemangiomas: correlation with promoted angiogenesis. J Clin Pathol 

66, 1058–1064 (2013).
10.	 Alaeddini, M., Salah, S., Dehghan, F., Eshghyar, N. & Etemad-Moghadam, S. Comparison of angiogenesis in keratocystic 

odontogenic tumours, dentigerous cysts and ameloblastomas. Oral Dis 15, 422–427 (2009).



www.nature.com/scientificreports/

1 1Scientific Reports | 5:15586 | DOI: 10.1038/srep15586

11.	 Gadbail, A. R. et al. Tumor angiogenesis in keratocystic odontogenic tumor assessed by using CD-105 antigen. J Oral Pathol Med 
40, 263–269 (2011).

12.	 Gadbail, A. R. et al. Tumor angiogenesis: role in locally aggressive biological behavior of ameloblastoma and keratocystic 
odontogenic tumor. Head Neck 35, 329–334 (2013).

13.	 Seifi, S., Shafaie, S. & Ghadiri, S. Microvessel density in follicular cysts, keratocystic odontogenic tumours and ameloblastomas. 
Asian Pac J Cancer Prev 12, 351–356 (2011).

14.	 Kaira, K. et al. Biologic correlation of 2-[18F]-fluoro-2-deoxy-D-glucose uptake on positron emission tomography in thymic 
epithelial tumors. J Clin Oncol 28, 3746–3753 (2010).

15.	 Jakob, C. et al. Angiogenesis in multiple myeloma. Eur J Cancer 42, 1581–1590 (2006).
16.	 Puig-Kroger, A. et al. Folate receptor beta is expressed by tumor-associated macrophages and constitutes a marker for M2 anti-

inflammatory/regulatory macrophages. Cancer Res 69, 9395–9403 (2009).
17.	 Yamashina, T. et al. Cancer stem-like cells derived from chemoresistant tumors have a unique capacity to prime tumorigenic 

myeloid cells. Cancer Res 74, 2698–2709 (2014).
18.	 Hume, D. A. & MacDonald, K. P. Therapeutic applications of macrophage colony-stimulating factor-1 (CSF-1) and antagonists 

of CSF-1 receptor (CSF-1R) signaling. Blood 119, 1810–1820 (2012).
19.	 Mossadegh-Keller, N. et al. M-CSF instructs myeloid lineage fate in single haematopoietic stem cells. Nature 497, 239–243 (2013).
20.	 Sun, Z. J. et al. Mammalian target of rapamycin pathway promotes tumor-induced angiogenesis in adenoid cystic carcinoma: its 

suppression by isoliquiritigenin through dual activation of c-Jun NH2-terminal kinase and inhibition of extracellular signal-
regulated kinase. J Pharmacol Exp Ther 334, 500–512 (2010).

21.	 Zhang, W., Chen, G., Ren, J. G. & Zhao, Y. F. Bleomycin induces endothelial mesenchymal transition through activation of mTOR 
pathway: a possible mechanism contributing to the sclerotherapy of venous malformations. Br J Pharmacol 170, 1210–1220 
(2013).

22.	 Keyes, K. et al. An in vitro tumor model: analysis of angiogenic factor expression after chemotherapy. Cancer Res 62, 5597–5602 (2002).
23.	 Riabov, V. et al. Role of tumor associated macrophages in tumor angiogenesis and lymphangiogenesis. Front Physiol 5, 75 (2014).
24.	 Colegio, O. R. et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 513, 

559–563 (2014).
25.	 Yang, X. et al. MicroRNA-26a suppresses angiogenesis in human hepatocellular carcinoma by targeting hepatocyte growth factor-

cMet pathway. Hepatology 59, 1874–1885 (2014).
26.	 Yang, X. R. et al. High expression levels of putative hepatic stem/progenitor cell biomarkers related to tumour angiogenesis and 

poor prognosis of hepatocellular carcinoma. Gut 59, 953–962 (2010).
27.	 Lu, J. et al. VEGF-A not Ang2 mediates endothelial-like differentiation of immature DCs by ERK1/2 signaling in the 

microenvironment of human colon adenocarcinoma. Int J Oncol 38, 1579–1588 (2011).
28.	 Zhao, Y. F., Wei, J. X. & Wang, S. P. Treatment of odontogenic keratocysts: a follow-up of 255 Chinese patients. Oral Surg Oral 

Med Oral Pathol Oral Radiol Endod 94, 151–156 (2002).
29.	 Zhong, W. Q. et al. Down-regulation of connexin43 and connexin32 in keratocystic odontogenic tumours: potential association 

with clinical features. Histopathology 66, 798–807 (2015).
30.	 Jia, J. et al. Expression of allograft inflammatory factor-1 and CD68 in haemangioma: implication in the progression of 

haemangioma. Br J Dermatol 159, 811–819 (2008).
31.	 Dasgupta, S., Bhattacharya-Chatterjee, M., O'Malley, B. W. Jr. & Chatterjee, S. K. Inhibition of NK cell activity through TGF-beta 

1 by down-regulation of NKG2D in a murine model of head and neck cancer. J Immunol 175, 5541–5550 (2005).
32.	 Stewart, D. A., Yang, Y., Makowski, L. & Troester, M. A. Basal-like breast cancer cells induce phenotypic and genomic changes 

in macrophages. Mol Cancer Res 10, 727–738 (2012).
33.	 Chen, G. et al. Disorganized vascular structures in sporadic venous malformations: a possible correlation with balancing effect 

between Tie2 and TGF-beta. Sci Rep 4, 5457 (2014).
34.	 Sun, L. et al. A SUMOylation-dependent pathway regulates SIRT1 transcription and lung cancer metastasis. J Natl Cancer Inst 

105, 887–898 (2013).
35.	 Chen, G. et al. Transformation of cell-derived microparticles into quantum-dot-labeled nanovectors for antitumor siRNA 

delivery. Angew Chem Int Ed Engl 54, 1036–1040 (2015).
36.	 Chen, G. et al. Hypoxia-induced autophagy in endothelial cells: a double-edged sword in the progression of infantile 

haemangioma? Cardiovasc Res 98, 437–448 (2013).

Acknowledgements
This study was supported by the National Natural Science Foundation of China (81300855, 81300895 and 
81201213) and the Key Project of Science and Technology of Wuhan (201260523196).

Author Contributions
W.Q.Z. conceived and participated in this project. W.Q.Z. and W.Z. performed these experiments. G.C., 
W.Z., X.P.X., Y.Z. and B.L. made contribution to statistical analysis. Y.F.Z. wrote the manuscript. All of 
the authors have reviewed the final paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhong, W.-Q. et al. M2-polarized macrophages in keratocystic odontogenic 
tumor: relation to tumor angiogenesis. Sci. Rep. 5, 15586; doi: 10.1038/srep15586 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	M2-polarized macrophages in keratocystic odontogenic tumor: relation to tumor angiogenesis

	Results

	Infiltration of M2-polarized macrophages in KCOT. 
	M2-polarized macrophages were positively correlated with angiogenesis in KCOT samples. 
	Homogenate supernatant of enucleation-treated KCOT tissues promoted the production of M2-polarized macrophages-like cells. 
	Macrophage colony-stimulating factor (M-CSF) was positively associated with the presence of M2-polarized macrophages in KCO ...
	GW2580 significantly inhibited the M2-polarized response of macrophages cultured in conditioned medium (CM) added with eKCO ...
	M2L-macrophages facilitated angiogenesis in vitro. 
	M2-polarized macrophages promoted KCOT angiogenesis by secreting angiogenic cytokines. 
	Decompression down-regulated M2-polarized macrophages and angiogenesis in KCOT. 

	Discussion

	Methods

	Samples, immunohistochemistry, double-labeling immunofluorescence. 
	Preparation of tumor tissue homogenate. 
	Cell culture. 
	Real-time quantitative PCR. 
	Preparation of CMs. 
	Wound healing, migration and tube formation assays. 
	Flow cytometry. 
	ELISA. 
	Statistical analysis. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Detection of M2-polarized macrophages in KCOT using immunofluorescence.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Correlation between M2-polarized macrophages and tumor angiogenesis.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Induction of M2-polarized macrophages-like cells by homogenate supernatant of KCOT tissue.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The correlation of M-CSF with the number of M2-polarized macrophages in KCOT samples (A) Increased expression of M-CSF in both epithelial and stromal sides of KCOT samples was found compared with this OM.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Evaluation of the concentration of M-CSF in tissue homogenate supernatant of OM and KCOT and the effect of GW2580 on PMA-treated macrophages’ growth and viability.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ M2-polarized macrophages-like cells (M2L-macrophages) enhance HUVECs migration, tube formation.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Detection of M2-polarised macrophages and MVD in eKCOT and dKCOT.



 
    
       
          application/pdf
          
             
                M2-polarized macrophages in keratocystic odontogenic tumor: relation to tumor angiogenesis
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15586
            
         
          
             
                Wen-Qun Zhong
                Gang Chen
                Wei Zhang
                Xue-Peng Xiong
                Yi Zhao
                Bing Liu
                Yi-Fang Zhao
            
         
          doi:10.1038/srep15586
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15586
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15586
            
         
      
       
          
          
          
             
                doi:10.1038/srep15586
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15586
            
         
          
          
      
       
       
          True
      
   




