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Background: Polarized M2 macrophages are an important type of tumor-associated macro-
phage (TAM), with roles in the growth, invasion, and migration of cancer cells in the tumor
microenvironment. Dihydroartemisinin (DHA), a traditional Chinese medicine extract, has
been shown to inhibit the progression and metastasis of head and neck squamous cell
carcinoma (HNSCC); however, the effect of DHA on cancer prevention, and the associated
mechanism, has not been investigated in the tumor microenvironment.

Materials and Methods: First, human Thp-1 monocytes were induced and differentiated into
M2 macrophages using phorbol 12-myristate 13-acetate (PMA), interleukin-6 (IL-6), and inter-
leukin-4 (IL-4). Induction success was confirmed by cell morphology evaluation, flow cytome-
try, and quantitative real-time polymerase chain reaction (QRT-PCR). Then, DHA was applied to
interfere with M2 macrophage polarization, and conditioned medium (CM), including condi-
tioned medium from M2 macrophages (M2-CM) and conditioned medium from M2 macro-
phages with DHA (M2-DHA-CM), was obtained. CM was applied to Fadu or Cal-27 cells, and
its effects on cancer invasion, migration, and angiogenesis were evaluated using transwell,
wound-healing, and tube formation assays, respectively. Finally, Western blotting was used to
evaluate the relationship between signal transducer and activator of transcription 3 (STAT3)
signaling pathway activation and M2 macrophage polarization.

Results: Human Thp-1 monocytes were successfully polarized into M2-like TAMs using
PMA, IL-6, and IL-4. We found that M2-like TAMs promoted the invasion, migration, and
angiogenesis of HNSCC cells; however, DHA significantly inhibited IL-4/IL-6-induced M2
macrophage polarization. Additionally, as DHA induced a decrease in the number of M2-like
TAMs, M2-DHA-CM inhibited the induction of invasion, migration, and angiogenesis of
Fadu and Cal-27 cells. Finally, DHA inhibited M2 macrophage polarization by blocking
STAT3 pathway activation in macrophages.

Conclusion: DHA inhibits the invasion, migration, and angiogenesis of HNSCC by pre-
venting M2 macrophage polarization via blocking STAT3 phosphorylation.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is a type of cancer that occurs in
the oral cavity, nasal cavity, pharynx, and larynx. It ranks as the sixth most
aggressive malignancy worldwide, with a five-year survival rate of only
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approximately 50%.'> More than 90% of HNSCC
patients die, not from the rupture and bleeding of their
primary cancer, but rather from cancer metastases.® The
continued growth, invasion, and migration of cancer
depends, not only on genetic mutations in cancer cells
but also on the support and regulation of the tumor micro-
environment. Therefore, exploration of the relationship
between the tumor microenvironment and the tumor
could help to identify novel cancer treatments.

The tumor microenvironment comprises endothelial,
immune, tumor, and other cells, which interact in complex
ways in the tumor microenvironment.® Tumor-associated
macrophages (TAMs) are an important type of immune cell,
and their roles in the tumor microenvironment are mainly
determined by their M1 or M2 phenotype.” Recent studies
on oral and colon cancers have shown that M2-like TAMs can
promote cell matrix decomposition, cancer cell migration, and
blood and lymphatic vessel formation, all of which are neces-
sary for tumor metastasis.® ' Clinical studies of glioblastoma
and oral squamous cell carcinoma have also shown that the
presence of large numbers of M2-like TAMs is positively
correlated with poor prognosis; therefore, M2-like TAMs
represent a new therapeutic target, and inhibition of the polar-
ization of M2 macrophages is an effective approach.'' '

Dihydroartemisinin (DHA) is a semisynthetic derivative
extracted from Artemisia annua using modern technology
and has antimalarial, anti-inflammatory, and anti-tumor
effects."*'” DHA has significant effects on various human
tumors, including hepatocellular carcinoma and ovarian can-
cer; however, whether DHA can inhibit cancer progression
and metastasis by regulating TAMs in the tumor microenvir-
onment has not been reported.'®!” Therefore, we investi-
gated the relationship between DHA and macrophage
polarization in the tumor microenvironment using in vitro
experiments. Our data demonstrate that DHA inhibits the
invasion, migration, and angiogenesis of HNSCC by block-
ing the phosphorylation of STAT3 to prevent M2 macro-
phage polarization.

Materials and Methods

Cell Culture and Drugs

The HNSCC cell line Fadu, established a hypopharyngeal
tumor from an Indian individual, was purchased from the
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). Human Thp-1
monocytes, derived from peripheral blood of a 1-year-old
boy, were purchased from the Institute of Biochemistry

and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). The Cal-27 cell line, established from
a primary tongue cancer, was donated by the Institute of
Stomatology, Nanjing Medical University, and purchased
Culture Collection (ATCC;
Manassas, USA). The human umbilical vein endothelial
cell line (HUVECs) was donated by Dr. Hong Ji of Fudan
University and purchased from ATCC (Manassas, USA).
Fadu and Cal-27 cells were cultured in DMEM, while
HUVECs were maintained in M199 medium (Solarbio,
Beijing, China). Thp-1 cells were cultured in RPMI-1640
medium (Solarbio, Beijing, China). All cultures were sup-

from American Type

plemented with 10% fetal bovine serum (Gibco, Rockville,
MD) and 1% penicillin and streptomycin (Gibco), and
maintained at 37°C in 5% CO,. DHA was purchased
from Tokyo Chemical Industry (Tokyo, Japan).

Polarization and Drug Treatment of

Macrophages

As shown in Figure 1B, to obtain MO macrophages, 200 ng/
mL phorbol 12-myristate 13-acetate (PMA; Sigma, MO,
USA) were added to Thp-1 monocytes, cells cultured for
24 h, and then 20 ng/mL IL-6 and IL-4 added to stimulate
the cells for 24 h to obtain M2 macrophages. Cells were
divided into four groups, according to the culture media used,
as follows: M0, MODHA, M2, and M2DHA. During M0
induction, suspended Thp-1 cells began to become adherent
after 8 to 12 h; hence, 50 uM DHA was added at 12 h in the
MODHA group. In the M2DHA group, DHA was added,
along with IL-6 and IL-4 to obtain M2 macrophages.

MTT Assays

MO monocytes were inoculated into 96-well plates at
a density of 1 x 10%well and different concentrations of
DHA or dimethyl sulfoxide (DMSO) added. After 24 h of
treatment, 10 pL freshly prepared 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was
added to each well and the cells incubated at 37°C for 4
h. Then, 100 pL of DMSO was added to each well and
oscillated on a shaker at a low speed for 10 min, room
temperature. The absorbance value (OD, 490 nm) of each
well was measured using an enzyme-linked immunodetec-
tor (Model 550, Bio-Rad, Hercules, USA).

Flow Cytometry
Cells were detached from a six-well plate by trypsinization
and a cell suspension (1 x 10°/mL) prepared. An anti-CD163
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Figure | Thp-I cells were induced to become M2-like TAMs. (A) Thp-1 cells were differentiated from macrophages (with or without drugs, polarized or unpolarized). (B)
A diagrammatic illustration for the M2 macrophage polarization and DHA treatment of Thp-| cells. (C) mRNA expression levels of some M0 and M2 genes differed. (D)
Flow cytometry was used to determine the expression of M2 macrophage marker, CD163.

Notes: Results are presented as mean * SD. ##p < 0.01, compared with MO.
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antibody (1:60, Abcam Cambridge, UK) was added and incu-
bated at room temperature for 30 min. Then, the cells were
washed three times and resuspended in 1 mL of phosphate-
buffered saline (PBS). Cells were sorted using a FACSCalibur
flow cytometer (BD Biosciences, USA) and analyzed with
BD FACSDiva software (BD Biosciences, USA).

Quantitative Real-Time PCR Assay
(gRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, USA) was used to
extract total RNA from a variety of cells. Prime Script RT
reagent kit (Takara, Dalian, China) was used for reverse
transcription, and a TB green Premix Ex Taq (Takara,
Dalian, China) was used for amplification. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an endo-
genous control for mRNA expression detection. Data were

2—AACt

compared and analyzed using the method. All primer

sequences are listed in Table 1.

Preparation of Macrophage Medium
Culture medium was removed from macrophages in dif-
ferent states (with or without drugs and polarized or unpo-
larized), and the cells washed three times with PBS,
followed by the addition of serum-free RPMI-1640 med-
ium for 24 h. The obtained medium was centrifuged at
10,000 rpm for 5 min and stored at —80°C (hereafter
referred to as macrophage conditioned medium (CM)).

Enzyme-Linked Immunosorbent Assay

(ELISA)

Levels of the cytokine, interleukin-10 (IL-10), in condi-
tioned medium from MO macrophages with or without
DHA treatment, conditioned medium from M2 macrophages
with or without DHA treatment, conditioned medium from
MO with DMSO treatment, and conditioned medium from
M2 macrophages with DMSO treatment were detected using

Table | qRT-PCR Primers Used in This Paper

a human IL-10 ELISA kit (BIKW BioCo, Ltd., Beijing,
China) as per manufacture’s instruction.

Wounding-Healing Assay

Fadu/Cal-27 cells were inoculated into 6-well plates at
a density of 8 x 10°/well. The next day, a vertical scratch
was made in the center of the cells using a pipette tip (200
pL), and the detached cells were washed away with PBS.
Each of the four kinds of macrophage CM or RPMI-1640
medium was mixed 1:1 with complete DMEM and then
added to the 6-well plates. After 24 h in an incubator, cells
were photographed using an inverted electron microscope
(Olympus, Tokyo, Japan) with a digital camera (Canon,
Tokyo, Japan) and analyzed using Imagel] software
(National Institutes of Health, MD, USA).

Transwell Invasion Assay

A transwell chamber coated with 40 plL  Matrigel
(Corning, NY, USA) at a concentration of 200 pg/mL,
was placed in a 24-well plate, and Fadu/Cal-27 cells
inoculated at a density of 5.0 x 10°/mL. Each of four
kinds of macrophage medium or RPMI-1640 medium
was mixed 1:1 with complete DMEM and then added
into the low chambers of the culture plate. After 48
h cells were washed with PBS, fixed in paraformaldehyde
for 20 min, and dyed with crystal violet. A visual field
was randomly selected under a microscope and analyzed
using ImagelJ software.

Tube Formation Assay
1. Each of four kinds of CM was mixed 1:1 with M199
complete medium and then stored for use. Matrigel
(70 uL, 8 mg/mL), was plated in 96-well plates and
placed in an incubator for 30 min, followed by addi-
tion of the medium and 1.5 x 10%well HUVECs.
After 6 h, three fields were randomly observed at
200x magnification, and the lumens of formed tubes

Gene Forward Primers Reverse Primers

VEGFA AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
MMP9 AGACCTGGGCAGATTCCAAA CGGCAAGTCTTCCGAGTAGT
MMPI0 TTTGGCTCATGCCTACCCAC TCTTGCGAAAGGCGGAACTG
CD206 CAGGTGTGGGCTCAGGTAGT TGTGGTGAGCTGAAAGGTGA
IL-10 GGTTGCCAAGCCTTGTCTGA AGGGAGTTCACATGCGCCT
CcCLI8 CTCTGCTGCCTCGTCTATACCT CTTGGTTAGGAGGATGACACCT
GAPDH TCCAAAATCAAGTGGGGCGA AGTAGAGGCAGGGATGATGT
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analyzed and cells counted using Axiovision Rel 4.1
software (Zeiss, Germany).

2. First, Fadu/Cal-27 cells were inoculated into 6-well
plates at a density of 1 x 10%well. Then, each of the
four kinds of macrophage CM or RPMI-1640 med-
ium was mixed 1:1 with complete DMEM and
added to the 6-well plates. After 24 h in an incu-
bator, the obtained medium was centrifuged at
10,000 rpm for 5 min and stored at —80°C. Each
of the four kinds of CM or RPMI-1640 medium
was mixed 1:1 with M199 complete medium and
then stored for use. Matrigel (70 pL, 8 mg/mL),
was plated in 96-well plates and placed in an incu-
bator for 30 min, then medium and 1.5 x 10%*/well
HUVECs added to the 96-well plate. After 6 h,
three fields were randomly observed at 200x mag-
nification, and the lumens of formed tubes analyzed
and cells counted using Axiovision Rel 4.1
software.

Western Blot

HNSCC cells and other cells from 6-well plates or tissue
specimens were harvested in a lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China) and incubated
for 30 min at 4°C. Proteins were obtained after centrifuga-
tion at 13,000 rpm for 10 min and then quickly frozen.
Equivalent amounts of proteins were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to polyvinylidene fluor-
ide membranes (Millipore Corporation, Temecula, CA).
After blocking with TBS plus 5% nonfat milk for 3 h at
room temperature, membranes were incubated with pri-
mary antibodies, including anti-STAT3 (1:2,000; Cell
Signaling Technology, Boston, USA), anti-p-STAT3
(1:2,000; Cell Signaling Technology, Boston, USA), anti-
E-cadherin (1:1000; Proteintech Group Inc., Chicago,
USA), anti-Vimentin (1:1000; Proteintech Group Inc.,
USA), (1:3,000;
Proteintech, Wuhan, China), overnight in a refrigerator.

Chicago, and  anti-rabbit-B-actin
Membranes were then incubated with a secondary anti-
body (1:5,000; Golden Bridge Co., Ltd., Beijing, China)
for 1 h at room temperature. After washing in TBST,
membranes were incubated with SuperSignal™ West
Dura Extended Duration Substrate (Thermo Fisher
Waltham, USA).
were visualized using the Chemiluminescence Detection
System (GE Healthcare Life Sciences, Amersham, UK) or
Fusion FX5 Spectra (Vilber, French).

Scientific, Immunoreactive proteins

Lentivirus Infection of Target Cells
According to the manufacturer’s suggestion (Hanbio,
Shanghai, China), cells in good condition at a density of
3 x 10°/well were inoculated into 12-well plates, treated
with a multiplicity of infection of 50 using the lentivirus
vectors, rlv-hstat3-hygro and rlv-luciferase-puro (Hanbio),
and cultured overnight at 37°C in a 5% CO, incubator.
After 24 h, fresh complete RPMI-1640 medium was added
for 24 h. After the cells had been incubated with the lenti-
viruses for 48 h, 5 pg/mL puromycin and 500 pg/mL hygro-
mycin (Hanbio) were used for drug screening. Finally,
p-STAT3 expression was detected by Western blotting.

Statistical Analysis

Data are expressed as the mean £ SD. Student’s #-test or
one-way ANOVA were used for statistical analyses, as
appropriate. All results were considered statistically sig-
nificant at p < 0.05. All graphs were plotted using
GraphPad Prism 7 (GraphPad Software Inc, CA, USA).

Results
Thp-1 Cells Were Induced to Become
M2-Like TAMs

As shown in Figure 1, stimulation with PMA induced Thp-
1 cells to become macrophages; cell morphology changed
from suspension cells to adherent cells with obvious pseu-
dopodia (Figure 1A). After continuous stimulation with
PMA and IL-4/IL-6, the expression of CD163, a surface
marker of M2-like TAMs, increased significantly (Figure
1D). As expected, levels of IL-10, CD206, matrix metal-
loproteinase-9 (MMP-9), and chemokine ligand-18 (CCL-
18) mRNA were upregulated with the increase in CD163
(Figure 1C). IL-10 and CD206 expression levels were in
direct proportion to the number of M2 macrophages.'®'”
These data indicate that Thp-1 monocytes were success-
fully polarized into M2-like macrophages using PMA, IL-
6, and IL-4.

DHA Inhibited M2-Like TAM Polarization
in vitro

To test whether DHA can inhibit M2-like TAM polarization,
we first determined the appropriate concentration of DHA.
A toxicity study showed that DHA and DMSO did not kill
macrophages (Figure 2A). Based on previous MTT results
for the Fadu and Cal-27 cell lines generated in our laboratory,
the concentration of DHA was set at 50 uM.?° We used the
levels of the M2-like TAM surface marker, CD163, to
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on angiogenesis.

Notes: Results are presented as mean + SD. *p < 0.0, #p < 0.05, ns = not significant, compared with M0; *¥p < 0.01, *p < 0.05, ns = not significant, compared with M2.

represent the number of M2-like TAMs. As shown in Figure
2C, the number of M2-like TAMs clearly increased signifi-
cantly with the addition of IL-4 and IL-6, while addition of
DHA led to a significant decrease in the number of M2-like
TAMs. ELISA results also demonstrated a reduction in IL-10
expression on addition of DHA (Figure 2B). Evaluation of
mRNA expression further confirmed the effect of DHA,
which significantly decreased the expression levels of

vascular endothelial growth factor A (VEGFA), MMP-9,
and matrix metalloproteinase-10 (MMP-10) (Figure 2D).
Moreover, tube formation assays demonstrated that M2-like
TAMs promoted vascular formation, which decreased with
DHA treatment (Figure 2E). Given the expression levels of
IL-10, determined by ELISA and MTT results (Figure 2A
and B), our results demonstrate that DMSO did not reduce
the quantity of M2-like TAMs.
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DHA Inhibited HNSCC Cells Invasion,
Metastasis, and Angiogenesis by Inhibiting
M2-Like TAM Polarization

Previous studies have identified M2-like TAMs as contri-
buting to the migration, invasion, and angiogenesis of var-
ious cancers, including breast, liver, and gynecological
cancers.’>?* To determine the relationship between M2-
like TAMs and HNSCC cells, as well as the effect of
DHA, we conducted several experiments. Wounding-
healing experiments and Western blot analysis showed
that CM from M2-like TAMs significantly promoted
HNCSS cells migration, while in the M2DHA group, CM
decreased this effect (Figure 3A). A transwell invasion
assay demonstrated that M2-CM had stronger invasion-
promoting effects on Fadu and Cal-27 cells than M0-CM,
while M2-DHA-CM significantly reduced tumor invasion
(Figure 3B). In addition, Fadu and Cal-27 cells had an
increased effect on tumor angiogenesis in response to M2-
like TAMs, and an inhibitory effect of DHA on angiogen-
esis was also detected (Figure 3C).

DHA Inhibited M2-Like TAM Polarization

by Inhibiting STAT3 Phosphorylation

To explore the mechanism by which DHA inhibits M2-like
TAM polarization, we made our conjecture based on the
following findings: i) IL-6 can activate the STAT3 path-
way, which is initiated by phosphorylation of the STAT3
protein;*> i) DHA inhibits phosphorylation of the
STAT3;** iii) phosphorylation of the STAT3 is closely
associated with differentiation of M2 macrophages.?>*
Therefore, we postulated that DHA could inhibit the M2-
like TAMs polarization by inhibiting STAT3 phosphoryla-
tion. Western blot analysis confirmed our hypothesis, as
p-STAT3 levels were upregulated by IL-4/IL-6 stimulation
in M2-like TAMSs, and this effect was reduced by DHA.
Moreover, STAT3 expression did not change in response
to IL-4/IL-6 treatment, whereas p-STAT3 levels were ele-
vated in a time-dependent manner; however, DHA inhib-
ited this increase, particularly 24 h after its addition
(Figure 4A). Lentiviruses were used to activate the phos-
phorylation of macrophage STAT3 and Western blot ana-
lysis showed that p-STAT3 levels were significantly higher
in the lentivirus group than those in the control group
(Figure 4B), while STAT3 protein levels were not
increased. As shown in Figure 4C, flow cytometry results
demonstrated that IL-4/IL-6 stimulation led to higher
CD163 expression levels in the lentivirus-treated group

relative to the control group; however, after DHA treat-
ment, CD163 expression levels in the control group
decreased more significantly. The data showed that the
lentivirus continued to activate the STAT3 pathway and
competitively prevented DHA inhibition of macrophage
polarization (Figure 4C and D). These results indicate
that activation of the STAT3 pathway is directly related
to the inhibitory effect of DHA on M2-like TAM
polarization.

Discussion

Surgery, radiotherapy, and chemotherapy are the corner-
stones of head and neck cancer therapy; however, they all
have many limitations and side effects in clinical practice.
For chemoradiation therapy, it affects not only tumor cells
but also normal cells of the body. To minimize the toxic
and side effects caused by chemoradiation, we may need
a new approach that targets some non-tumor cell popula-
tions in the tumor microenvironment, like TAMs.

With breakthroughs in our understanding of the tumor
microenvironment, TAMs have become a focus of cancer
research, as they can produce various specific chemokines
and cytokines in the tumor microenvironment which are
necessary for cancer growth and metastasis.'®*’ TAMs can
promote progression and metastasis of breast, ovarian,
lung, gastric, endometrial, and other cancers. 20222830 1y
HNSCC, TAMs are recruited into the tumor microenvir-
onment and directly contact squamous cell carcinoma cells
to promote cancer progression, metastasis, and
angiogenesis.”'* M2-like TAMs are the predominant
type of TAMs, and numbers are directly related to cancer
angiogenesis, radiotherapy, and chemotherapy responses,
as well as overall survival rate.>**>® Our in vitro experi-
ments also showed that an increase or decrease in M2-like
TAMs was positively associated with the invasion, migra-
tion, and angiogenesis of Fadu and Cal-27 cell lines.
Hence, M2-like TAMs are the targets for treatment.

Currently, targeting treatments for TAMs are as fol-
lows: 1) reduce the total number of TAMs or macrophages;
i) repolarize M2-like macrophages into M1-like macro-
phages; iii) reduce or inhibit tumor recruitment of TAMs;
and iv) inhibit TAM activation, particularly of M2-like
macrophages. Therefore, traditional Chinese medicine,
particularly traditional Chinese medicine monomers, pro-
vides many promising options for TAM-targeting treat-
ments. For example, resveratrol kills macrophages and
reduces the production of blood vessels and lymphatic

. . . 2 .
vessels in the tumor microenvironment.*’ Hesperetin
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Notes: Results are present as mean + SD. p <0.01, #p <0.05, compared with M0. ¥%p <0.01, *p <0.05, ns = not significant, compared with M2; **p <0.01, ns = not
significant, compared with controls.
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Figure 4 DHA inhibited STAT3 signaling in M2-like TAMs. (A) p-STAT3 and STAT3 protein expression levels during polarization or inhibition of polarization. (B)
Macrophages were transfected and p-STAT3 protein expression activated and detected by Western blot. (C) Lentivirus treatment attenuated the inhibitory effects of
DHA on M2-like TAMs. (D) Lentiviral treatment prevented complete inhibition of STAT3 phosphorylation by DHA, as determined by Western blot.

Notes: Results are present as mean % SD. *p < 0.01, ns=not significant, compared with M0; **p < 0.01, ns = not significant, compared with M2; **p < 0.01, ns = not

significant, compared with control.
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derivative-12 can regulate the polarization of macrophages
and upregulate the number and activity of Ml-like
macrophages.”® Celastrus orbiculatus can reduce the
expression of MMP-9 in gliomas, thereby reducing the
recruitment of macrophages by primary cancers.*’
Astragaloside can inhibit the polarization of M2-like
macrophages and reduce the proportion of M2-like
TAMs by modulating macrophage polarization through
adenosine 5°‘-monophosphate-activated protein kinase
(AMPK) signaling.*' Apart from these, IL-6 has been
proven to promote polarization of M2-like TAMs through
activation of STAT3.?>%® In view of the fact that DHA
could block phosphorylation and thus activation of
STAT3,>* we turned to test DHA as a potential TAM-
targeted agent that is capable of inhibiting the polarization
of M2-like TAMs.

Macrophages have various properties that can be
altered by changes in the tumor environment.*' In many
tumors, IL-6 is a highly abundant cytokine in the tumor
microenvironment.**** IL-6 increases the amount of IL-4
receptor (IL-4R) on the cell surface, making macrophages
more sensitive to IL-4 and thus more likely to be polarized
into M2 macrophages. This pathway is regulated by
STAT3 phosphorylation activation via IL-6 receptor.*’
1l4ra is sensitive to STAT3 stimulation by any STAT3-
activating receptor, leading to increased IL-4R expression
and increased sensitivity to IL-4. Our flow cytometry and
qRT-PCR assays showed that IL-4 and IL-6 can induce
polarization of M2 macrophages. These results are consis-
tent with the findings of Chen et al and Fu et al.***’

In the tumor microenvironment, STAT3 play roles in
the tumor progression and metastasis. STAT3 is activated
in numerous primary tumors and exerts multiple protumor
effects by regulating its downstream genes.***> We found
that DHA as a putative STAT3 inhibitor could inhibit
HNSCC by blocking STAT3 activation, and thus down-
regulates a series of its downstream genes including cyclin
D1, B-cell lymphoma-xl (Bcl-xL), B-cell lymphoma-1
(Bcl-1), E-cadherin, matrix metalloproteinase-2 (MMP2),
MMPY, etc., of which proteins are associated with regula-
tion of cell cycle, apoptosis, and epithelial-mesenchymal
transition (EMT).>* Wang et al showed that DHA could
prevent cancer stem cell (CSCs) metastasis by inhibiting
EMT.*® In vivo, they found that DHA reduce lung metas-
tasis formation caused by CSC and prolong survival of
metastasis-bearing mice, with inhibition of STAT3 activa-
tion and downregulation of MMP-9, MMP-2, N-cadherin
and upregulate E-cadherin in lung metastatic tumors.

Hence, DHA is an effective drug suppressing migration
and invasion of HNSCC. The effect of DHA on M2-like
TAM polarization as well as tumor progression deserves to
be further elucidated.

In many tumors, activation of macrophage STAT3 pro-
motes M2 macrophage polarization.**>' We found that
levels of p-STAT3 in macrophages increased in a time-
dependent manner under stimulation with IL-4/IL-6, while
the expression of CD163, an M2-like TAM marker, was
also increased. When phosphorylation was inhibited,
CD163 expression decreased. These results suggest that
STAT3 phosphorylation is involved in M2-like TAM
polarization. DHA is a semisynthetic derivative of artemi-
sinin, a drug that blocks the phosphorylation of tyrosine
residue 705 in the STAT3 protein, which is essential for
STAT3 activation.”* By transducing macrophages using
lentiviruses, we demonstrated that DHA inhibits M2-like
macrophage polarization and reduced the number of M2-
like TAMs by blocking phosphorylation of STAT3 in
macrophages. In vitro, STAT3 expression levels were
related to the number of macrophages and did not change
with increased or decreased M2-like TAM numbers. These
results indicate that inactivation of the STAT3 pathway is
directly related to the inhibitory effect of DHA on M2-like
TAM polarization.

In 1893, Rudolf Virchow proposed a relationship
between tumor and inflammation based on his clinical
observations; however, the molecular mechanism under-
lying this association has yet to be fully elucidated.
Chronic inflammatory stimulation has always been the
basis of tumor formation and is regarded as an epidemio-
logical risk factor for most solid tumors. NF-«B is one of
the most important inflammatory signals, while tumor
necrosis factor-o (TNF-a), interleukin-1f (IL-1B), and
other inflammatory factors can promote the growth and
angiogenesis of head and neck cancer, and other cancers,
through activation of NF-kB.’>>® Huang et al showed
that, in an inflammatory environment, DHA inhibits
NF-kB pathway activation in an Nrf2-dependent manner,
thus preventing the production of TNF-a and IL-1p by
primary macrophages.’® In a study of the parasitic dis-
ease malaria, the malarial pigment hemoglobin (Hz),
a heme metabolite produced by Plasmodium, was found
to induce human MO macrophages to polarize into M2
macrophages under physiological conditions.” Further,
the combination of chloroquine and artemisinin can inhi-
bit M2 macrophage polarization by blocking activation
of the NF-kB and PI3K/Akt pathways. These findings
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suggest that dihydroartemisinin as a derivative of artemi-
sinin could inhibit M2 macrophage polarization by
blocking activation of the NF-kB and PI3K/Akt path-
ways, which might also be happening in tumor
microenvironment.

Noori et al showed that DHA can shift the Th2 immune
response toward a Th1 response, significantly reducing the
number of CD4(+) T cells in animal spleen and physiolo-
gical IL-4 levels in the animal model.’® In the breast
cancer model, CD4(+) T cells release IL-4 and interleu-
kin-13 (IL-13), and IL-4 induces macrophage polarization
into M2-like TAMs via AMPK signaling in the tumor
microenvironment.>*>” When IL-4 expression is greatly
reduced in vivo, its ability to polarize M2 macrophages
through the AMPK pathway will inevitably decrease,
thereby also reducing M2-like TAM numbers, consistent
with our experimental findings. Cho et al showed that
artemisinin (also a derivative of Artemisia annua) signifi-
cantly stimulates M1 macrophage induction by lipopoly-
saccharide (LPS), as well as interleukin-123 (IL-12pB)
production.’® Artemisinin stimulates the production of
IL-12B by inhibiting JNK signaling pathway activation
and IL-128 has an important role in generation of the
Thl immune response, triggering NK cell activation,
CD4(+) Thl cell production, CD8(+) T cell responses,
and other anti-tumor activities.’”*° Production of reactive
oxygen species (ROS) downstream of LPS signaling in
macrophages mediates the production of inflammatory
Upregulation mitochondrial ROS (mROS)
expression is key to the antibacterial activity of M1 macro-

cytokines.

phages, and ROS production may be important for the
activation and function of M1 macrophages.®’ DHA pro-
motes ROS production in cancer;"2 therefore, we further
addressed whether DHA can induce M2-like TAMs to
polarize into M1-type macrophages, which can participate
in the Thl immune response and kill tumor cells.
Cyclooxygenase-2 (COX-2) is an inducible enzyme
that catalyzes the synthesis of prostaglandins and
a common target for chemotherapy. Abrahdo et al and
Lin et al demonstrated that COX-2 is involved in prolif-
eration of head and neck cancer cells. The expression of
COX-2 is significantly increased in HNSCC. Therefore,
COX-2 could be used as a treatment target for
HNSCC.%**** Kim et al reported that dihydroartemisinin
can effectively inhibit COX-2 production in macrophages
by downregulating PI3K/Akt and MAPK pathway
activity.®> These findings suggest that dihydroartemisinin

could inhibit proliferation of head and neck cancer cells by

reducing the expression of COX-2 in M2-like TAMs in
tumor microenvironment.

In vitro experiments showed that DHA can inhibit M2-
like TAM polarization; however, the generation, progres-
sion, and metastasis of human tumors is an extended
inflammatory process, where the induced inflammatory
factors are persistent and promote constant changes in
the tumor environment, resulting in macrophages receiv-
ing various activation signals over an extended period,
during which polarization may occur at any time.
Polarization may not occur alone; however, it will be
a continuous process. Insoluble inflammatory factors may
be present for hours, days, months, or years; however, the
accompanying immune response maybe stopped at any
time, leading to considerable uncertainty. Macrophage
polarization is a dynamic process that involves the balance
between various cytokines and chemokines and the
recruitment of other immune or cancer cells. Therefore,
our experiments can only reflect the changes in this
dynamic process at a particular time point or under spe-
cific conditions.

In conclusion, our experiments show that DHA can
partially block the polarization of M2-like macrophages
by inhibiting STAT3 signaling activation in macrophages,
thereby reducing the invasion, migration, and angiogenesis
of HNSCC. Our study suggests that M2-like TAMs are
a potential target for cancer therapy and provide a new
sight regarding therapeutic potential of DHA in HNSCC
treatment.
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