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Abstract
In lung cancer, tumor-associated macrophages (TAMs), especially M2-like TAMs, 
represent the main tumor progression components in the tumor microenvironment 
(TME). Therefore, M2-like TAMs may serve as a therapeutic target. The purpose of 
this study was to investigate the effect of M2-like TAM depletion in the TME on tumor 
growth and chemotherapy response in lung cancer. The levels of secreted monocyte 
chemoattractant protein (MCP-1) and prostaglandin E2 (PGE2) in the supernatants 
of lung cancer cell lines A549 and LLC were evaluated via ELISA. Cell migration as-
says were performed to assess the recruitment ability of macrophage cell lines THP-1 
and J774-1 cells. Differentiation of macrophages was assessed via flow cytometry. 
Immunohistochemical staining was performed to visualize M2-like TAMs in trans-
planted lung cancer in mouse. We used the COX-2 inhibitor nimesulide to inhibit the 
secretion of MCP-1 and PGE2, which promotes macrophage migration and M2-like dif-
ferentiation. Nimesulide treatment decreased the secretion of MCP-1 and PGE2 from 
lung cancer cells. Nimesulide treatment suppressed the migration of macrophages by 
blocking MCP-1. Lung cancer supernatant induced the differentiation of macrophages 
toward the M2-like phenotype, and nimesulide treatment inhibited M2-like differen-
tiation by blocking MCP-1 and PGE2. In the lung cancer mouse model, treatment with 
nimesulide depleted M2-like TAMs in the TME and enhanced the tumor inhibitory ef-
fect of cisplatin. Our results indicated that blocking the secretion of MCP-1 and PGE2 
from tumor cells depleted M2-like TAMs in the TME and the combination therapy 
with cisplatin considerably suppressed tumor growth in the LLC mouse model.
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1  |  INTRODUC TION

Lung cancer is the leading cause of cancer-related mortality world-
wide.1 Despite the availability of molecular targeted therapies, im-
munotherapies, and other anticancer agents for patients with lung 
cancer, recurrence and disease progression due to drug resistance 
are inevitable.2 Lung cancer cells can interact with immune cells and 
alter immune cell phenotypes that may contribute to the establish-
ment of a tumor-supporting environment, which indicates resistance 
to cancer therapy.3 As one of the main regulatory components in 
the tumor microenvironment (TME), tumor-associated macrophages 
(TAMs) are especially important in lung cancer, given their significant 
correlation with cancer growth, metastasis, patient prognosis,4–6 
and chemotherapy resistance.7

Previous studies have suggested that TAMs can be function-
ally subtyped according to polarization status, namely M1-like and 
M2-like, and further demonstrated that M2-like TAMs play a tumor-
supportive role in lung cancer.4 As the decrease in M2-like TAM pop-
ulation in the TME has been reported to block lung cancer growth 
and metastasis,4,8,9 M2-like TAMs have a potential as a clinical thera-
peutic target.10 However, despite the conclusive functional correla-
tion between M2-like TAMs and lung cancer progression, treatment 
targeting M2-like TAMs has not been established in clinical setting.

Monocytes and macrophages can be recruited into tumor sites 
via the secretion of various mediators by tumor cells, such as mono-
cyte chemoattractant protein-1 (MCP-1) and colony-stimulating fac-
tor-1 (CSF-1), and can be polarized to M2 TAMs via the secretion of 
MCP-1, prostaglandin E2 (PGE2), CSF-1, and CCN3 (also known as 
nephroblastoma overexpressed [NOV]).4 We believe that blocking 
the secretion of these mediators can decrease the population of M2-
like TAMs in the TME.

MCP-1 is a key factor in the recruitment and differentiation 
of TAMs in the TME and is mainly produced by tumor cells in the 
TME.11 MCP-1 promotes recruitment of monocytes from the periph-
eral blood to the TME and differentiation into TAMs.7 Furthermore, 
MCP-1 polarizes TAMs to M2-like TAMs.4 The blockade of MCP-1 
has attracted extensive attention owing to its antitumor activity and 
is currently under investigation in clinical trials for certain cancers 
other than lung cancer.12,13 Regarding lung cancer, one study has 
reported the metastasis-suppressing effect of MCP-1 inhibition in 
preclinical experiments; however, the data on the antitumor effect 
may be insufficient to conduct clinical trials using MCP-1 inhibitors 
for lung cancer.13

PGE2 is produced by tumor cells in the TME and polarizes TAMs 
into M2-like TAMs.4 Furthermore, PGE2 is associated with carcino-
genic tumor proliferation, infiltration, metastasis, and angiogene-
sis.14 Preclinical studies have shown that cyclooxygenase-2 (COX-2) 
inhibitors show efficacy to a certain extent in treating non–small cell 
lung cancer.14 Therefore, six clinical trials evaluated the use of the 
COX-2 inhibitors: celecoxib in four trials, rofecoxib in one trial, and 
apricoxib in combination with chemotherapy in one trial. However, 
the use of COX-2 inhibitors did not improve prognosis.15 We spec-
ulated that PGE2 blockade may be insufficient to suppress tumor 

progression, and we expect that the dual blockade of both MCP-1 
and PGE2 may strongly inhibit the recruitment of TAMs into the 
TME and differentiation to M2-like TAMs, thereby suppressing 
tumor progression.

In this study, we used the COX-2 inhibitor nimesulide. Nimesulide 
is commonly used as a nonsteroidal anti-inflammatory drug in many 
countries. Unlike celecoxib which is a major COX-2 inhibitor, nime-
sulide suppresses the production of not only PGE2 but also MCP-
1.16 We hypothesized that nimesulide functions as an anticancer 
agent by blocking both MCP-1 and PGE2. Finally, we demonstrated 
the tumor inhibitory effect of nimesulide in mouse lung cancer 
models via depletion of M2-like TAMs in the TME. Furthermore, we 
considered that it was necessary to combine anticancer drugs and 
regulation of M2-like TAMs for tumor suppression. In this study, we 
used cisplatin, which binds cancer cell DNA, subsequently causing 
cell death via apoptosis, because it is commonly used as chemother-
apeutic agent for lung cancer.17 The combination therapy of M2-like 
TAM depletion and cisplatin treatment showed an enhanced tumor 
inhibitory effect. Collectively, these novel findings revealed that tar-
geting M2-like TAMs by blocking both MCP-1 and PGE2 may have 
a therapeutic potential for lung cancer, and M2-like TAM depletion 
may represent one of the strategies to enhance the effect of lung 
cancer chemotherapy.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

The human lung adenocarcinoma cell line A549, ABC-1, human 
lung squamous cell carcinoma cell line LK-2, EBC-1, and the murine 
carcinoma cell line LLC were provided by the cell resource center 
for biomedical research of Tohoku University. The human lung ad-
enocarcinoma cell lines H522 and H358 were purchased from the 
American Type Culture Collection (ATCC). The human lung ad-
enocarcinoma cell line RERF-LC-MS was provided by the National 
Institutes of Biomedical Innovation, Health and Nutrition JCRB Cell 
Bank. These cell lines were maintained in DMEM (Nacalai tesque) 
supplemented with 10% FBS (Biosera, South Africa origin) and 1% 
penicillin-streptomycin-amphotericin B (PSA; Fujifilm Wako Pure 
Chemical Corporation) at 37°C in 5% CO2 in a humidified incubator. 
The human acute monocytic leukemia cell line THP-1 and the murine 
macrophage cell line J774-1 were also provided by the Cell Resource 
Center for Biomedical Research of Tohoku University. These cell 
lines were maintained in RPMI (Nacalai tesque) supplemented with 
10% FBS and 1% PSA at 37°C in 5% CO2 in a humidified incubator.

2.2  |  Reagents

Nimesulide, celecoxib, and cisplatin were purchased from Fujifilm 
Wako Pure Chemical Corporation. MTT solution (cell titer) was pur-
chased from Promega. Recombinant human MCP-1 and recombinant 
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mouse MCP-1 were purchased from R&D systems. PGE2 was pur-
chased from Cayman Chemical. Anti-human and anti-mouse IgG 
polyclonal neutralization antibodies against MCP-1 and isotype-
matched IgG control were purchased from R&D systems. APC-
conjugated anti-human and anti-mouse CD206 antibodies for flow 
cytometry were purchased from R&D systems. Anti-mouse and anti-
human CD206 antibodies, anti-mouse F4/80 antibodies, and anti-
human CD68 antibodies for immunohistochemistry were purchased 
from Abcam.

2.3  |  ELISA

A549, H522, H358, ABC-1, LK-2, EBC-1 (5 × 105 cells), RERF-LC-MS, 
and LLC (1 × 105 cells) cells were seeded on a 6-cm dish and cultured 
in 10% FBS and 1% PSA-containing DMEM with nimesulide ranging 
from 0 to 100 μM for 48 hours. Similarly, A549 (5 × 105 cells), RERF-
LC-MS (1 × 105 cells), and LLC (1 × 105 cells) cells were seeded on a 
6-cm dish and cultured in 10% FBS and 1% PSA-containing DMEM 
with celecoxib ranging from 0 to 10 μM for 48 hours. The superna-
tants were collected, and the levels of secreted MCP-1, PGE2, CSF-
1, and CCN3 were determined using ELISA (MCP-1 kit, R&D systems; 
PGE2 kit, Cayman Chemical; CSF-1 kit, R&D systems; CCN3 kit, 
Boster) according to the manufacturer's instructions.

2.4  |  MTT assay

A549, RERF-LC-MS, LLC, THP-1, and J774-1 (1 × 104 cells) cells were 
seeded into 96-well plates and treated with nimesulide (0-100 μM) 
or celecoxib (0-10 μM) for 48 hours. Subsequently, 10 μl of MTT solu-
tion was added. After 4 hours of incubation, the absorbance values 
at 492 nm were measured using a microplate reader (TECAN; Infinite 
M200).

2.5  |  Cell migration assay

Cell migration assays were performed using 24-well transwell sys-
tems. We used 5-μm pore transwell inserts (Chemotaxicell; Kurabo) 
as the upper chamber and 24-well plates as the lower chamber 
(Corning). Human THP-1 (1 × 105 cells) or mouse J774-1 (1 × 105 
cells) cells were placed in the upper chamber containing 200 μl 10% 
FBS and 1% PSA-containing RPMI. Human A549 (5 × 105 cells) cells, 
RERF-LC-MS (1 × 105 cells) cells or mouse LLC (1 × 105 cells) cells were 
seeded on a 6-cm dish and cultured with nimesulide (0 or 100 μM) 
in 10% FBS and 1% PSA-containing RPMI for 48 hours. These su-
pernatants were collected and centrifuged at 530 g to remove the 
debris and were subsequently referred to as A549, RERF-LC-MS, or 
LLC-conditioned medium. Subsequently, 500 μl of conditioned me-
dium was placed in the lower chamber. After incubation at 37°C for 
24 hours, the cells migrating to the lower surface of the membrane 
were fixed with 4% paraformaldehyde for 2 minutes and stained with 

0.5% crystal violet solution for 2 minutes at room temperature. The 
migrating cells were counted in 10 randomly photographed fields 
using a microscope at ×200 magnification. To confirm the associa-
tion between the migration ability and MCP-1, we added 1 ng/ml 
recombinant MCP-1 to conditioned medium containing nimesulide 
and assessed the migration of cells. Furthermore, we added 100 ng/
ml of MCP-1 neutralization antibody or isotype-matched IgG control 
to the conditioned medium and assessed the migration of cells.

2.6  |  Macrophage differentiation

Differentiation of THP-1 monocytes (1 × 106 cells/well) into mac-
rophages was induced via treatment with 100 ng/mL PMA (Fujifilm 
Wako Pure Chemical Corporation) for 24 hours. These macrophages 
were referred to as PMA-treated THP-1 cells.18,19 A549 (2 × 105 cells), 
RERF-LC-MS (2 × 105 cells), or LLC (2 × 105 cells) cells were seeded on 
a 10-cm dish and cultured with nimesulide (0 or 100 μM) in 10% FBS 
and 1% PSA-containing RPMI for 48 hours. The supernatant was col-
lected and used as A549 or LLC-conditioned medium after centrifu-
gation at 1500 rpm to remove the debris. M2-like differentiation of 
PMA-treated THP-1 (1 × 106 cells/well) or J774-1 (1 × 106 cells/well) 
cells was induced by cultivating the cells in A549, RERF-LC-MS, or 
LLC-conditioned medium for 24 hours, respectively.

2.7  |  Flow cytometry

CD206 antibodies were used as M2-like TAM markers. PMA-treated 
THP-1 and J774-1 cells were collected using a scraper and washed 
with PBS. Subsequently, the cells were stained with 2 μl APC-
conjugated CD206 antibodies for 30 minutes in 20 μl of FACS buffer 
(PBS containing 2% FBS and 0.1% sodium azide). After 30 minutes, 
the cells were washed twice with PBS and resuspended in 500 μl 
FACS buffer for flow cytometric analysis. Data were analyzed using 
the FACSCanto flow cytometer (BD biosciences).

2.8  |  Animals

Female C57BL/6J mice aged 6 weeks were purchased from Japan 
SLC. The mice were maintained under specific pathogen-free condi-
tions. All mouse experiments were performed in compliance with 
the Guidelines for Animal Experimentation from Shiga University of 
Medical Science (approval number: 2021-5-3). The mice were subcu-
taneously injected in the right flank with 1 × 105 LLC cells on day 0, 
and palpable tumors developed on day 7.

The TAM population-decreasing and tumor-inhibitory effects 
of nimesulide were compared with another COX-2 inhibitor cele-
coxib, which is mainly used in many clinical trials for patients with 
lung cancer.15 After LLC implantation at day 7, the mice were ran-
domly assigned to control, celecoxib, and nimesulide groups (five 
mice in each group; Figure 4A). In the control group, 0.1 ml PBS was 
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administered to mice via oral gavage. In the celecoxib and nimesulide 
groups, 10 mg/kg celecoxib or nimesulide suspended in 0.1 ml PBS 
was administered to mice via oral gavage. The oral gavage was per-
formed daily between day 7 and day 20. The tumor dimensions were 
measured twice a week using a caliper, and tumor volumes were cal-
culated using the following formula: a × b2/2, where a is the largest 
diameter and b is the smallest diameter. At day 21, all mice were eu-
thanized and the tumor tissue samples were collected, snap-frozen 
in liquid nitrogen, and then stored at −80°C until analysis.

The association of TAM population with the effect of anticancer 
drugs was investigated using cisplatin, which is mainly used as the 
first-line treatment for patients with advanced lung cancer.17 The 
mice were randomly assigned to the following groups: control, cis-
platin, celecoxib+cisplatin, and nimesulide+cisplatin groups (seven 
mice in each group). In the control group, 0.1 ml PBS was adminis-
tered to mice via oral gavage and 0.3 ml PBS by intraperitoneal ad-
ministration. In the cisplatin group, 0.1 ml PBS was administered to 
mice via oral gavage followed by 3 mg/kg cisplatin dissolved in 0.3 ml 
PBS. In the celecoxib/nimesulide+cisplatin group, both celecoxib/
nimesulide and cisplatin were administered in the same manner as 
mentioned above. The intraperitoneal administration of cisplatin 
was performed on days 7, 11, 14, and 18. All mice were monitored 
for survival and tumor volume as mentioned above. Mice were eu-
thanized on ethical grounds when the tumor diameter exceeded 
2.5 cm, and these cases were regarded as deaths.

2.9  |  Immunohistochemistry of transplanted 
LLC tissues

Immunohistochemical staining was performed to visualize total 
TAMs by F4/80 and M2-like TAMs by CD206 in transplanted LLC 
tissues. LLC tissues were cut into 5-μm sections. The frozen sec-
tions were air-dried at room temperature and then acetone fixed 
for 2 minutes. After rinsing with TBS containing Tween 20 (TBS-T; 
Fujifilm Wako Pure Chemical Corporation), the slides were treated 
with 3% H2O2 to inactivate endogenous peroxidases. Subsequently, 
the slides were rinsed with TBS-T and immunostained using a rabbit 
polyclonal anti-mouse F4/80 antibody (0.96 μg/ml) and a rabbit poly-
clonal anti-mouse CD206 antibody (0.01 μg/ml) and incubated over-
night at 4°C. Next, the slides were rinsed with TBS-T and exposed 
to secondary antibodies for 60 minutes. After rinsing with TBS-T, 
the slides were stained with 3, 3′diamino-benzidine. Hematoxylin 
was used as a counter stain. F4/80- or CD206-positive cells were 
counted in three randomly photographed fields using a microscope 
at ×400 magnification.

2.10  |  Tumor tissue samples and 
immunohistochemistry

Tumor tissue samples were obtained from 63 patients (Table 1) with 
invasive lung adenocarcinoma who underwent surgery at Shiga 

University of Medical Science Hospital between January 2014 and 
October 2015. This study was approved by the Institutional Review 
Board at Shiga University of Medical Science (R2021-070). Sections 
of formalin-fixed paraffin-embedded tumor tissues (4 μm) were 
stained with anti-human CD68 monoclonal antibody (0.34  μg/ml) 
and anti-human CD206 polyclonal antibody (1.0  μg/ml) using the 
EnVision kit (Dako) according to the manufacturer's instructions. 
Slides were then treated with substrate/chromogen (Dako), followed 
by counterstaining with hematoxylin. CD68- or CD206-positive cells 
in the stroma were counted in three randomly photographed fields 
using a microscope at 200× magnification. We regarded CD206 ex-
pression as high at >3 positively stained cells and CD68 expression 
as high at >15 positively stained cells. We regarded the ratio as high 
if CD206/CD68 was ≥20%.

2.11  |  Statistical analysis

Statistical analysis was performed using SPSS Statistics for Windows, 
version 25 (IBM). Significant differences between groups were de-
termined using Student's t test. The association between variables 
was analyzed by the χ2 test. Survival curves were prepared using the 
Kaplan-Meier method and compared by the log-rank test. P values 
of <0.05 were considered significant.

3  |  RESULTS

3.1  |  Nimesulide treatment decreased the 
secretion of MCP-1 and PGE2 from lung cancer cells

We think that MCP-1 is the key mediator that increases M2-like 
TAMs in the TME. First, we investigated lung cancer cell lines se-
creting MCP-1, namely, five human adenocarcinoma cell lines (A549, 
RERF-LC-MS, H522, H358, ABC-1) and two human squamous cell 
carcinoma cell lines (LK-2, EBC-1). A549 and RERF-LC-MS showed 
considerable MCP-1 secretion into the supernatant by ELISA, while 
the others did not (Figure 1A). Next, we investigated A549 and RERF-
LC-MS secretion levels of PGE2 (Figure  1B,C), CSF-1, and CCN3 
(Figure S1), which were previously reported as major mediators to in-
crease M2-like TAMs by promoting migration and M2-like differen-
tiation.4 The supernatants contained considerable amounts of PGE2 
and moderate to small amounts of CSF-1 and CCN3. Furthermore, 
nimesulide treatment at 100 μM decreased the MCP-1 and PGE2 
concentrations in the supernatants of A549 and RERF-LC-MS cells 
(Figure  1B,C), but CSF-1 and CCN3 did not (Figure  S1). Celecoxib 
treatment at 10 μM did not decrease the MCP-1 concentrations but 
decreased the PGE2 concentrations in A549 and RERF-LC-MS su-
pernatants (Figure 1B,C). In addition, the murine lung carcinoma cell 
line LLC secreted considerable amounts of MCP-1 and PGE2 in the 
supernatants, and nimesulide treatment decreased the MCP-1 and 
PGE2 concentrations (Figure 1D) just as in human A549 and RERF-
LC-MS cells.
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As nimesulide is cytotoxic, we analyzed the effect on lung cancer 
cell proliferation by treating A549, RERF-LC-MS, and LLC cells with 
nimesulide in concentrations ranging from 0 to 100 μM. No signifi-
cant inhibition of cell growth was observed within this concentration 
range (Figure 1E). Nimesulide treatment also did not affect THP-1 
and J774-1 cell proliferation in concentrations ranging from 0 to 
100 μM (data not shown). Similarly, we demonstrated that celecoxib 
treatment did not affect A549, RERF-LC-MS, LLC (Figure 1E), THP-1, 
or J774-1 (data not shown) cell proliferation in concentrations rang-
ing from 0 to 10 μM.

3.2  |  Nimesulide treatment 
suppressed the migration or chemoattractant 
ability of monocytes and macrophages via MCP-1

To clarify whether nimesulide treatment inhibited the migration 
ability of monocytes and macrophages via MCP-1, we performed 
transwell chamber assays using conditioned medium. First, we con-
firmed that PGE2 blockade did not affect the migration ability of 
THP-1 (Figure  S2A) and J774-1 (Figure  S2B) cells. The migration 
of THP-1 cells decreased when we cultured A549 or RERF-LC-MS 

cells with nimesulide (Figure 2A,B). Similarly, when LLC cells were 
cultured with nimesulide, the migration of J774-1 cells was reduced 
(Figure 2C). Furthermore, recombinant MCP-1 treatment recovered 
the migration ability in both cases. We also confirmed that nime-
sulide treatment did not directly suppress the migration ability of 
THP-1 (Figure  S3A) and J774-1 (Figure  S3B) cells. These results 
suggest that nimesulide treatment reduced THP-1 monocyte and 
J774-1 macrophage migration by suppressing MCP-1 secretion by 
A549 and LLC cells.

3.3  |  Lung cancer cells induced the 
differentiation of macrophages toward the M2-
like phenotype

To confirm that lung cancer induces the differentiation of mac-
rophages toward the M2-like phenotype, we cultured macrophages 
with lung cancer cell–conditioned medium. Treatment with A549 
or RERF-LC-MS–conditioned medium increased the expression of 
CD206 on PMA-treated THP-1 cells (Figure 3A,B). Treatment with 
LLC-conditioned medium increased the expression of CD206 on 
J774-1 cells (Figure 3C).

TA B L E  1  Correlation between CD68 or CD206 expression and clinicopathological characteristics of patients with invasive lung 
adenocarcinoma

Variables N
High expression of 
CD68 N (%) P value

High expression of 
CD206 N (%) P value

Total 63 26 (41) – 21 (33) –

Age (years)

≧65 40 18 (41) 0.428 13 (33) 0.853

<65 23 8 (35) 8 (35)

Sex

Male 38 21 (55) 0.005 17 (45) 0.018

Female 25 5 (20) 4 (16)

Smoking states

Never 25 8 (32) 0.225 6 (24) 0.202

Smoker 38 18 (47) 15 (39)

p-TNM stage

I 48 17 (35) 0.086 14 (29) 0.209

II 2 2 (100) 1 (50)

III 13 7 (54) 6 (46)

Histological subtype

Mixed subtype 52 22 (42) 0.398 18 (35) 0.099

Papillary 5 2 (40) 0 (0)

Acinar 3 1 (33) 1 (33)

Lepidic 3 1 (33) 1 (33)

Poorly differentiated 1 0 (0) 1 (100)

Tumor recurrence

Yes 16 7 (44) 0.816 9 (56) 0.024

No 47 19 (40) 12 (26)
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3.4  |  Nimesulide treatment 
inhibited the differentiation of macrophages into M2-
like phenotype via MCP-1 and PGE2

As the inhibition of differentiation of macrophages into M2-like 
phenotype may represent a therapeutic target for lung cancer, we 

investigated whether nimesulide treatment actually inhibited differ-
entiation. First, we confirmed that recombinant MCP-1 and PGE2 
treatment increased the expression of CD206 on PMA-treated 
THP-1 and J774-1 cells (Figure  S4A,B). Next, we assessed the in-
hibitory effect of nimesulide on the differentiation of M2-like mac-
rophages by blocking MCP-1 and PGE2 production derived from 

F I G U R E  1  MCP-1 and PGE2 concentration in the supernatant of lung cancer cell lines. (A), MCP-1 concentration in the supernatant 
of A549, RERF-LC-MS, H522, H358, ABC-1, LK-2, and EBC-1 cell lines. Treatment of A549(B), RERF-LC-MS (C), and LLC cells (D) with 
100 μM nimesulide decreased the MCP-1 and PGE2 concentrations in the supernatant. Celecoxib treatment at 10 μM did not decrease 
the MCP-1 concentrations but decreased PGE2 concentration in the supernatant of these cell lines. (E), No significant inhibition of cell 
growth was observed after treatment with 100 μM nimesulide and 10 μM celecoxib. MCP-1, monocyte chemoattractant protein-1; PGE2, 
prostaglandin E2
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tumor cells. When we cultured A549 or RERF-LC-MS cells with ni-
mesulide, treatment with conditioned medium did not increase the 
expression of CD206 on PMA-treated THP-1 cells (Figure  3A,B). 

Furthermore, treatment with recombinant human MCP-1 and PGE2 
recovered the expression of CD206 (Figure 3A,B). When LLC cells 
were cultured with nimesulide, treatment with conditioned medium 

F I G U R E  2  Change in migration ability 
of monocytes and macrophages based on 
transwell assays. A, B, The migration of 
THP-1 cells decreased A549 or RERF-
LC-MS cells cultured with nimesulide. 
Recombinant MCP-1 treatment recovered 
the migration ability. C, Similarly, when 
LLC cells were cultured with nimesulide, 
the migration of J774-1 cells was 
reduced. Recombinant MCP-1 treatment 
recovered the migration ability. HPF, high–
power field (×200); MCP-1, monocyte 
chemoattractant protein-1
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did not increase the expression of CD206 on J774-1 cells (Figure 3C). 
Furthermore, treatment with recombinant mouse MCP-1 and PGE2 
recovered the expression of CD206 (Figure  3C). These results 

suggested that nimesulide treatment decreased MCP-1 and PGE2 
release from lung cancer cells, resulting in inhibition of differentia-
tion of macrophages into M2-like TAMs.

F I G U R E  3  Differentiation of macrophages into M2-like phenotype. A, B, Treatment with A549 or RERF-LC-MS-conditioned medium 
increased the expression of CD206 on PMA-treated THP-1 cells. When A549 or RERF-LC-MS cells were cultured with nimesulide, the 
conditioned medium did not increase CD206 expression. Furthermore, recombinant MCP-1 and PGE2 treatment recovered CD206 
expression. C, Similarly, LLC-conditioned medium increased the expression of CD206 on J774-1 cells. When LLC cells were cultured with 
nimesulide, the conditioned medium did not increase CD206 expression. Furthermore, recombinant MCP-1 and PGE2 treatment recovered 
CD206 expression. rMCP-1, recombinant monocyte chemoattractant protein-1; PGE2, prostaglandin E2
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F I G U R E  4  Treatment with nimesulide depletes M2-like macrophages in the tumor microenvironment. A, Nim treatment showed a minor 
antitumor effect (n = 5 in each group). B, In the immunohistochemical analysis of the tumor samples, Nim administration decreased F4/80 
and CD206 macrophages. C, Nim treatment decreased the ratio of CD206 macrophages. Nim, nimesulide; Cel, celecoxib
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3.5  |  Treatment with nimesulide decreased M2-
like macrophage population and enhanced the tumor 
inhibitory effect of cisplatin

We investigated whether oral administration of nimesulide could 
deplete M2-like TAMs and suppress tumor growth using mouse lung 
cancer models. Furthermore, we investigated the antitumor effect 
of combination therapy with cisplatin. First, we evaluated the minor 
antitumor effect of nimesulide, which was found to be stronger 
than that of celecoxib (Figure 4A). Immunohistochemical analysis of 
tumor samples showed that the administration of nimesulide con-
sistently contributed to a significant decrease in F4/80 macrophages 
(Figures 4B and 5B) and the ratio of CD206 macrophages (Figures 4C 
and 5C).

Next, we assessed the synergistic effect of nimesulide and cis-
platin, which is commonly used as a chemotherapeutic agent for 
lung cancer.17 Monotherapy of cisplatin suppressed tumor growth 
compared with the control group. Notably, the combination ther-
apy of nimesulide and cisplatin showed a stronger antitumor effect 
than cisplatin monotherapy. The tumor burden was the lowest in the 
combination treatment group compared with the other treatment 
groups (Figure 5A). Furthermore, the combination therapy of nime-
sulide and cisplatin significantly prolonged the survival after LLC in-
oculation (Figure 5D).

3.6  |  Prognostic significance of CD206-positive 
TAMs in human lung adenocarcinoma

To evaluate the association between M2-like TAMs and prognosis, 
a series of 63 invasive adenocarcinoma specimens were examined 
by immunohistochemistry for total TAMs by CD68 and M2-like 
TAMs by CD206 (Table  1). First, we evaluated CD68 as a pan-
macrophage marker, and it was expressed on all cancer tissues 
(Figure 6A) at an average of 15.3 counts (1-44) per photographed 
field. CD206 as an M2-like TAM marker was expressed in 44 cases 
(70%; Figure  6A) at an average of 2.7 counts (0-19) per photo-
graphed field. The average frequency of M2-like TAMs in the total 
macrophages was 18% (0%-86%). Univariate analysis showed that 
high expression of CD206 was significantly associated with tumor 
recurrence after surgery (p  =  0.024; Table 1). The expression of 
CD68 was not associated with prognosis (Figure 6B); however, the 
high expression of CD206 and the high M2 ratio (CD206/CD68) 
led to a significantly lower overall survival than that of groups 
with low CD206 expression and M2 ratios (CD206: Figure  6C; 
p < 0.002, M2 ratio: Figure 6D; p < 0.038).

4  |  DISCUSSION

In lung cancer, TAMs infiltrate into the TME and promote tumori-
genesis by interacting with tumor cells. M2-polarized TAMs or M2-
like TAMs represent important mediators, as they are one of the key 
contributors to cancer growth and metastasis via angiogenesis and 
epithelial-mesenchymal transition, leading to poor prognosis in can-
cer patients.4 Presently, M2-like TAMs are considered therapeutic 
targets for lung cancer; however, this has not been applied to a clini-
cal setting at present.

We used CD206 as an M2 TAM marker. M2 TAM markers have 
not been established; however, several studies define M2 TAMs 
as CD206-positive and have demonstrated that CD206-positive 
TAMs are associated with poor prognosis in patients with lung 
cancer.9,20 We also showed that the high expression of CD206 led 
to tumor recurrence and low overall survival in patients with lung 
adenocarcinoma (Figure  6C,D). In this study, LLC tumor-bearing 
C57BL/6J mice treated with nimesulide showed decreased 
CD206-positive TAMs in the TME, which was accompanied with 
reduced tumor growth (Figure  4A). Two studies have reported 
that the depletion of CD206-positive TAMs leads to inhibition of 
LLC growth in vivo. Qin et al. demonstrated that administration 
of P2X7 inhibitor, which is highly expressed in CD206-positive 
TAMs, depletes CD206-positive TAMs in the TME and reduces 
tumor growth.8 Lu et al. demonstrated that administration of 
Oct-4 inhibitor, which is a cancer stemness marker, reduces the 
secretion of CSF-1 from tumor cells and depletes CD206-positive 
TAMs in the TME. Consequently, tumor growth is inhibited.9 In 
contrast to these two studies, we achieved the depletion of M2-
like TAMs and reduction of tumor growth using the approved drug 
nimesulide via oral administration.

Lung cancer cells recruit monocytes to the TME via the secretion 
of various mediators, such as MCP-121 and CSF-1,9 and induce their 
polarization to M2-like TAMs via secretion of MCP-1, PGE2, CSF-1, 
and CCN3.4 Blocking these mediators can deplete M2-like TAMs in 
the TME. However, the single blockade of these mediators has been 
found to be insufficient to suppress tumor growth and has not been 
applied in clinical therapy. In this study, we used nimesulide as a dual 
blocker of both MCP-1 and PGE2.

MCP-1 functions as an important mediator of macrophage 
recruitment into the TME and of M2 polarization. Tumor cells se-
crete MCP-1 to mobilize bone marrow-derived monocytes22 in the 
peripheral circulation into the TME.13 These recruited monocytes 
are named as TAMs and are polarized into M2-like TAMs by MCP-
1, contributing to tumor cell survival.22 Treatment with MCP-1 
blockade depletes TAMs in a mouse model with pancreatic ductal 

F I G U R E  5  Treatment with nimesulide enhances the tumor inhibitory effect of CDDP. A, The combination therapy of Nim and CDDP 
had a stronger antitumor effect than that of CDDP monotherapy (n = 7 in each group). B, In the immunohistochemical analysis of the 
tumor samples, nimesulide administration decreased F4/80 and CD206 macrophages. C, Nim treatment decreased the ratio of CD206 
macrophages. D, The combination therapy of Nim and CDDP prolonged survival after LLC inoculation (n = 11 in the PBS group; n = 10 in the 
CDDP group; n = 11 in the CDDP+Cel group; n = 9 in the CDDP+Nim group). Nim, nimesulide; CDDP, cisplatin; Cel, celecoxib
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adenocarcinoma,13 breast cancer,12 and lung cancer.23 At present, 
phase 1 clinical trials are ongoing to evaluate the safety and efficacy 
of MCP-1 blockade for patients with pancreatic cancer,24 breast 
cancer,25 and colorectal cancer.26 MCP-1 blockade-related adverse 
events include grade 1-2 fatigue (9%), nausea (7%), headache (7%), 
vomiting (5%), and pruritus (5%), and they are judged as well toler-
ated.26 In lung cancer, as the overexpression of MCP-1 in patients 
with lung adenocarcinoma is associated with poor survival,27 MCP-1 
blockade may represent a suitable strategy to deplete TAMs in the 
TME. In the present study, we showed that nimesulide treatment 
blocked the secretion of MCP-1 from lung cancer cells (Figure 1B–
D). Furthermore, nimesulide treatment reduced human monocyte 
and mouse macrophage migration (Figure 2A–C) and prevented the 
differentiation of macrophages into M2 TAMs (Figure  3A,B,D) by 
suppressing MCP-1 secretion from lung cancer cells.

PGE2 functions as an important mediator of M2-like polariza-
tion in macrophages. Several studies have suggested that PGE2 
induces macrophage polarization toward M2 type,28,29 and treat-
ment of macrophages via PGE2 blockade reduces the expression 
of CD206 on TAMs in glioblastoma.30 In the present study, we 
showed that nimesulide treatment blocked the production of PGE2 
from lung cancer cells (Figure 1B,C,D) and prevented the differen-
tiation of macrophages into M2-like TAMs (3A, 3B, and 3D). Taken 
together, our data suggest that in the TME, monocytes or macro-
phages are recruited by the chemoattractant MCP-1 (Figure 2A,B); 
subsequently, MCP-1 and PGE2 induce the differentiation into 
M2-like macrophages (Figure 3A,B,D). Thus, MCP-1 and PGE2 may 

contribute to the development of an M2-like TAM-dominant TME 
in lung cancer.

Preclinical studies have shown that inhibiting PGE2 activity 
using COX-2 inhibitors is effective to a certain extent against non–
small cell lung cancer.14 Based on these findings, clinical trials using 
COX-2 inhibitors, mainly celecoxib, have been conducted. However, 
celecoxib treatment has been found to not improve prognosis.15 
PGE2 blockade may be insufficient in mediating the depletion of M2 
TAMs. We demonstrated that in addition to PGE2 blockade, MCP-1 
blockade considerably depleted M2-like TAMs in the TME com-
pared with that obtained via PGE2 blockade alone, consequently 
suppressing tumor progression (Figure 4A). These results may also 
indicate that MCP-1 is a key mediator for increasing the population 
of M2-like TAMs and lung cancer growth. In the future, clinical trials 
should evaluate the tumor inhibitory effect of nimesulide treatment.

We considered the necessity to combine anticancer drugs 
and the regulation of M2-like TAMs for tumor suppression. In the 
present study, M2-like TAMs were depleted by blocking MCP-1 
and PGE2 secretion; however, this was not enough to suppress 
tumor growth (Figure  4A). The depletion of M2-like TAMs en-
hanced the tumor inhibitory effect of cisplatin (Figure  5A). The 
TME changes considerably upon receiving chemotherapy. A previ-
ous study on lung cancer showed that neoadjuvant cisplatin treat-
ment is associated with an altered TME with increasing population 
of TAMs,31 and a large number of TAMs is associated with poor 
prognosis.32 In an experimental study, the repeated exposure of 
cisplatin to lung cancer cell lines A549 and H460 has been shown 

F I G U R E  6  Immunohistochemical staining of human invasive lung adenocarcinoma with CD68 and CD206 antibodies. (A), Cases of high 
and low staining of CD68 and CD206. (B), Patients with high expression of CD68-positive TAMs showed no difference in prognosis. (C), 
Patients with high expression of CD206-positive M2-like TAMs and (D) patients with high M2 ratio (100 × CD206/CD68) had poor prognosis
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to increase the levels of their oncogenic markers, Src and CD155. 
The cisplatin-exposed cell lines promote M2-like polarization 
of TAMs to a greater extent than that in control cell lines by in-
creasing pro-M2 cytokine levels such as MCP-1. The generation 
of M2-like TAMs may subsequently facilitate tumor growth even 
under chemotherapy. Therefore, we expect that depleting M2-like 
TAMs may enhance the tumor inhibitory effect of cisplatin. In the 
present study, we demonstrated that the combination therapy of 
nimesulide and cisplatin considerably suppressed tumor growth 
compared with that obtained using cisplatin alone (Figure 5A) and 
also prolonged survival (Figure 5D). In the future, the depletion of 
M2-like TAMs may represent one of the strategies to overcome 
cisplatin resistance in lung cancer. Furthermore, we expect that 
many experiments will demonstrate the synergistic effect of M2-
like TAM depletion on not only cisplatin activity but also that of 
other anticancer drugs.

One of the original aims of this study was to use approved drugs 
in clinically acceptable doses. Nimesulide is currently administered 
clinically as pain medication, and our results indicated its ability to 
inhibit cancer growth. We administered nimesulide at 10 mg/kg daily 
to mice, which is almost the same as the human administration dose 
per kg body weight. The nimesulide plasma concentration in mice 
at the same dose of single administration has been reported to be 
77 μM.33 Furthermore, Li et al. reported no toxicity in mice at a dose 
of 62.5 mg/kg.34 We administered celecoxib at a dose of 10 mg/kg 
daily to mice, which is also almost the same as the human administra-
tion dose per kg body weight. The celecoxib plasma level in mice at 
the same dose has been reported to be 10 μM.35 Thus, these results 
indicate that it may be possible to use nimesulide and celecoxib for 
cancer suppression at a clinically acceptable dose range.

As a study limitation, we examined MCP-1, PGE2, CSF-1, and 
CCN3 as major M2-like differentiation mediators in this study; how-
ever, many other mediators may have the potential to promote the 
polarization of macrophages into the M2-like phenotype. We should 
recognize the possibility that nimesulide also affects other media-
tors of M2-like differentiation.

In conclusion, our experimental results provided evidence that 
MCP-1 functions as a key mediator for increasing the population of 
M2-like TAMs, and the dual inhibition of MCP-1 and PGE2 by nime-
sulide treatment led to considerable depletion of M2-like TAMs in 
the TME. Finally, our in vivo results demonstrated that nimesulide 
treatment suppressed tumor growth and the combination therapy 
with cisplatin considerably suppressed the tumor growth in an LLC 
mouse model. These results indicated that targeting M2-like TAM 
therapy relieved immunosuppression and improved the chemother-
apeutic response. Therefore, our findings offer an additional strat-
egy for therapeutic development, as we focus on both tumor cells 
and their microenvironment.
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