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Oral squamous cell carcinoma (OSCC) is a common head and neck cancer with
a high recurrence rate and a low 5-year survival rate. Tumor-associated
macrophages (TAMs) are important immune cells in the tumor
microenvironment, which play an important role in the progression of many
tumors. This article reviews the origin, and the role of TAMs in the invasion,
metastasis, angiogenesis and immunosuppression of OSCC. Therapeutic
strategies targeting TAMs are also discussed in hopes of providing new ideas
for the treatment of OSCC.
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1 Introduction

The incidence of head and neck cancer ranks sixth among all cancers (Sun S. et al,,
2018; Jin et al., 2019), of which oral cancer is an important head and neck cancer (Dong
etal., 2017; Park et al., 2019). Approximately 377,000 patients were newly diagnosed with
oral cancer and 178,000 deaths were caused by this cancer globally in 2020 (Sung et al.,
2021). From these statistics, oral squamous cell carcinoma (OSCC) accounted for 90% of
all oral cancers (Wang et al., 2020). Surgery is currently the preferred treatment for most
OSCC, and sometimes this is accompanied by radiotherapy, chemotherapy or
immunotherapy (Zanoni et al,, 2019). Although great progress has been made in the
diagnosis and treatment of OSCC, the prognosis of OSCC has not improved significantly
over the past few decades, with the recurrence rate still being high and the 5-year survival
rate still remaining low (Li Z. et al., 2020; Yang Z. et al.,, 2021).

Tumors are not only masses of proliferating tumor cells, but are complex tissues
composed of many different cell types, which together constitute the tumor
microenvironment (TME), forming a complex network supporting tumor
progression (Hanahan, 2022). The OSCC TME consists of a variety of cell types,
including local stromal cells, such as fibroblasts, and distant recruitment cells, including
endothelial and, immune cells (Kalogirou et al., 2021). There are various innate
(macrophages, dendritic cells, lymphocytes, and natural-killer [NK] cells) and
adaptive (T and B cells) immune cells in the TME, among which CD8+T cells,
NKs, and DCs mainly play an anti-tumor role (Guillerey, 2020). Tumor-associated
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macrophages (TAMs) are important immune-effector cells in
the TME, which are closely related to the occurrence,
development and prognosis of various solid tumors.

2 The origin, classification, and
function of tumor-associated
macrophages

The occurrence of OSCC is accompanied by a change in the
immune microenvironment. In normal oral mucosa, the
proportion of macrophages is less than 20%, however, in
hyperplasia and cancer tissues, the infiltration of macrophages
is significantly increased (Rangel et al, 2022). To study the
dynamic changes in the immune environment during the
development of oral carcinoma, the transplanted tumor model
in 4-NQO mice was studied. The results showed that during the
progression of normal mucosa to OSCC, in addition to the
of CD3+T cell
M2 macrophages increased significantly (Bouaoud et al,
2021). CD68, CD80, and CD163 are commonly used
macrophage-surface markers. CD68 is a general-macrophage
marker, whereas CD80 and CD163 are markers for M1 and
M2 macrophages, respectively (Mantovani et al., 2002; Weber
etal, 2015). Immunohistochemical staining of CD68, CD80, and
CD163 on the normal oral mucosa and oral leukoplakia revealed

change infiltration, the proportion of

that the three macrophage markers were rarely found in the
normal oral mucosa. Whereas, the abundance of CD163 in
tissues with moderate leukoplakia was significantly higher
compared to those without dysplasia (Mori et al, 2015). An
immunohistochemical study was performed on 201 tissue
samples, including 50 malignant leukoplakia, 53 non-
malignant leukoplakia, 49 OSCC corresponding to malignant
leukoplakia, and 49 normal oral mucosae samples. In this study,
the abundance of CD68 and CD163 in leukoplakia with
than

leukoplakia without malignant transformation, while there was

malignant transformation were higher those in
no significant difference in CD68" macrophage density between
leukoplakia without malignant transformation and normal oral
mucosa tissue samples. The abundance of CD68 and CD163 in
OSCC were significantly higher than those in normal oral
mucosa and oral leukoplakia (Weber et al., 2020). The above
studies indicate that the phenotype and number of macrophages
in the cancerous area changes as oral cancer progress.

The majority of macrophages in the TME are bone marrow-
derived, and enter tumor tissues through peripheral blood, and
are then called tumor-associated macrophages (TAMs) (Vitale
et al,, 2019). In the OSCC TME, TAMs are dynamic and are a
collection of a wide range of macrophage subtypes. At the early
stage of tumor progression, TAMs mainly present the
M1 phenotype, with anti-tumor properties (Boutilier and
Elsawa, 2021). M1 TAMs have a high antigen-presentation
ability, can promote the proliferation of CD8+T and NK cells
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through IL-6, IL-12, and TNF, and enhance their cytotoxicity to
induce tumor cells apoptosis (Umemura et al., 2020). Tumor cells
can secrete CSF-1, which binds to the CSF-1R receptor on the
surface of TAMs to promote their polarization to M2 TAMs. The
simultaneous activation of hypoxia-inducible factor-1 (HIF-1)
and hypoxia-inducible factor-2 (HIF-2) in the TME and NF-Kf
signaling pathway can also lead to the M2 polarization of
macrophages (Dan et al,, 2020; Ai et al, 2021). M2 TAMs
promote tumor growth, metastasis, and angiogenesis, while
also enhancing tumor immune escape (Mori et al, 2011). In
most solid tumors, M2 TAMs presence is negatively associated
with patient prognosis. Recent studies have shown that, in
addition to bone marrow-derived monocytes, tissue-resident
macrophages are also the source of TAMs in different tumor
types. For instance, in brain glioma and pancreatic ductal
carcinoma, studies have shown that both tissue-resident

macrophages and peripheral blood mononuclear cells
the TAMs

progression (Bowman et al., 2016; Zhu et al., 2017). Similarly,

constitute population and promote tumor
in OSCC, TAMs may not only originate from monocytes, but
tissue-resident macrophages may also constitute a source of
TAMs. However, there is still no direct evidence that tissue-
resident macrophages are a component of TAMs in OSCC, which
is a topic that warrants further studies.

Troiano et al. showed that, in head and neck squamous cell
carcinoma, the presence of CD163+TAMs was significantly
negatively correlated with the prognosis of patients (Troiano
et al., 2019). Other studies have shown that, in head and neck
squamous  cell TAMs mainly exhibited the
M2 phenotype (Chiu et al,, 2015; Weber et al., 2016; Ai et al.,

2021). Mori et al. performed an immunohistochemical study on

carcinoma,

OSCC specimens and found that M2 macrophages accounted for
a large proportion of infiltrated TAMs in OSCC, and that the
number of M2 macrophages was positively correlated with the
pathological stage of OSCC (Mori et al., 2011). Chaudhari et al.
found that the number of M2 macrophages was significantly
positively correlated with tumor stage and lymph node metastasis
in OSCC, indicating that the number of M2 macrophages in the
TME was related to the OSCC progression (Chaudhari et al.,
2020). Taken together, the abovementioned studies (and
additional ones, all summarized in Tablel) investigating the
role of TAMs in OSCC suggest a critical contribution of
TAMs to OSCC progression.

3 Tumor-associated macrophages
promote oral squamous cell _
carcinoma invasion and metastasis

Local invasion and distant metastasis are hallmarks of tissue
malignant transformation (Hanahan and Weinberg, 2011b).
OSCC is a highly aggressive squamous cell carcinoma with
local lymph node and distant metastasis (Leemans et al.,
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TABLE 1 Role of TAMs in OSCC.

promote the immune escape of OSCC
promote the progression of OSCC
malignant transformation of OSCC

promote the invasion

10.3389/fphys.2022.959747

References

Guo et al. (2020)
Haque et al. (2019)
Hu et al. (2016)
Kubota et al. (2017)

and metastasis of OSCC

Li et al. (2019)

immunosuppression of OSCC

Year Samples Markers Mouse/ Role of
Human TAMs in

0SCC

2020 125 CD68/CD163 Human

2016 127 CD163 Human

2011 50 CD163 Human

2019 44 CD163/CD204/ Human

CD206

2017 46 CD163/CD204 Human promote

2020 32 CD206/CSF-1 Mouse

2017 70 CD68/CD163/CD204  Human

2019 173 CD163 Human

2016 11 CD11b/CD206 Human

2018 72 CD68 Human

2011). Epithelial-mesenchymal transition (EMT) enables

transformed epithelial cells to acquire the abilities of invasion,
metastasis and anti-apoptosis (Zhao et al., 2017; Yang C. et al,,
2021). EMT-induced transcription factors can coordinate
invasion and metastasis (Su et al., 2014). Loss of E-cadherin
and increased the abundance of the mesenchymal marker
vimentin are two characteristics of EMT (Hong et al.,, 2015).
Tumor cells at the leading edge of tumor progression can
establish a microenvironment suitable for tumor progression
(Moustakas and Heldin, 2007).
Macrophages are recruited to this edge by tumor-derived

after undergoing EMT

chemotactic agents and are a major infiltrating cell type in the
leading edge (Condeelis and Pollard, 2006). After reaching the
leading edge of tumor progression, TAMs can promote tumor
cells motility and hydrolytic remodeling of the extracellular
matrix (ECM) by secreting epidermal growth factors (EGFs)
and other pro-migration factors and regulating the production of
collagen fibers to enhance tumor cells invasion (O’Sullivan et al.,
1993; Singh et al.,, 2010). In human OSCC, TAMs can induce
EMT in tumor cells, thus enhancing the invasion and metastasis
of OSCC (Hu et al., 2016). Simultaneously, with the increase in
TAMs number, the presence of E-cadherin decreased
significantly in OSCC. After treatment with TAMs-conditional
medium, OSCC cells exhibited a fibroblast-like appearance,
together with decreased E-mucin and increased-vimentin
protein levels. This suggested that TAMs could promote the
EMT of OSCC, enhancing the invasion and metastatic capacity of
OSCC (Fan et al., 2014; Hu et al., 2016; Alves et al., 2021). CSF-1
stimulates the survival, proliferation, and differentiation of
monocytes and promotes the proliferation and motility of
macrophages (Goswami and S., 2005). In the TME, tumor
cells secrete CSF-1, which bind to the macrophage CSF-1R
into TAMs

receptors to promote their transformation
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Promote OSCC angiogenesis, leading to recurrence after radiotherapy

promote angiogenesis of OSCC
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Mori et al. (2011)
Yamagata et al. (2017)
Suarez-Sanchez et al. (2020)
Okubo et al. (2016)

Sun et al. (2018a)

(Achkova and Maher, 2016). Studies using mouse-xenograft
models have shown that when CSF-1 signaling was blocked,
TAMs number in the tumor area was significantly reduced, and
tumor growth was inhibited, indicating that blocking CSF-1
signaling can attenuate tumor invasion and metastasis (Li M.
et al, 2020). EGF is a chemokine in the TME, which can
accelerate tumor metastasis by promoting the migration and
invasion of tumor cells (Du et al., 2013; Yin et al, 2019).
Immunofluorescence showed that TAMs in OSCC expressed
EGF, and flow-cytometry analysis showed that TAMs produced
EGF. This suggested that TAMs could promote the invasion and
metastasis of OSCC by secreting EGF in the TME (Haque et al.,
2019). Yamagata et al. showed that CD163+ macrophages could
promote lymphangiogenesis by expressing VEGF-C and
contributed to regional lymph node metastasis in OSCC
(Yamagata et al., 2017).

Taken together, EMT is characteristic of OSCC invasion and
metastasis. In OSCC, TAMs can simultaneously reduce the
presence of E-cadherin, and induce extensive EMT by
secreting bioactive substances, promoting the invasion and
metastasis of OSCC. However, tumor invasion and metastasis
are complex process, and the mechanism of TAMs promoting
OSCC invasion and metastasis remains unclear.

4 Tumor-associated macrophages
promote oral squamous cell
carcinoma angiogenesis

Similar to normal tissues, tumor growth requires nutrition
and oxygen. Angiogenesis, one of the hallmarks of cancer, plays
an important role in tumor progression (Hanahan and
Weinberg, 2011a). In 1971, Judah Folkman first proposed that
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tumor growth depends on angiogenesis, the formation of new
blood vessels in tumor tissue that provide nutrients and oxygen
to the tumor while discharging metabolic waste and carbon
dioxide (Okubo et al.,, 2016). In the TME, TAMs participate
in tumor angiogenesis by releasing growth factors such as CCL2,
CXCL8, CXCL12, EGF, IL-1, IL-8, PIGF, TGF-B, and VEGF-A
(Wyckoft, 2004; Chen et al., 2011; Tang et al., 2017; Yang et al,,
2019).

The microvessel density (MVD) and the number of
macrophages in the OSCC tumor area were significantly
higher than those in the tumor-free margin and normal
The positively
correlated with MVD, indicating that TAMs were associated
with angiogenesis in OSCC (Valverde Lde et al., 2016). Further
studies have found that TAMs can promote angiogenesis in

mucosa. number of macrophages was

OSCC by activating the Hedgehog (Hh) signaling pathway
(Petty et al,, 2019). TGF-P plays an important role in tumor
progression and metastasis (Costa et al., 2013). Multiple studies
have shown that the TGF-p/Smad3 signaling pathway is
associated with tumor progression and poor prognosis. Sun
et al. showed that TGF-B can induce TAMs to secrete more
VEGF by activating the TPRII/Smad3 signaling pathway in
(Sun H. et 2018).
PFKFB3 is a key enzyme in the glycolysis of endothelial cells

OSCC, promoting angiogenesis al,,
and can mediate tumor progression. The expression of
PFKFB3 in OSCC is positively correlated with the amount of
M2 macrophages and MVD, suggesting that PFKFB3 may
promote angiogenesis OSCC indirectly by modulating TAM
numbers within the primary tumor (Li et al., 2019).

Current research shows that TAMs number is positively
correlated with MVD in OSCC,
angiogenesis in OSCC by secreting bioactive substances and

and can promote
activating signaling pathways. Therefore TAMs play an

important role in OSCC progression.

5 Tumor-associated macrophages
promote the immunosuppression
during the progression of oral
squamous cell carcinoma

Angiogenesis and vasculature remodeling within the
the
immune cells

malignantly transformed tissue causally influences
infiltration of additional
2016). Within the

TAMs are known to

immunosuppressive functions by promoting regulatory-T cell

recruitment and
(Okubo et
microenvironment,

al., tumor immune

exert

conversion within the primary tumor, and immunosuppression
has been recognized as a hallmark of tumor progression
(Hanahan and Weinberg, 2011b; Kalogirou et al., 2021; Kos
et al,, 2022).

In oral precancerous lesions, such as leukoplakia,
M2 macrophages have been reported to create an
Frontiers in Physiology
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immunosuppressive microenvironment.
Immunohistochemical analysis of resected oral leukoplakia
that, that

exhibited low CD163+ macrophage amounts, leukoplakia

specimens showed compared with patients
lesions exhibited a high amount of CD163+ macrophages,
Ki-67
2021).

Meanwhile, in vitro, M2-macrophages conditioned medium

which was wusually accompanied by abnormal

expression and keratin loss (Bouaoud et al,
was able to induce the production of immunosuppressive IL-
10 in human oral epithelial cells in vitro. IL-10 levels were
positively correlated with FOXP3+regulatory-T cells (Shigeoka
et al.,, 2019).

TAMs promote tumor progression by shaping the tumor-
immunosuppressive microenvironment. Within OSCC, TAMs
secrete inhibitory factors, such as IL-10, TGF-f, and PEG2, to
inhibit the function of CD8+T and NK cells (Mantovani et al.,
2002; Gasparoto et al., 2010; Costa et al., 2013; Lyford-Pike
et al., 2013; Wang et al., 2018). In non-small cell lung cancer,
melanoma, head and neck squamous cell carcinoma, stomach
cancer, and other cancers, TAMs overexpress PD-L1 and
CTLA-4, which leads to inhibition of the TCR-signaling
the
immunosuppressive microenvironment (Egen et al, 2002;
Hartley et al., 2018). Faustino et al. showed that, in OSCC,
the presence of CD68" and CD163+TAM:s is associated with the
high PD-LI levels, which binds to the PD-1 receptor on the

surface of activated-T cells and transmits inhibitory signals to

pathway and promotes formation of a tumor

T cells.This prevents the immune system from attacking tumor
cells and enables these cells to obtain the ability to escape the
immune system (Schmid et al., 2018; Kelly et al., 2019.; Suarez-
Sanchez et al., 2020). Jiang et al. found that, compared with
macrophages in the surrounding tissues, TAMs with high PD-
L1 levels within the OSCC microenvironment could induce
apoptosis of T cells. Peripheral blood-derived mononuclear
cells (PBMCs) showed low abundance of PD-L1, however,
after co-culture with the conditional medium from OSCC
cells, the levels of PD-L1 were significantly increased,
consequently promoting T-cell apoptosis. This indicated that,
in OSCC, PBMCs were polarized into M2 macrophages in the
TME, achieving high PD-L1 levels, which further played an
immunosuppressive role in the progression of OSCC (Jiang
et al, 2017). Immunofluorescence staining of OSCC-tissue
samples revealed TAMs to have high protein amounts of IL-
10 and PD-L1. TAMs were shown to induce the apoptosis of
T cells through PDL-1 and IL-10 production, suggesting that
TAMSs may mediate the immune escape of OSCC cells, therefore
ultimately promoting the invasion and metastasis of OSCC
(Kubota et al., 2017).

Overall, these results suggest that M2 macrophages can
create an immunosuppressive microenvironment within
OSCC and oral-precancerous lesions, which protect tumor
cells from immune-system mediated recognition and cell
death.
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TABLE 2 Studies targeting TAMs in different tumors.

TAMs decreased and CD8+T cell infiltration increased

The number of infiltrating tumor cells decreased, and the tumor invasion

TAM:s are depleted and tumor growth is inhibited

TAM:s decrease and enhance anti-tumor immunity

Macrophages repolarized, triggering anti-tumor immunity

Macrophages repolarized, Activate adaptive and innate anti-tumor immunity

M2 macrophages polarize into M1 macrophages

Macrophages polarize into M1 macrophages,CD8+T and NK cell activity

the number of TAMs was not decreased, the M2 macrophage markers were

10.3389/fphys.2022.959747

References

Molgora et al. (2020)

Frankenberger et al.
(2015)

Nagai et al. (2009)

Komohara et al.
(2015)

Zhang et al. (2019)

Jaynes et al. (2020)
Dai et al. (2020b)

Fleur et al. (2020)

Pyonteck et al. (2013)

Strategy Target Tumor type Outcome
Clearing TAMs TREM2 MCA-induced sarcomas
CCL5 TNBC
ability decreased
FRB glioma
TIM-3 clear cell renal cell
carcinomas
Reprogramming CD206 ovarian cancer, melanoma,
TAMs and glioblastoma
CD206 pancreatic cancer
usp-7 lung cancer
CD8+T cells increase
MARCO lung cancer
increased
CSF-1/ glioma
CSF-1R

decreased, and the tumor-promoting function was impaired

6 Immunotherapy targeting tumor-
associated macrophages

Numerous studies have shown that TAMs can promote
tumor progression through various mechanisms in many solid
tumors, and that TAMs number is significantly negatively
correlated with patient prognosis (Nadella et al, 2020).
Immunotherapy targeting TAMs has become a potential
strategy for anti-tumor therapy based on the tumor-
promoting mechanism of TAMs. Many treatments targeting
TAMs have shown good results in preclinical studies
(Bhattacharya et al., 2021). Also, the combination of TAMs-
targeting with traditional therapies has also achieved good results
(Dai et al., 2020b). Currently, therapies targeting TAMs focus on
two aspects: clearing TAMs from the TME and prompting
reverse polarization of M2 macrophages from TAMs to
MI1 macrophages (Chen et al, 2018; Pathria et al, 2019;
Wang et al., 2021).

6.1 Clearing tumor-associated
macrophages

The TAMs number is positively correlated with
CD8+T cell depletion (La Fleur et al., 2021). Triggering
receptor expressed on myeloid cells-2 (TREM2) is a TAMs
marker that plays an immunosuppressive role in the TME
(Binnewies et al., 2021). In mouse xenograft models of
anti-TREM2+
monoclonal antibodies can selectively eliminate TAMs
from the TME, increasing the infiltration of CD8+T cells
in the TME and its effective function, thus promoting anti-

sarcoma, colorectal, and breast cancer,
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tumor immunity (Molgora et al., 2020). Rodriquez-Garcia
et al.demonstrated that M2 macrophages express FRP
receptors.
cancer, and melanoma, CAR-T cells can selectively clear

In mouse tumor models of ovarian, colon
M2 macrophages in the TME by targeting FRP receptors,
leading to the accumulation of pro-inflammatory monocytes
and increase of CD8+T cell numbers in the TME. This
enhances  anti-tumor and delays tumor
2021).  As

demonstrated in the aforementioned studies, targeting

immunity
progression  (Rodriguez-Garcia et  al,
TAMs shows great potential as a tumor-treatment strategy,
however, further studies are needed in order to precisely
access how targeting TAMs may affect OSCC-tumor

progression.

6.2 Reprogramming tumor-associated
macrophages

USP7 is a dehydrogenase, which is highly expressed in
M2 macrophages but not in MI1 macrophages. Specific
silencing of USP7 using siRNA or USP7 inhibitors can
the P38/MAPK pathway the
transformation of macrophages from M2 to MI, thus,

activate and mediate
enhancing the proliferation and activity of CD8+T cells.
Further studies have shown that inhibition of USP7 can also
increase the production of PD-L1 in TME, which results in an
effective anti-tumor response (Dai et al., 2020a). MARCO refers
to macrophage receptors with collagen structures, which are
mainly found in M2 macrophages.La Fleur et al. showed that
M2 macrophages in TAMs could be reverse polarized to M1 by
targeting MARCO, thereby restoring the activity of CD8+T and
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NK cells, down-regulating Treg cells, and enhancing the anti-
tumor capacity of immune system (La Fleur et al., 2021). Several
clinical studies targeting TAMs exist, some of which are listed in
Table 2.

7 Conclusion

TAM:s are important immune cells in the microenvironment
of OSCC, and the proportion of M2 macrophages gradually
increases with tumor progression. Some studies have shown that
the number of TAM:s is negatively correlated with the prognosis
of OSCC. Many studies have revealed that TAMs promote the
invasion, metastasis, angiogenesis, and immunosuppression of
OSCC by synthesizing and releasing a variety of growth factors,
cytokines, which
ultimately promotes the progression of OSCC. Several reports

chemokines, and proteolytic enzymes,

were made on immunotherapy targeting TAMs on lung, gastric,
and breast cancer, whereas few studies have investigated this
form of therapy OSCC. Hopefully more studies will reveal the

role of TAMs in OSCC, as well as evaluating the consequences of
targeting TAMs in OSCC.

Author contributions

YX wrote and revised the manuscript; XS, SF collect related
literature; RD obtained funding support and contributed to
conception and design of the article. All authors listed have
made a substantial contribution to the work and approved it for
publication.

References

Achkova, D., and Mabher, J. (2016). Role of the colony-stimulating factor (CSF)/
CSF-1 receptor axis in cancer. Biochem. Soc. Trans. 44 (2), 333-341. doi:10.1042/
BST20150245

Ai, Y, Liu, S, Luo, H., Wu, S., Wei, H,, Tang, Z,, et al. (2021). IncRNA DCST1-
AS1 facilitates oral squamous cell carcinoma by promoting M2 macrophage
polarization through activating NF-xB signaling. J. Immunol. Res. 2021,
5524231. doi:10.1155/2021/5524231

Alves, A., Diel, L., Ramos, G., Pinto, A., Bernardi, L., Yates, J., 3rd, et al. (2021).
Tumor microenvironment and oral squamous cell carcinoma: A crosstalk between
the inflammatory state and tumor cell migration. Oral Oncol. 112, 105038. doi:10.
1016/j.oraloncology.2020.105038

Bhattacharya, D., Sakhare, K., Narayan, K. P., and Banerjee, R. (2021). The
prospects of nanotherapeutic approaches for targeting tumor-associated
macrophages in oral cancer. Nanomedicine. 34, 102371. doi:10.1016/j.nano.2021.
102371

Binnewies, M., Pollack, J. L., Rudolph, J., Dash, S., Abushawish, M., Lee, T., et al.
(2021). Targeting TREM2 on tumor-associated macrophages enhances
immunotherapy. Cell Rep. 37 (3), 109844. doi:10.1016/j.celrep.2021.109844

Bouaoud, J., Foy, J. P., Tortereau, A., Michon, L., Lavergne, V., Gadot, N., et al.
(2021). Early changes in the immune microenvironment of oral potentially
malignant disorders reveal an unexpected association of M2 macrophages with
oral cancer free survival. Oncoimmunology 10 (1), 1944554. doi:10.1080/2162402X.
2021.1944554

Boutilier, A. J., and Elsawa, S. F. (2021). Macrophage polarization states in the
tumor microenvironment. Int. J. Mol. Sci. 22 (13), 6995. doi:10.3390/ijms22136995

Frontiers in Physiology

06

10.3389/fphys.2022.959747

Funding

This study was supported by the Project of Invigorating
Health Care through Science, Technology and Education,
Jiangsu Provincial Medical Youth Talent under Grant [grant
number QNRC2016122], the Nanjing Medical Science and
Technique Development Foundation (YKK21183).

Acknowledgments

We would like to thank Editage (www.editage.cn) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bowman, R. L., Klemm, F., Akkari, L., Pyonteck, S. M., Sevenich, L., Quail, D. F.,
et al. (2016). Macrophage ontogeny underlies differences in tumor-specific
education in brain malignancies. Cell Rep. 17 (9), 2445-2459. doi:10.1016/j.
celrep.2016.10.052

Chaudhari, N., Prakash, N., Pradeep, G. L., Mahajan, A., Lunawat, S., and
Salunkhe, V. (2020). Evaluation of density of tumor-associated macrophages
using CD163 in histological grades of oral squamous cell carcinoma, an
immunohistochemical study. J. Oral Maxillofac. Pathol. 24 (3), 577. doi:10.4103/
jomfp.JOMFP_109_20

Chen, D., Xie, J., Fiskesund, R, Dong, W., Liang, X., Lv, ], et al. (2018).
Chloroquine modulates antitumor immune response by resetting tumor-
associated macrophages toward M1 phenotype. Nat. Commun. 9 (1), 873.
doi:10.1038/s41467-018-03225-9

Chen, J., Yao, Y., Gong, C, Yu, F, Su, S., Chen, J,, et al. (2011). CCL18 from

tumor-associated macrophages promotes breast cancer metastasis via PITPNM3.
Cancer Cell 19 (4), 541-555. doi:10.1016/j.ccr.2011.02.006

Chiu, K. C,, Lee, C. H,, Liu, S. Y., Chou, Y. T., Huang, R. Y., Huang, S. M., et al.
(2015). Polarization of tumor-associated macrophages and Gas6/Axl signaling in
oral squamous cell carcinoma. Oral Oncol. 51 (7), 683-689. doi:10.1016/j.
oraloncology.2015.04.004

Condeelis, ]., and Pollard, J. W. (2006). Macrophages: Obligate partners for tumor
cell migration, invasion, and metastasis. Cell 124 (2), 263-266. doi:10.1016/j.cell.
2006.01.007

Costa, N. L., Valadares, M. C., Souza, P. P., Mendonca, E. F., Oliveira, J. C., Silva,
T. A, etal. (2013). Tumor-associated macrophages and the profile of inflammatory

frontiersin.org


http://www.editage.cn
https://doi.org/10.1042/BST20150245
https://doi.org/10.1042/BST20150245
https://doi.org/10.1155/2021/5524231
https://doi.org/10.1016/j.oraloncology.2020.105038
https://doi.org/10.1016/j.oraloncology.2020.105038
https://doi.org/10.1016/j.nano.2021.102371
https://doi.org/10.1016/j.nano.2021.102371
https://doi.org/10.1016/j.celrep.2021.109844
https://doi.org/10.1080/2162402X.2021.1944554
https://doi.org/10.1080/2162402X.2021.1944554
https://doi.org/10.3390/ijms22136995
https://doi.org/10.1016/j.celrep.2016.10.052
https://doi.org/10.1016/j.celrep.2016.10.052
https://doi.org/10.4103/jomfp.JOMFP_109_20
https://doi.org/10.4103/jomfp.JOMFP_109_20
https://doi.org/10.1038/s41467-018-03225-9
https://doi.org/10.1016/j.ccr.2011.02.006
https://doi.org/10.1016/j.oraloncology.2015.04.004
https://doi.org/10.1016/j.oraloncology.2015.04.004
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.1016/j.cell.2006.01.007
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.959747

Xue et al.

cytokines in oral squamous cell carcinoma. Oral Oncol. 49 (3), 216-223. doi:10.
1016/j.oraloncology.2012.09.012

Dai, X, Lu, L, Deng, S, Meng, J., Wan, C, Huang, J, et al. (2020a).
USP7 targeting modulates anti-tumor immune response by reprogramming
Tumor-associated Macrophages in Lung Cancer. Theranostics 10 (20),
9332-9347. doi:10.7150/thno.47137

Dai, X, Lu, L, Deng, S, Meng, J., Yang, K, Huang, J., et al. (2020b).
USP7 targeting modulates anti-tumor immune response by reprogramming
Tumor-associated Macrophages in Lung Cancer. Theranostics 10 (20),
9332-9347. doi:10.7150/thno.47137

Dan, H,, Liu, S., Liu, J., Liu, D., Yin, F., Wei, Z, et al. (2020). RACK1 promotes
cancer progression by increasing the M2/M1 macrophage ratio via the NF-kB
pathway in oral squamous cell carcinoma. Mol. Oncol. 14 (4), 795-807. doi:10.1002/
1878-0261.12644

Dong, J., Cheng, L., Zhao, M., Pan, X, Feng, Z.,, and Wang, D. (2017). Tim-3-
expressing macrophages are functionally suppressed and expanded in oral
squamous cell carcinoma due to virus-induced Gal-9 expression. Tumour Biol.
39 (5), 1010428317701651. doi:10.1177/1010428317701651

Du, W. W, Fang, L., Li, M,, Yang, X, Liang, Y., Peng, C,, et al. (2013). MicroRNA
miR-24 enhances tumor invasion and metastasis by targeting PTPN9 and PTPRF to
promote EGF signaling. J. Cell Sci. 126 (6), 1440-1453. doi:10.1242/jcs.118299

Egen, J. G, Kuhns, M. S., and Allison, J. P. (2002). CTLA-4: New insights into its
biological function and use in tumor immunotherapy. Nat. Immunol. 3 (7),
611-618. doi:10.1038/ni0702-611

Fan, H. X, Wang, S., Zhao, H., Liu, N, Chen, D., Sun, M., et al. (2014). Sonic
hedgehog signaling may promote invasion and metastasis of oral squamous cell
carcinoma by activating MMP-9 and E-cadherin expression. Med. Oncol. 31 (7), 41.
do0i:10.1007/s12032-014-0041-5

Fleur, L. L., Botling, J., He, F., Pelicano, C., Sarhan, D., He, C.,, et al. (2020).
Targeting MARCO and IL37R on immunosuppressive macrophages in lung cancer
blocks regulatory T cells and supports cytotoxic lymphocyte function. Cancer Res.
81 (4), 956-967. doi:10.1158/0008-5472.CAN-20-1885

Frankenberger, C., Rabe, D., Bainer, R,, Sankarasharma, D., Chada, K., Krausz, T.,
et al. (2015). Metastasis suppressors regulate the tumor microenvironment by
blocking recruitment of prometastatic tumor-associated macrophages. Cancer Res.
75 (19), 4063-4073. doi:10.1158/0008-5472.CAN-14-3394

Gasparoto, T. H., de Souza Malaspina, T. S., Benevides, L., de Melo, E. ], Jr.,
Costa, M. R., Damante, J. H., et al. (2010). Patients with oral squamous cell
carcinoma are characterized by increased frequency of suppressive regulatory
T cells in the blood and tumor microenvironment. Cancer Immunol.
Immunother. 59 (6), 819-828. doi:10.1007/s00262-009-0803-7

Goswamiand, S., Wyckoff, J. B., Cammer, M., Cox, D., Pixley, F. ], et al. (2005).
Macrophages promote the invasion of breast carcinoma cells via a colony-
stimulating factor-1/epidermal growth factor paracrine loop. Cancer Res. 65
(12), 5278-5283. d0i:10.1158/0008-5472.CAN-04-1853

Guillerey, C. (2020). NK cells in the tumor microenvironment. Adv. Exp. Med.
Biol. 1273, 69-90. doi:10.1007/978-3-030-49270-0_4

Guo, X. Y, Zhang, J. Y., Shi, X. Z,, Wang, Q., Liu, L. K., Zhu, W. W, et al. (2020).
Upregulation of CSF-1 is correlated with elevated TAM infiltration and poor
prognosis in oral squamous cell carcinoma. Am. J. Transl. Res. 12 (10), 6235

Hanahan, D. (2022). Hallmarks of cancer: New dimensions. Cancer Discov. 12
(1), 31-46. doi:10.1158/2159-8290.CD-21-1059

Hanahan, D., and Weinberg, R. A. (2011a). Hallmarks of cancer: The next
generation. Cell 144 (5), 646-674. doi:10.1016/j.cell.2011.02.013

Hanahan, D., and Weinberg, R. A. (2011b). Hallmarks of cancer: The next
generation. Cell 144 (5), 646-674. doi:10.1016/j.cell.2011.02.013

Haque, A., Moriyama, M., Kubota, K., Ishiguro, N., Sakamoto, M., Chinju, A.,
et al. (2019). CD206(+) tumor-associated macrophages promote proliferation and
invasion in oral squamous cell carcinoma via EGF production. Sci. Rep. 9 (1), 14611.
doi:10.1038/s41598-019-51149-1

Hartley, G. P., Chow, L., Ammons, D. T., Wheat, W. H., and Dow, S. W. (2018).
Programmed cell death ligand 1 (PD-L1) signaling regulates macrophage
proliferation and activation. Cancer Immunol. Res. 6 (10), 1260-1273. doi:10.
1158/2326-6066.CIR-17-0537

Hong, T., Watanabe, K., Ta, C. H,, Villarreal-Ponce, A., Nie, Q., and Dai, X.
(2015). An ovol2-zebl mutual inhibitory circuit governs bidirectional and multi-
step transition between epithelial and mesenchymal states. PLoS Comput. Biol. 11
(11), €1004569. doi:10.1371/journal.pcbi.1004569

Hu, Y., He, M. Y,, Zhu, L. F,, Yang, C. C,, Zhou, M. L., Wang, Q,, et al. (2016).
Tumor-associated macrophages correlate with the clinicopathological features and
poor outcomes via inducing epithelial to mesenchymal transition in oral squamous
cell carcinoma. J. Exp. Clin. Cancer Res. 35, 12. doi:10.1186/s13046-015-0281-z

Frontiers in Physiology

10.3389/fphys.2022.959747

Jaynes, J. M., Sable, R, Ronzetti, M., Bautista, W., Rudloff, U., Abisoye-
Ogunniyan, A., et al. (2020). Mannose receptor (CD206) activation in tumor-
associated macrophages enhances adaptive and innate antitumor immune
responses. Sci. Transl. Med. 12 (530), 6337. doi:10.1126/scitranslmed.aax6337

Jiang, C., Yuan, F., Wang, J., and Wu, L. (2017). Oral squamous cell carcinoma
suppressed antitumor immunity through induction of PD-L1 expression on tumor-
associated macrophages. Immunobiology 222 (4), 651-657. doi:10.1016/j.imbio.
2016.12.002

Jin, Y., Li, Y., Wang, X, and Yang, Y. (2019). Dysregulation of MiR-519d affects
oral squamous cell carcinoma invasion and metastasis by targeting MMP3.
J. Cancer 10 (12), 2720-2734. doi:10.7150/jca.31825

Kalogirou, E. M., Tosios, K. I, and Christopoulos, P. F. (2021). The role of
macrophages in oral squamous cell carcinoma. Front. Oncol. 11, 611115. doi:10.
3389/fonc.2021.611115

Kelly, A., Sezin, R., McEnteeCraig, P., et al. (2019). Human monocytes and
macrophages regulate immune tolerance via integrin alpha v beta 8-mediated
TGF beta activation. Myeloid Cells 2019 215 (11), 2725. doi:10.1084/jem.
20171491

Komobhara, Y., Morita, T., Annan, D. A, Horlad, H., Ohnishi, K., Yamada, S., et al.
(2015). The coordinated actions of TIM-3 on cancer and myeloid cells in the
regulation of tumorigenicity and clinical prognosis in clear cell renal cell
carcinomas. Cancer Immunol. Res. 3 (9), 999-1007. doi:10.1158/2326-6066.CIR-
14-0156

Kos, K., Salvagno, C., Wellenstein, M. D., Aslam, M. A., Meijer, D. A,, Hau, C. S,,
et al. (2022). Tumor-associated macrophages promote intratumoral conversion of
conventional CD4(+) T cells into regulatory T cells via PD-1 signalling.
Oncoimmunology 11 (1), 2063225. doi:10.1080/2162402X.2022.2063225

Kubota, K., Moriyama, M., Furukawa, S., Rafiul, H., Maruse, Y., Jinno, T., et al.
(2017). CD163*/CD204” tumor-associated macrophages contribute to T cell
regulation via interleukin-10 and PD-L1 production in oral squamous cell
carcinoma. Sci. Rep. 7 (1), 1755. doi:10.1038/s41598-017-01661-z

La Fleur, L, Botling, J., He, F., Pelicano, C., Zhou, C,, He, C, et al. (2021).
Targeting MARCO and IL37R on immunosuppressive macrophages in lung cancer
blocks regulatory T cells and supports cytotoxic lymphocyte function. Cancer Res.
81 (4), 956-967. doi:10.1158/0008-5472.CAN-20-1885

Leemans, C. R., Braakhuis, B. J., and Brakenhoff, R. H. (2011). The molecular
biology of head and neck cancer. Nat. Rev. Cancer 11 (1), 9-22. doi:10.1038/nrc2982

Li,J.J., Mao, X. H., Tian, T., Wang, W. M., Su, T., Jiang, C. H,, et al. (2019). Role of
PFKFB3 and CD163 in oral squamous cell carcinoma angiogenesis. Curr. Med. Sci.
39 (3), 410-414. doi:10.1007/s11596-019-2051-1

Li, M,, Li, M,, Yang, Y., Liu, Y., He, Q,, Yu, Q,, et al. (2020a). Remodeling tumor
immune microenvironment via targeted blockade of PI3K-y and CSF-1/CSF-1R
pathways in tumor associated macrophages for pancreatic cancer therapy.
J. Control. Release 321, 23-35. doi:10.1016/j.jconrel.2020.02.011

Li, Z,, Liu, F. Y., and Kirkwood, K. L. (2020b). The p38/MKP-1 signaling axis in
oral cancer: Impact of tumor-associated macrophages. Oral Oncol. 103, 104591.
doi:10.1016/j.oraloncology.2020.104591

Lyford-Pike, S., Peng, S., Young, G. D., Taube, J. M., Westra, W. H., Akpeng, B.,
et al. (2013). Evidence for a role of the PD-1:PD-L1 pathway in immune resistance
of HPV-associated head and neck squamous cell carcinoma. Cancer Res. 73 (6),
1733-1741. doi:10.1158/0008-5472.CAN-12-2384

Mantovani, A., Sozzani, S., Allavena, P., Locati, M., and Sica, A. (2002).
Macrophage polarization: Tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends Immunol. 23 (11), 549-555.
doi:10.1016/s1471-4906(02)02302-5

Molgora, M., Esaulova, E., Vermi, W., Hou, J., Chen, Y., Luo, J., et al. (2020).
TREM2 modulation remodels the tumor myeloid landscape enhancing anti-PD-
1 immunotherapy. Cell 182 (4), 886-900.e17. €817. doi:10.1016/j.cell.2020.
07.013

Mori, K., Haraguchi, S., Hiori, M., Shimada, J., and Ohmori, Y. (2015). Tumor-
associated macrophages in oral premalignant lesions coexpress CD163 and
STAT1 in a Thl-dominated microenvironment. BMC Cancer 15, 573. doi:10.
1186/512885-015-1587-0

Mori, K., Hiroi, M., Shimada, J., and Ohmori, Y. (2011). Infiltration of m2 tumor-
associated macrophages in oral squamous cell carcinoma correlates with tumor
malignancy. Cancers (Basel) 3 (4), 3726-3739. doi:10.3390/cancers3043726

Moustakas, A., and Heldin, C. H. (2007). Signaling networks guiding epithelial-
mesenchymal transitions during embryogenesis and cancer progression. Cancer Sci.
98 (10), 1512-1520. doi:10.1111/j.1349-7006.2007.00550.x

Nadella, V., Garg, M., Kapoor, S., Barwal, T. S., Jain, A., and Prakash, H. (2020).
Emerging neo adjuvants for harnessing therapeutic potential of M1 tumor
associated macrophages (TAM) against solid tumors: Enusage of plasticity. Ann.
Transl. Med. 8 (16), 1029. doi:10.21037/atm-20-695

frontiersin.org


https://doi.org/10.1016/j.oraloncology.2012.09.012
https://doi.org/10.1016/j.oraloncology.2012.09.012
https://doi.org/10.7150/thno.47137
https://doi.org/10.7150/thno.47137
https://doi.org/10.1002/1878-0261.12644
https://doi.org/10.1002/1878-0261.12644
https://doi.org/10.1177/1010428317701651
https://doi.org/10.1242/jcs.118299
https://doi.org/10.1038/ni0702-611
https://doi.org/10.1007/s12032-014-0041-5
https://doi.org/10.1158/0008-5472.CAN-20-1885
https://doi.org/10.1158/0008-5472.CAN-14-3394
https://doi.org/10.1007/s00262-009-0803-7
https://doi.org/10.1158/0008-5472.CAN-04-1853
https://doi.org/10.1007/978-3-030-49270-0_4
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/s41598-019-51149-1
https://doi.org/10.1158/2326-6066.CIR-17-0537
https://doi.org/10.1158/2326-6066.CIR-17-0537
https://doi.org/10.1371/journal.pcbi.1004569
https://doi.org/10.1186/s13046-015-0281-z
https://doi.org/10.1126/scitranslmed.aax6337
https://doi.org/10.1016/j.imbio.2016.12.002
https://doi.org/10.1016/j.imbio.2016.12.002
https://doi.org/10.7150/jca.31825
https://doi.org/10.3389/fonc.2021.611115
https://doi.org/10.3389/fonc.2021.611115
https://doi.org/10.1084/jem.20171491
https://doi.org/10.1084/jem.20171491
https://doi.org/10.1158/2326-6066.CIR-14-0156
https://doi.org/10.1158/2326-6066.CIR-14-0156
https://doi.org/10.1080/2162402X.2022.2063225
https://doi.org/10.1038/s41598-017-01661-z
https://doi.org/10.1158/0008-5472.CAN-20-1885
https://doi.org/10.1038/nrc2982
https://doi.org/10.1007/s11596-019-2051-1
https://doi.org/10.1016/j.jconrel.2020.02.011
https://doi.org/10.1016/j.oraloncology.2020.104591
https://doi.org/10.1158/0008-5472.CAN-12-2384
https://doi.org/10.1016/s1471-4906(02)02302-5
https://doi.org/10.1016/j.cell.2020.07.013
https://doi.org/10.1016/j.cell.2020.07.013
https://doi.org/10.1186/s12885-015-1587-0
https://doi.org/10.1186/s12885-015-1587-0
https://doi.org/10.3390/cancers3043726
https://doi.org/10.1111/j.1349-7006.2007.00550.x
https://doi.org/10.21037/atm-20-695
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.959747

Xue et al.

Nagai, T., Tanaka, M., Tsuneyoshi, Y., Xu, B., Michie, S. A., Hasui, K,, et al.
(2009). Targeting tumor-associated macrophages in an experimental glioma model
with a recombinant immunotoxin to folate receptor beta. Cancer Immunol.
Immunother. 58 (10), 1577-1586. doi:10.1007/s00262-009-0667-x

Sullivan, O’,, Lewis, Ce., and Claire, jo. (1993). Secretion of epidermal growth
factor by macrophages associated with breast carcinoma. Lancet. 342, 148. doi:10.
1016/0140-6736(93)91348-p

Okubo, M., Kioi, M., Nakashima, H., Sugiura, K., Mitsudo, K., Aoki, I, et al.
(2016). M2-polarized macrophages contribute to neovasculogenesis, leading to
relapse of oral cancer following radiation. Sci. Rep. 6, 27548. doi:10.1038/
srep27548

Park, J., Zhang, X,, Lee, S. K., Song, N. Y., Son, S. H,, Kim, K. R, et al. (2019).
CCL28-induced RARP expression inhibits oral squamous cell carcinoma bone
invasion. J. Clin. Invest. 129 (12), 5381-5399. doi:10.1172/JCI125336

Pathria, P., Louis, T. L., and Varner, J. A. (2019). Targeting tumor-associated
macrophages in cancer. Trends Immunol. 40 (4), 310-327. doi:10.1016/;.it.2019.
02.003

Petty, A.]., Li, A,, Wang, X,, Dai, R,, Heyman, B., Hsu, D., et al. (2019). Hedgehog
signaling promotes tumor-associated macrophage polarization to suppress
intratumoral CD8+ T cell recruitment. J. Clin. Invest. 129 (12), 5151-5162.
doi:10.1172/JCI128644

Pyonteck, S. M., Akkari, L., Schuhmacher, A. J., Bowman, R. L., Sevenich, L.,
Quail, D. F,, et al. (2013). CSF-IR inhibition alters macrophage polarization
and blocks glioma progression. Nat. Med. 19 (10), 1264-1272. doi:10.1038/nm.
3337

Rangel, R, Pickering, C. R, Sikora, A. G., and Spiotto, M. T. (2022). Genetic
changes driving immunosuppressive microenvironments in oral premalignancy.
Front. Immunol. 13, 840923. doi:10.3389/fimmu.2022.840923

Rodriguez-Garcia, A., Lynn, R. C.,, Poussin, M., Eiva, M. A, Shaw, L. C,
O’Connor, R. S, et al. (2021). CAR-T cell-mediated depletion of
immunosuppressive tumor-associated macrophages promotes endogenous
antitumor immunity and augments adoptive immunotherapy. Nat. Commun. 12
(1), 877. doi:10.1038/s41467-021-20893-2

Schmid, M. C,, Quaranta, V., Rainer, C., Nielsen, S. R., Raymant, M. L. R,, Ahmed,
M. S, et al. (2018). Macrophage-derived granulin drives resistance to immune
checkpoint inhibition in metastatic pancreatic cancer. Cancer Res. 78, 4253-4269.
doi:10.1158/0008-5472.CAN-17-3876

Shigeoka, M., Koma, Y. I, Nishio, M., Komori, T., and Yokozaki, H. (2019).
CD163(+) macrophages infiltration correlates with the immunosuppressive
cytokine interleukin 10 expression in tongue leukoplakia. Clin. Exp. Dent. Res. 5
(6), 627-637. doi:10.1002/cre2.228

Singh, R. D., Haridas, N., Patel, J. B., Shah, F. D., Shukla, S. N., Shah, P. M., et al.
(2010). Matrix metalloproteinases and their inhibitors: Correlation with invasion
and metastasis in oral cancer. Indian J. Clin. biochem. 25 (3), 250-259. doi:10.1007/
$12291-010-0060-8

Su, S, Liu, Q., Chen, J., Chen, J., Chen, F., He, C,, et al. (2014). A positive feedback
loop between mesenchymal-like cancer cells and macrophages is essential to breast
cancer metastasis. Cancer Cell 25 (5), 605-620. doi:10.1016/j.ccr.2014.03.021

Suarez-Sanchez, F. J., Lequerica-Fernandez, P., Suarez-Canto, J., Rodrigo, J. P.,
Rodriguez-Santamarta, T., Dominguez-Iglesias, F., et al. (2020). Macrophages in
oral carcinomas: Relationship with cancer stem cell markers and PD-L1 expression.
Cancers (Basel) 12 (7), E1764. doi:10.3390/cancers12071764

Sun, H., Miao, C,, Liu, W., Qiao, X., Yang, W,, Li, L., et al. (2018a). TGF-p1/
TPRII/Smad3 signaling pathway promotes VEGF expression in oral squamous cell
carcinoma tumor-associated macrophages. Biochem. Biophys. Res. Commun. 497
(2), 583-590. doi:10.1016/j.bbrc.2018.02.104

Sun, S, Wu, Y., Guo, W,, Yu, F., Kong, L., Ren, Y., et al. (2018b). STAT3/HOTAIR
signaling Axis regulates HNSCC growth in an EZH2-dependent manner. Clin.
Cancer Res. 24 (11), 2665-2677. doi:10.1158/1078-0432.CCR-16-2248

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71 (3),
209-249. doi:10.3322/caac.21660

Tang, D., Tao, D., Fang, Y., Deng, C., Xu, Q., and Zhou, J. (2017). TNF-Alpha

promotes invasion and metastasis via NF-kappa B pathway in oral squamous cell
carcinoma. Med. Sci. Monit. Basic Res. 23, 141-149. doi:10.12659/msmbr.903910

Troiano, G., Caponio, V. C. A., Adipietro, I., Tepedino, M., Santoro, R,,
Laino, L., et al. (2019). Prognostic significance of CD68" and CD163" tumor
associated macrophages in head and neck squamous cell carcinoma: A
systematic review and meta-analysis. Oral Oncol. 93, 66-75. doi:10.1016/j.
oraloncology.2019.04.019

Umemura, N., Sugimoto, M., Kitoh, Y., Saio, M., and Sakagami, H. (2020).
Metabolomic profiling of tumor-infiltrating macrophages during tumor growth.

Frontiers in Physiology

08

10.3389/fphys.2022.959747

Cancer Immunol. Immunother. 69 (11), 2357-2369. doi:10.1007/s00262-020-
02622-8

Valverde Lde, F., Pereira Tde, A., Dias, R. B., Guimaraes, V. S., Ramos, E. A,,
Santos, J. N, et al. (2016). Macrophages and endothelial cells orchestrate tumor-
associated angiogenesis in oral cancer via hedgehog pathway activation. Tumour
Biol. 37 (7), 9233-9241. doi:10.1007/s13277-015-4763-6

Vitale, 1., Manic, G., Coussens, L. M., Kroemer, G., and Galluzzi, L. (2019).
Macrophages and metabolism in the tumor microenvironment. Cell Metab. 30 (1),
36-50. doi:10.1016/j.cmet.2019.06.001

Wang, H., Wang, L., Zhou, X,, Luo, X, Liu, K,, Jiang, E., et al. (2020). OSCC
exosomes regulate miR-210-3p targeting EFNA3 to promote oral cancer
angiogenesis through the PI3K/AKT pathway. Biomed. Res. Int. 2020, 2125656.
doi:10.1155/2020/2125656

Wang, J., Yang, L., Mao, X, Li, Z,, Lin, X,, and Jiang, C. (2018). Streptococcus
salivarius-mediated CD8” T cell stimulation required antigen presentation by
macrophages in oral squamous cell carcinoma. Exp. Cell Res. 366 (2), 121-126.
doi:10.1016/j.yexcr.2018.03.007

Wang, Y. C, Wang, X, Yu, ], Ma, F, Li, Z, Zhou, Y., et al. (2021). Targeting
monoamine oxidase A-regulated tumor-associated macrophage polarization for cancer
immunotherapy. Nat. Commun. 12 (1), 3530. doi:10.1038/s41467-021-23164-2

Weber, M., Iliopoulos, C., Moebius, P., Buttner-Herold, M., Amann, K., Ries, J.,
et al. (2016). Prognostic significance of macrophage polarization in early stage oral
squamous cell carcinomas. Oral Oncol. 52, 75-84. doi:10.1016/j.oraloncology.2015.
11.001

Weber, M., Moebius, P., Buttner-Herold, M., Amann, K., Preidl, R., Neukam, F.
W., et al. (2015). Macrophage polarisation changes within the time between
diagnostic biopsy and tumour resection in oral squamous cell carcinomas--an
immunohistochemical study. Br. J. Cancer 113 (3), 510-519. doi:10.1038/bjc.
2015.212

Weber, M., Wehrhan, F., Baran, C., Agaimy, A., Buttner-Herold, M., Ozturk, H., et al.
(2020). Malignant transformation of oral leukoplakia is associated with macrophage
polarization. J. Transl. Med. 18 (1), 11. doi:10.1186/s12967-019-02191-0

Wryckoff, and J., Wang, W., Lin, E. Y., Wang, Y., Pixley, F., Stanley, E. R, et al.
(2004). A paracrine loop between tumor cells and macrophages is required for
tumor cell migration in mammary tumors. Cancer Res. 64 (19), 7022-7029. doi:10.
1158/0008-5472.CAN-04-1449

Yamagata, Y., Tomioka, H., Sakamoto, K., Sato, K., Harada, H., Ikeda, T,
et al. (2017). CD163-Positive macrophages within the tumor stroma are
associated with lymphangiogenesis and lymph node metastasis in oral
squamous cell carcinoma. J. Oral Maxillofac. Surg. 75 (10), 2144-2153.
d0i:10.1016/j.joms.2017.03.009

Yang, C,, Dou, R., Wei, C, Liu, K,, Shi, D., Zhang, C,, et al. (2021a). Tumor-
derived exosomal microRNA-106b-5p activates EMT-cancer cell and M2-subtype
TAM interaction to facilitate CRC metastasis. Mol. Ther. 29 (6), 2088-2107. doi:10.
1016/j.ymthe.2021.02.006

Yang, Z, Li, H., Wang, W., Zhang, ], Jia, S., Wang, J., et al. (2019). CCL2/
CCR2 Axis promotes the progression of salivary adenoid cystic carcinoma via
recruiting and reprogramming the tumor-associated macrophages. Front. Oncol. 9,
231. doi:10.3389/fonc.2019.00231

Yang, Z., Yan, G., Zheng, L., Gu, W, Liu, F., Chen, W, et al. (2021b). YKT6, as
a potential predictor of prognosis and immunotherapy response for oral
squamous cell carcinoma, is related to cell invasion, metastasis, and CD8+
T cell infiltration. Oncoimmunology 10 (1), 1938890. doi:10.1080/2162402X.
2021.1938890

Yin, X, Han, S., Song, C., Zou, H., Wei, Z,, Xu, W, et al. (2019). Metformin
enhances gefitinib efficacy by interfering with interactions between tumor-
associated macrophages and head and neck squamous cell carcinoma cells. Cell.
Oncol. 42 (4), 459-475. doi:10.1007/s13402-019-00446-y

Zanoni, D. K., Montero, P. H., Migliacci, J. C., Shah, J. P., Wong, R. J., Ganly, I,
et al. (2019). Survival outcomes after treatment of cancer of the oral cavity (1985-
2015). Oral Oncol. 90, 115-121. doi:10.1016/j.oraloncology.2019.02.001

Zhang, F., Parayath, N. N,, Ene, C. L, Stephan, S. B., Koehne, A. L., Coon, M. E,,
et al. (2019). Genetic programming of macrophages to perform anti-tumor
functions using targeted mRNA nanocarriers. Nat. Commun. 10 (1), 3974.
doi:10.1038/s41467-019-11911-5

Zhao, M., Ang, L., Huang, J., and Wang, J. (2017). MicroRNAs regulate the
epithelial-mesenchymal transition and influence breast cancer invasion and
metastasis.  Tumour  Biol. 39 (2), 1010428317691682. doi:10.1177/
1010428317691682

Zhu, Y., Herndon, J. M., Sojka, D. K., Kim, K. W., Knolhoff, B. L., Zuo, C,, et al.
(2017). Tissue-resident macrophages in pancreatic ductal adenocarcinoma
originate from embryonic hematopoiesis and promote tumor progression.
Immunity 47 (2), 323-338.e6. doi:10.1016/j.immuni.2017.07.014

frontiersin.org


https://doi.org/10.1007/s00262-009-0667-x
https://doi.org/10.1016/0140-6736(93)91348-p
https://doi.org/10.1016/0140-6736(93)91348-p
https://doi.org/10.1038/srep27548
https://doi.org/10.1038/srep27548
https://doi.org/10.1172/JCI125336
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.1172/JCI128644
https://doi.org/10.1038/nm.3337
https://doi.org/10.1038/nm.3337
https://doi.org/10.3389/fimmu.2022.840923
https://doi.org/10.1038/s41467-021-20893-2
https://doi.org/10.1158/0008-5472.CAN-17-3876
https://doi.org/10.1002/cre2.228
https://doi.org/10.1007/s12291-010-0060-8
https://doi.org/10.1007/s12291-010-0060-8
https://doi.org/10.1016/j.ccr.2014.03.021
https://doi.org/10.3390/cancers12071764
https://doi.org/10.1016/j.bbrc.2018.02.104
https://doi.org/10.1158/1078-0432.CCR-16-2248
https://doi.org/10.3322/caac.21660
https://doi.org/10.12659/msmbr.903910
https://doi.org/10.1016/j.oraloncology.2019.04.019
https://doi.org/10.1016/j.oraloncology.2019.04.019
https://doi.org/10.1007/s00262-020-02622-8
https://doi.org/10.1007/s00262-020-02622-8
https://doi.org/10.1007/s13277-015-4763-6
https://doi.org/10.1016/j.cmet.2019.06.001
https://doi.org/10.1155/2020/2125656
https://doi.org/10.1016/j.yexcr.2018.03.007
https://doi.org/10.1038/s41467-021-23164-2
https://doi.org/10.1016/j.oraloncology.2015.11.001
https://doi.org/10.1016/j.oraloncology.2015.11.001
https://doi.org/10.1038/bjc.2015.212
https://doi.org/10.1038/bjc.2015.212
https://doi.org/10.1186/s12967-019-02191-0
https://doi.org/10.1158/0008-5472.CAN-04-1449
https://doi.org/10.1158/0008-5472.CAN-04-1449
https://doi.org/10.1016/j.joms.2017.03.009
https://doi.org/10.1016/j.ymthe.2021.02.006
https://doi.org/10.1016/j.ymthe.2021.02.006
https://doi.org/10.3389/fonc.2019.00231
https://doi.org/10.1080/2162402X.2021.1938890
https://doi.org/10.1080/2162402X.2021.1938890
https://doi.org/10.1007/s13402-019-00446-y
https://doi.org/10.1016/j.oraloncology.2019.02.001
https://doi.org/10.1038/s41467-019-11911-5
https://doi.org/10.1177/1010428317691682
https://doi.org/10.1177/1010428317691682
https://doi.org/10.1016/j.immuni.2017.07.014
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.959747

	The role of tumor-associated macrophages in oral squamous cell carcinoma
	1 Introduction
	2 The origin, classification, and function of tumor-associated macrophages
	3 Tumor-associated macrophages promote oral squamous cell carcinoma invasion and metastasis
	4 Tumor-associated macrophages promote oral squamous cell carcinoma angiogenesis
	5 Tumor-associated macrophages promote the immunosuppression during the progression of oral squamous cell carcinoma
	6 Immunotherapy targeting tumor-associated macrophages
	6.1 Clearing tumor-associated macrophages
	6.2 Reprogramming tumor-associated macrophages

	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


