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Abstract: Mast cells (MCs) are tissue-resident immune cells that are important players in diseases
associated with chronic inflammation such as cancer. Since MCs can infiltrate solid tumors and
promote or limit tumor growth, a possible polarization of MCs to pro-tumoral or anti-tumoral
phenotypes has been proposed and remains as a challenging research field. Here, we review the
recent evidence regarding the complex relationship between MCs and tumor cells. In particular, we
consider: (1) the multifaceted role of MCs on tumor growth suggested by histological analysis of
tumor biopsies and studies performed in MC-deficient animal models; (2) the signaling pathways
triggered by tumor-derived chemotactic mediators and bioactive lipids that promote MC migration
and modulate their function inside tumors; (3) the possible phenotypic changes on MCs triggered
by prevalent conditions in the tumor microenvironment (TME) such as hypoxia; (4) the signaling
pathways that specifically lead to the production of angiogenic factors, mainly VEGF; and (5) the
possible role of MCs on tumor fibrosis and metastasis. Finally, we discuss the novel literature on the
molecular mechanisms potentially related to phenotypic changes that MCs undergo into the TME
and some therapeutic strategies targeting MC activation to limit tumor growth.

Keywords: mast cells; cancer; signaling pathways; hypoxia; MC polarization; bioactive lipids

1. Introduction

The immune system is composed of white blood cells, organs, and tissues of the
lymphatic system, and diverse molecules such as antibodies, enzymes, and cytokines. Via a
complicated network of processes and cells, the immune system detects injured tissue and
recognizes self versus non-self, thus protecting the body from diseases of exogenous and
endogenous origins and potentially dangerous molecules [1,2]. The relationship between
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the immune system and cancer development has been studied since long ago without being
fully understood. For example, classical works conducted during the 17th and early 18th
centuries demonstrated the relationship between immune response and tumor growth.
One of them was undertaken by William Coley, who discovered that stimulation of the
immune response by intratumoral injection of the Streptococcus pyogenes bacteria decreased
tumor growth and burden in patients with sarcoma and melanoma [3]. Subsequently,
Dr. Paul Ehrlich developed the concept of “immunosurveillance” to propose that tumors
are constantly identified and eradicated by the host immune system even before clinical
manifestations occur, thereby protecting the host from cancer [4]. Since the postulation of
this hypothesis, many efforts have been made to elucidate the molecular mechanisms by
which the immune cells can recognize and interact with tumor cells, contributing to the
elimination, tolerance, or the expansion of the malignancy, with the hope of utilizing that
knowledge to generate new therapies against cancer.

Research showing that malignant tumors can also develop in patients with an apparent
functional immune system indicates that immunosurveillance is not sufficient to explain
the complex relationship between the immune system and malignant tumors. Those
results gave rise to the postulation of a more complex and adequate term known as cancer
immunoediting, a dynamic process that occurs in the development of tumors [5]. According
to the cancer immunoediting hypothesis, the immune system may have a dual role in tumor
progression, not only preventing but also shaping neoplastic disease [6]. Transformed cells
survive and become more resistant to the elimination mechanisms, thus reaching a state
that makes them resistant to immunosurveillance. Once that primary tumor is developed,
both innate and adaptative immune cells can then turn into allies of tumors and promote a
privileged environment where tumor growth continues unrestricted by immune pressure.
Due to the complex relationship that exists between cell transformation, tumor growth,
and immune detection, knowledge about the role of specific immune cell types in the
distinct phases of cancer immunoediting becomes critical to understand how tumor cells
are detected by the immune system, and how the ability of the immune system to fight
against cancer could be restored.

Tumor-associated immune cells are the main players in cancer immunoediting. In
particular, innate immune cells, such as macrophages, antigen-presenting dendritic cells,
or mast cells have been associated with both pro-and anti-tumoral responses. Those
findings have opened up new insights regarding therapeutics against cancer. In this
review, we will discuss some of the main aspects of the relationship between MCs and
tumors, focusing on the mediators and signaling pathways involved in the chemical
communication between tumor cells and MCs that lead to MC recruitment, their effects
on angiogenesis, and other intratumoral processes that lead to tumor growth and, finally,
the application of that knowledge to the design of MC-directed therapeutic strategies to
control cancer development.

2. The Multifaceted Role of Mast Cells in Solid Tumors

Mast cells (MCs) are tissue-resident elements that translate stimuli from the local
environment into the controlled secretion of active chemical mediators through the activa-
tion of specific signaling pathways connected to different secretion pathways [7]. Those
mediators modulate host-protective immune responses against bacteria, parasites, and
viruses, but are also associated with a detrimental role in allergic diseases and cancer [8–10].
It is well known that MCs can infiltrate many solid tumors and, once there, they are known
as tumor-associated MCs (TAMCs) (Figure 1) [11]. TAMCs are considered distinguish-
able participants and orchestrators of both pro-tumoral and anti-tumoral responses and
represent one of the most controversial immune cell types in cancer since on one side,
they can promote different processes that lead to tumor progression such as angiogenesis,
lymphangiogenesis, fibrosis, and metastasis, but, in addition, TAMCs can release mediators
capable of inducing the recruitment of other immune cells into the tumor that can perform
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pro- or anti-tumor functions (Figure 1). It is now accepted that a complex interaction
between tumor cells and MCs exists and needs to be closely analyzed.

Figure 1. Current vision of the relationship between MCs and malignant tumors. Tissue-resident
MCs and probably MCs precursors are incorporated to the sites of tumor growth through the action of
distinct chemokines and active lipids. Under the influence of the TME, MCs modify their phenotype
towards TAMCs and secrete mediators that contribute to the generation of new blood and lymphatic
vessels, the recruitment of distinct immune cell lineages and the fibrosis of tumor mass. Mediators
can also promote metastasis of primary tumors. The final consequences of MCs’ activation can be
considered pro-or anti-tumorigenic, depending on still undefined conditions. Figure made using
BioRender, accessed on 7 January 2022, agreement number HV23G71UG7.

The role of MCs in cancer has been addressed utilizing distinct experimental ap-
proaches, such as the histological analysis of MC distributions in animal and human solid
tumors (reviewed in [11,12]). In those works, the capacity of MCs to infiltrate the solid
tumor has been considered an important marker associated with either better or worse
prognosis depending on the type and tumor stage. In some solid tumors, MCs are detected
in the intratumoral areas, while in others they are preferentially located in the peritumoral
zones. Intriguingly, the presence of peritumoral MCs seems to indicate bad prognosis,
while its intratumoral location is associated with both favorable and unfavorable prog-
noses (Table 1). Some studies have made efforts to associate the presence of TAMCs in
peritumoral or intratumoral areas with specific tumor-associated processes. For example,
in lung cancer, there is a positive correlation between MCs’ numbers (identified as tryptase
and chymase positive) and microvascular density in the intratumoral zone, supporting
the involvement of MCs in the angiogenic process [13]. In some types of tumors, MCs’
infiltration correlates with tumor progression, invasion and increased microvessel density,
whereas in others, the correlation is the opposite [12].

Table 1. Localization and activity of MCs in common human malignant tumors and animal models
of tumor growth.

Tumor Type Mast Cell Activity/Function Localization/Prognosis References

Basal Cell Carcinoma (BCC) **
High numbers of MCs were found in BCC patients. MCs secrete

IL-8 and RANTES to recruit lymphocytes and VEGF to
promote angiogenesis.

Peritumoral [14]

Breast Cancer **

MCs positive for estrogen receptor in the stroma of tumors are
associated with low-grade tumors in BC patients. Tumor stroma [15]

MCs may play a role in primary breast cancer angiogenesis.
Infiltrated MCs may contribute to stromal remodeling and the
α-SMA+ myofibroblast differentiation, both in BC patients.

Bad prognosis [16,17]
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Table 1. Cont.

Tumor Type Mast Cell Activity/Function Localization/Prognosis References

Cholangiocarcinoma
(ICC) **

Intratumoral MCs secrete histamine to promote angiogenesis,
EMT of cancer cells, and ECM degradation in a mouse model.

Cholangiocytes secrete Stem Cell Factor (SCF) to recruit MCs into
the tumor in vitro.

Intratumoral [18]

Colorectal Cancer
(CRC) **

MCs secrete chymase to recruit macrophages, neutrophils, and
other immune cells to improve host immunity against cancer in

CRC patients.
Good prognosis [19]

Perivascular MCs promote angiogenesis and tumor progression at
earlier and advanced stages. Peritumoral MCs positive for PAR-2

are associated with advanced CRC and numbers of MCs serve as a
prognostic marker in CRC patients.

Peritumoral/Bad prognosis [20–22]

Endometrial carcinoma
MCs have a preferential localization along blood vessels and sites

of new vessel formation in human endometrial
carcinoma samples.

Intratumoral/Bad prognosis [23]

Gastric Cancer (GC) **
and Gastrointestinal

Cancer (GIC) **

MCs promote angiogenesis and metastasis of cancer cells in
GC patients. Peritumoral/Bad prognosis

[24] and
references

therein

In GC patients exist a positive correlation between MC numbers,
IL-17 production and microvessel density, and numbers of

neutrophils and regulatory Tregs.
Intratumoral/Bad prognosis [25]

MCs levels increase with tumor progression and predict reduced
overall survival in GC patients. [26]

Gynecologic Cancer **

High density of MCs in human samples of pre-malignant lesions
of the cervix and endometrial cancer. MCs secrete tryptase to

promote angiogenesis and invasion.
Peritumoral [27]

MCs are detected in ovarian cancer, uterine leiomyomas, vulva
cancer, and the trophoblastic disease in women. Peritumoral [28]

Hepatocarcinoma
(HCC) **

Peritumoral MC density positively correlates with the numbers of
Tregs in HCC patients. Peritumoral/Bad prognosis [29]

MCs secrete IL-17 to induce angiogenesis and tumor progression
in HCC patients. Peritumoral/Bad prognosis [30]

Lung Cancer **

Intratumoral MCs indicate bad prognosis in human lung
adenocarcinomas and advanced tumors. Intratumoral/Bad prognosis [31]

Cytotoxic activity of TNF-α from MCs confers improved survival
in NSCLC (non-small cell lung cancer) patients. Intratumoral/Good prognosis [32]

Melanoma **

Perivascular MCs secrete VEGF to promote angiogenesis, which
correlates with malignancy and metastasis in a mouse model. Peritumoral/Bad prognosis

[33] and
references

therein

Low density of MCs indicates bad prognosis in human samples. Peritumoral/Bad prognosis [34]

Oral Squamous Cell Carcinoma A higher MC density in human OSCC tumors is associated with a
better prognosis. Good prognosis [35]

Pancreatic Cancer **

MCs secrete tryptase and IL-13 to promote cancer cells
proliferation and invasion in vitro. Peritumoral MCs

inter-communicate with pancreatic cancer cells by contact and
high MC density indicates bad prognosis in a mouse model.

Peritumoral/Bad prognosis [36,37]

Prostate Cancer

MCs secrete MMP-9 to promote angiogenesis and invasion and
secrete high levels of FGF-2 in mouse and rat models. [38,39]

Metastasis is promoted by MCs via the regulation of the
lncRNA-HOTAIR-PRC2-Androgen receptor-MMP9 signaling

complex in human and mouse models.
[40]

Peritumoral MCs are biomarkers at early stages of prostate tumor
and indicate bad prognosis in humans. Bad prognosis

[41] and
references

therein

Intratumoral MCs are associated with a lower risk of prostate
cancer recurrence, favorable tumor characteristics and good

prognosis in PC patients.
Intratumoral/Good prognosis [42,43]

Renal Cell Carcinoma

Intratumoral MCs promote tumor angiogenesis and acceleration
of tumor growth in human and mouse models. Bad prognosis [44]

MCs are associated with cell proliferation and recurrence in
RCC patients. Peritumoral/Bad prognosis [45]

The presence of intratumoral MCs in patients with RCC without
metastasis after surgery functions as a predictive marker of

survival and relapse.
Intratumoral/Good prognosis [46,47]

Thyroid carcinoma
The secretion of histamine, CXCL1 and CXCL10 by human MCs
promotes cancer cells’ proliferation, survival, and metastasis, as

well as angiogenesis in vitro.
Bad prognosis [48]

** Denotes high numbers of MCs.
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Other strategies to address the role of MCs in tumor growth are based on the use
of MC-deficient mice. Utilizing approaches such as the inoculation of transformed cells,
tumorigenesis induced by mutagen exposure, or crosses with genetically modified animals
that produce distinct types of malignant tumors, researchers have taken advantage of some
mice whose mutations and genetic characteristics provoke the lack of MCs. In general,
tumor size, metastatic capacity, blood supply, lymphatic vessel generation, and tumor
fibrosis are analyzed in MC-deficient animals and the role of MCs is confirmed by the
reconstitution of MC-deficient mice with bone marrow-derived MCs (BMMCs) derived
from WT animals. Table 2 summarizes the main tumor development studies that have been
conducted in various MC-deficient models. The principal characteristics of MC-deficient
animals are also mentioned since the results should be interpreted with caution and the
existence of defects on other cell lineages and immune processes in those animals should
be taken into account. The studies mentioned in Table 2 indicate that, as in human tumors,
MCs can play a positive and/or a negative role in pre-clinical models of tumor growth.

Table 2. Tumor development in MC-deficient models.

Sash Mice (c-kit Wsh/Wsh)
Mice bearing a large inversion (close to 70 kb) comprising the promoter of the c-kit gene (Wsh mutation). Constitutive lack of MCs, melanocytes,
and interstitial cells of Cajal. Extramedullary myelopoiesis and systemic neutrophilia. Cardiac defects due to abnormal corin expression. Normal

MCs numbers and neutrophils are reached after reconstitution with BMMCs from WT mice [49–52].

Tumor analyzed Experimental approaches and main findings

Melanoma

-Tumor generation: s.c. administration of 1 × 105 B16.F10 cells above the right and left flanks.
-Results: TLR-2 receptor agonist (Pam3CSK4) inhibited the growth of melanoma tumors, and this effect was attributed to
MCs since it was not observed in MC-deficient mice. Tumor growth inhibition was restored in c-kit Wsh/Wsh mice through
local reconstitution with WT, but not with TLR2-deficient MCs [53].

-Tumor generation: s.c. administration of 0.5 × 106 B16.F1 melanoma cells into the left ear pinna.
-Results: Monomeric IgE (mIgE) increased melanoma tumor growth, peritumoral MCs numbers, and blood vessels in WT
but not in c-kit Wsh/Wsh mice. Effects of mIgE on melanoma tumor growth were restored after reconstitution of sash mice
with WT but not with Fyn −/− BMMCs [54].

-Tumor generation: i.d. administration of B16-OVA melanoma cells and adoptive transfer of tumor-specific OT-I and OT-II T
cells (TCs) was performed, followed by 3 consecutive peritumoral injections of LPS or vehicle.
-Results: LPS-activated melanoma-resident MCs secreted CXCL10, which recruited tumor-infiltrating effector T cells (TILs)
and started the immune response against melanoma. c-kit Wsh/Wsh mice failed in inducing protective immune activation
upon LPS exposure. Reconstitution of the skin of c-kit Wsh/Wsh mice with WT BMMCs completely restored LPS-induced
melanoma immune control [55].

Prostate
adenocarcinoma

-Tumor generation: s.c. administration of 2 × 106 cells from the T1525 and T23 cell lines.
-Results: MCs promoted prostate tumor growth through MMP-9 production. Reconstitution of c-kit Wsh/Wsh with WT but
not with MMP-9−/− MCs was enough to restore tumor growth [38].

Intestinal tumor
-Utilized cancer model: Murine model of multiple intestinal neoplasia (Min, APCMin/+).
-Results: Sash mice developed 50% more adenomas, and the tumors were 33% larger than in their WT littermates.
Eosinophils were fewer in adenomas from Min–Sash mice than in WT mice [56].

Pancreatic tumor

-Tumor generation: i.p. administration of 1 mg of tamoxifen in mice (pIns-mycERTAM; RIP7-bcl-xL), a murine model of
Myc-induced β-cell carcinoma.
-Results: Myc-induced pancreatic tumors were not observable on c-kit Wsh/Wsh mice. MCs contributed to the generation of
blood vessels and the macroscopic expansion of Myc-induced pancreatic islet tumors [57].

-Utilized cancer model: Spontaneous mouse model of pancreatic ductal adenocarcinoma (PDAC) K-rasG12V.
-Results: PDAC tumor growth was inhibited in c-kit Wsh/Wsh mice, but it was observable in WT mice. Tumor development
was recovered in sash mice reconstituted with WT BMMCs [37].

Bladder carcinoma
-Tumor induction: i.d. administration of 2.5 × 105 MB49 cells.
-Results: Sash female mice showed enhanced survival to MB49 tumors in comparison to WT female mice. Reconstitution of
Wsh female mice with BMMCs diminished protective anti-tumor immunity [58].

Breast cancer

-Utilized cancer model: c-kit Wsh/Wsh mice were crossed with mammary tumor model mice with the MMTV-Polyoma
Middle T antigen (PyMT).
-Results: c-kit Wsh/Wsh mice showed delayed tumor growth, diminished tumor size, and reduced lung metastasis and
angiogenesis compared to MC-proficient mice [59].

-Utilized cancer model: Mammary tumor transgenic mouse strain MMTV-Polyoma middle T antigen (PyMT).
-Results: MCs induced a luminal phenotype and modified the outcome of breast cancer tumors. The absence of MCs was
associated with a lower grade of mammary tumors, with an evident reduction in metastasis dissemination [60].
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Table 2. Cont.

Gastric cancer
-Utilized cancer model: c-kit Wsh/Wsh mice were crossed with the gp130F/F intestinal-type gastric cancer murine model.
-Results: gp130F/F/c-kit Wsh/Wsh mice showed significantly smaller and fewer tumors than their gp130F/F littermates. MC
deficiency diminished gp130F/F-driven tumor mass [61].

Squamous cell
carcinoma

-Utilized cancer model: c-kit Wsh/Wsh mice were crossed with E7 mice to obtain MC-deficient mice expressing the
HPV16-E7 oncoprotein (E7.Kit Wsh/Wsh mice).
-Results: Whereas E7 mice showed tumor generation and no rejection of tumor grafts, E7 Kit Wsh/Wsh mice showed
increased rejection of skin grafts [62].

Malignant pleural
effusion

-Utilized cancer model: malignant pleural effusions (MPEs) induced by LLC and MC38 adenocarcinomas.
-Results: MPEs were not observed in c-kit Wsh/Wsh mice, and the adoptive transfer of WT bone marrow, as well as MC
reconstitution, restored MPEs in MC–deficient mice [63].

Lung
adenocarcinoma

(LADC)

-Utilized cancer model: LADC induced in KRASG12D-transgenic mice.
-Results: c-kit Wsh/Wsh (KRASG12D; c-kit Wsh/Wsh) showed protection from KRAS-driven alveolar carcinomas compared
with KRASG12D mice.
Tumor induction: i.d. injection of 106 LLC cells into the rear flank dermis.
-Results: c-kit Wsh/Wsh mice displayed delayed primary tumor growth, as well as decreased spontaneous metastasis to the
lungs compared with controls [64].

Kit Wv/Kit Wv

Mice bearing a point mutation at the white spotting (W) locus together with a point mutation in the tyrosine kinase domain (Wv) of the protein
CD117 (c-Kit). Expressed a truncated and inactive form of CD117. Constitutive lack of melanocytes, interstitial cells of Cajal, and MCs. Sterile,
presented macrocytic anemia, gastric ulcers, and low numbers of bone marrow cells and circulating neutrophils. The very low number of MCs

observed in these mice could be restored after reconstitution with BMMCs from WT mice [65–67].

Tumor analyzed Experimental approaches and main findings

Melanoma

-Tumor generation: s.c. administration of B16-BL6 melanoma cells (l05 cells) in ear pinna.
-Results: Kit W/Wv mice showed slower angiogenesis and a lower metastatic colony development rate than their WT
littermates. Angiogenic response and incidence of hematogenous metastases were restored with WT bone-marrow
reconstitution in Kit W/Wv mice [68].

Skin carcinogenesis

-Tumor generation: Administration of the carcinogen 7,12 dimethylbenz[a]-anthracene and subsequent treatment with the
tumor promoter 12-tetradecanoyl phorbol-13-acetate (PMA).
-Results: Tumor development and growth were increased in Kit W/Kit Wv mice. Reconstitution by local adoptive transfer of
MCs normalized tumor incidence and growth [69].

Squamous cell
carcinoma

-Utilized cancer model: Transgenic mouse model of HPV-associated squamous cell carcinoma.
-Results: Premalignant angiogenesis was abolished in Kit W/Kit Wwv HPV16 transgenic mice [70].

Intestinal tumor
-Tumor generation: Administration of 1,2 dimethylhydrazine (DMH).
-Results: Compared to WT mice, Kit W/Kit W-v mice developed fewer tumors after treatment with DMH. Adoptive transfer
of WT bone marrow cells to W/Wv mice increased the susceptibility to the development of DMH-induced tumors [71].

Lewis Lung
Carcinoma

(LLC)
-Tumor generation: s.c. administration of 2 × 106 tumor cells in the right flank.
-Results: Tumor incidence was higher in MC-deficient mice (Kit W/Wv and Kit Wv/+) than in WT animals [72].

Fibrosarcoma -Tumor generation: s.c. administration of 104 MC-B6-1 tumor cells in the right flank.
-Results: Tumor incidence was higher in MC-deficient mice (W/WV and in WV/+) than in WT animals [72].

Cre-mediated mast cell eradication (Cre-Master)
Mice generated by placing Cre expression under the control of the Cpa3 gene promoter. Deletion of 28 nucleotides of the first exon of Cpa3 locus.
Constitutive lack of MCs in peritoneum, skin, and intestine. An important reduction in spleen basophil function. Some MC-dependent reactions

could be reconstituted with BMMCs from WT mice [73].

Tumor analyzed Experimental approaches and main findings

Melanoma -Utilized cancer model: Spontaneous tumor melanoma Tg(GRM1)EPv.
-Results: Median tumor onset was significantly earlier in GRM1/Cre-Master mice than in Tg(GRM1)EPv control mice [74].

Skin carcinogenesis

-Utilized cancer model: Topical administration of 25 mg of 7, 12-dimethylbenz(a) anthracene (DMBA) on the back skin of 8-
to 10-wk-old female mice, and one week later, 7.5 mg of the tumor promoter 12-tetradecanoyl phorbol-13-acetate (PMA) was
applied weekly for 20 wk.
-Results: Tumorigenesis-associated vascularization was not impaired in Cre Master mice [75].

Lung
adenocarcinoma

(LADC)

-Utilized cancer model: Mice received 10 consecutive weekly i.p. injections of urethane, a carcinogen contained in tobacco
(1 g/Kg).
-Results: Cpa3.Cre mice were markedly protected from urethane-induced bronchial carcinomas in terms of tumor
multiplicity, size, and cellular proliferation rate.
Tumor generation: i.d. administration of 106 LLC cells into the rear flank dermis.
-Results: Cpa3.Cre mice displayed delayed primary tumor growth and decreased spontaneous metastasis to the lungs
compared with controls [64].

Malignant
pleural effusion

Utilized cancer model: Malignant pleural effusions (MPEs) induced by LLC and MC38 adenocarcinomas.
-Results: MCs were required for MPEs since Cpa3Cre/+ mice were protected from adenocarcinoma-induced effusions [63].
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Table 2. Cont.

Mcpt5-Cre+ R-DTA
Mice created by the crossing of transgenic mice expressing Cre recombinase under the control of the MC protease-5 (Mcpt-5) promoter and

DTR-floxed mice. Inducible reduction in skin, stomach, and peritoneal MCs, which normally express Mcpt-5 [76,77].

Tumor analyzed Experimental approaches and main findings

Melanoma

-Tumor generation: i.v. or s.c. administration of 1 × 105 B16.F10 cells into the tail vein or hip region of male mice.
-Results: Reduced melanoma colonization in lungs from Mcpt5-Cre+ R-DTA+ vs. Mcpt5-Cre- R-DTA+ mice was
observed [33].

-Tumor generation: i.d. administration of B16-OVA melanoma cells and adoptive transfer of tumor-specific OT-I and OT-II T
cells (TILs) was performed, followed by 3 consecutive peritumoral injections of LPS or vehicle.
-Results: Mcpt5-cre+ R-DTAfl/fl mice failed to initiate melanoma immune defense upon LPS exposure as WT mice did [55].

Squamous cell
carcinoma

-Utilized cancer model: Transgenic mouse model of HPV-associated squamous cell carcinoma.
-Results: Absence of MCs had no impact on HPV-Induced epithelial growth and neovascularization, no differences were
observed between MC-proficient (R26DTA/DTA Cre-negative) and MC-deficient (R26DTA/DTA Mcpt5-Cre + R-DTA)
K14-HPV16 transgenic mice [78].

“Hello Kitty” Cpa3-Cre; Mcl-1fl/fl Tg (Cpa3-cre) 3Glli; B6;129-Mcl1tm3sjkJ
Mice created by a cross between transgenic mice expressing Cre under the control of Cpa3 promoter and Mcl-1 floxed mice. Constitutive low
numbers of MCs in lung, peritoneum, skin, and trachea. Reconstitution of skin due to passive anaphylactic reactions caused by intradermal

injection of BMMCs from WT mice. Lower numbers of basophils [79].

Tumor analyzed Experimental approaches and main findings

Gastric cancer

-Utilized cancer model: Mice Cpa3-Cre; Mcl-1fl/fl were crossed with the mouse model gp130F/F of intestinal-type
gastric cancer.
-Results: MC-deficient gp130F/F;Cpa3-Cre; Mcl-1/fl/fl mice had significantly reduced tumor mass compared to their
MC-proficient controls. Reduced angiogenic vessel density in the tumors of gp130F/F; Cpa3-Cre;Mcl1fl/fl mice [61].

SI/SId

Mice presenting a mutation at the Sl locus, codifying for Stem Cell Factor (SCF). Constitutive lack of melanocytes, germ cells, and interstitial cells of
Cajal and MCs. Animals could not be reconstituted with BMMCs from WT mice, but MCs could be restored after injection of SCF [65,80,81].

Tumor analyzed Experimental approaches and main findings

Melanoma
-Utilized cancer model: Systemic intra-arterial injection of B16-G3.26 melanoma cells.
-Results: Tumor metastasis in mutant SI/SId mice was evaluated. Mutant Sl/SId mice were found to have a markedly lower
incidence of ovarian metastasis compared to normal congenic mice [82].

Ws/Ws

Rats presented a deletion on the white locus (c-Kit gene, Ws, white spotting mutation). As a consequence, four amino acids close to the tyrosine
autophosphorylation site of CD117 were absent in the protein. Constitutive of MC deficiency and anemia [83–85].

Tumor analyzed Experimental approaches and main findings

Breast cancer -Tumor generation: Administration of 50 mg/kg of the chemical carcinogen N-nitrosomethylurea (NMU).
-Results: Ws/Ws rats did not show signs of neoplasia after treatment, compared to WT rats [86].

s.c., subcutaneous; i.v., intravenous; i.d., intradermal; i.p., intraperitoneal.

To explain the dual role of MCs in tumor development, it is necessary to consider the
cellular and molecular composition of the tissue where the tumor emerges and develops.
This niche is known as the tumor microenvironment (TME), a complex interactive scenario
formed by the transformed cells themselves and a highly heterogeneous population of
non-tumor cells, which can reside in the tissue or be recruited into the tumor. Among
these non-tumor cells are fibroblasts, pericytes, adipocytes, endothelial cells, and certainly
immune cells [87]. In addition, the TME includes surrounding blood and lymphatic vessels,
extracellular matrix (ECM), signaling molecules such as cytokines and chemokines, and
tissular metabolic alterations due to the high proliferation rate of tumor cells, among which
are low oxygen concentrations and a decrease in pH [88]. All these components induce
a chaotic and hostile environment that not only modifies the phenotype of tumor cells
and immune cells but also enhances the aggressiveness of cancer, supporting the idea that
tumor development is strongly dependent on cellular interactions within the TME [87,89].

In the following sections, we will first discuss the stimuli and signal transduction
pathways that have been involved in MCs’ migration to tumors. Then, we will also
discuss the available data related to the influence of TME conditions (such as hypoxia)
in the phenotype of MCs, the effect and signaling cascades activated by selected tumor-
secreted mediators on MCs, the role of MC-derived mediators on tumor angiogenesis,
lymphangiogenesis and fibrosis, together with the evidence linking MC activity with
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metastasis generation. Finally, the therapies that have been proposed to control tumor
growth and dissemination by targeting MCs will be discussed.

3. Signaling Pathways and Chemotactic Molecules Involved in Mast Cell-Migration to
Solid Tumors

Cell migration is a fundamental process that allows the translocation of an individual
cell or a group of cells through tissues or fluids. For many years, MCs were considered as
tissue-resident cells that, after migrating from the bone marrow (as mast cell progenitors,
MCp) to vascularized tissues, finish their differentiation under the influence of locally
produced mediators. More recent evidence indicates that MCs can migrate in response
to mediators produced in distinct pathological conditions. In cancer, MCs migrate to
different types of tumors, including lip squamous cell carcinoma, brain tumors, gastric
cancer, melanoma, and glioblastoma [90–94], among others.

3.1. Tumor-Derived Cytokines and Growth Factors That Promote MC Migration to Tumors

Even though numerous MC chemoattractants have been described [95], only some of
them have been studied in the scope of oncological processes. One of the best-characterized
MC chemoattractants is SCF, which promotes MC survival and is produced by tumor
cells. Human glioblastoma cells, hepatocarcinoma cells (H22), mammary carcinoma cells
(AC2M2), and colon cancer cells (HT29 and Caco2) produce SCF to stimulate the infiltration
of MCs into the tumors. The molecular mechanism involving MC chemotaxis to SCF
involves the activation of the SCF receptor (c-Kit), that, after the activation of its tyrosine
kinase domain, activates complex signaling pathways that lead to MC movement. In
the signaling cascade of the c-Kit receptor that leads to MC chemotaxis, the activity of
Src family kinases, the phosphorylation of adapters, and enzyme recruitment have been
reported [94,96–98]. Recently, a role of the protein 4.1R on MC chemotaxis towards SCF
was found. Utilizing BMMCs obtained from WT and 4.1R-deficient mice, it was observed
that chemotaxis towards SCF and spreading on fibronectin were reduced in the absence of
the 4.1R protein [99]. Since that polypeptide belongs to a family of hub proteins that couple
distinct membrane proteins to the cytoskeleton [100], the formation of protein aggregates
in the plasma membrane of MCs when migration to SCF was proposed.

Besides SCF, many chemokines released by solid tumors can also stimulate the migra-
tion of MCs. It was previously shown that the pharmacologic inhibition of CXCR4, the
receptor of chemokine CXCL2, inhibits MCs’ migration towards pancreatic adenocarcinoma
in mice, increasing the survival of affected individuals [36]. In tumor tissue and conditioned
media (CM) of pancreatic cell lines, the inhibition of CXCR4 by a neutralizing antibody
decreased MC migration towards gastric cancer CM [26]. In both cases, the chemokine
CXCL12 was found to be responsible for MCs chemotaxis. Other relevant chemokines
secreted by tumors are CCL2, CCL5, CCL11, and CCL15. A study performed by Giannou
A.D. and cols. demonstrated that Lewis lung carcinoma cells (LLC) significantly expressed
CCL2 and induce MC chemotaxis into pleural cavities [63]. It was reported that in infection
induced by human papillomavirus type 16 (HPV-16), the viral oncoprotein E7 induces the
secretion of CCL2 and CCL5, contributing to MC recruitment [62]. In addition, CCL5 and
CCL11 are highly expressed in Hodgkin leukemia cell lines and uterine cellular leiomy-
oma cells, inducing the migration of MCs towards CM [101,102]. Similarly, CM of the
cancer cell line HT29, which constitutively expresses CCL15, induces MC migration that
is significantly diminished in the presence of a CCL15-blocking antibody [98]. All these
data suggest that tumors release chemokines capable of recruiting MCs into the TME by
activating chemokine receptors.

Interestingly, it has been shown that angiogenic factors synthesized by tumor cells
induce MC chemotaxis. For example, in 1995, Gruber et al. reported that murine BMMCs
lines (C1.MC/C57.1) were able to migrate in response to VEGF, platelet-derived growth
factor AB (PDGF-AB), and basic fibroblast growth factor (bFGF) by a mechanism requiring
tyrosine phosphorylation of receptors and downstream effects [103], indicating that factors
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acting on endothelial cells to alter vascular permeability also recruit MCs. Furthermore,
Melillo and cols. demonstrated that MCs migrate towards the CM from thyroid carcinoma
cell lines and that blocking VEGF-A with a neutralizing antibody mitigated MC migration,
concluding that VEGF-A participates in MCs chemotaxis [48]. About FGF, it was shown
that the PTX3-derived small molecule FGF trap significantly decreases the recruitment of
MCs to the periphery of tumor lesions of murine models of prostate cancer, suggesting
that FGF can induce MC migration [104]. On the other hand, adrenomedullin (AM), a 52-
amino acid peptide with vasodilator effects, was increased in renal carcinoma (RC) patients,
correlating with an increase in MC density in AM-positive RC tissues compared to AM-
negative RC tissues, suggesting that AM acts as MCs’ chemoattractant. Moreover, in vitro
chemotaxis experiments confirmed that AM modulates MCs’ recruitment to RC tumors via
the phosphatidylinositol-3-kinase (PI3K)/AKT/GSK3β/AM signaling pathway [44].

Other chemoattractants increased in solid tumor sites are complement products (C3a,
C5a), transforming growth factor β (TGF-β), platelet-derived growth factor (PDGF), adeno-
sine, chemokine CXCL10, or interleukins (IL)-8 and 37, and lipid mediators including
sphingosine-1-phosphate (S1P), lysophosphatidylinositol (LPI), prostaglandin E2 (PGE2),
or leukotrienes (LTB4) [105,106]. Except for lipid mediators, which will be discussed in
the next section, the effects of those molecules as MC migration agents towards malignant
tumors have not been elucidated and should be a matter of further studies in the future.

3.2. Bioactive Lipids as Key Molecules Involved in MC–Tumor Interactions

Novel evidence indicates that different lipid mediators act as MCs’ chemotactic
molecules and could modulate the activity of MCs in pro-inflammatory niches and TME
(Figure 2). Those include S1P, lysophosphatidic acid (LPA), PGE2, PGD2, LTB4, LTD4,
and LTC4. Bioactive lipids are molecules that trigger different GPCR-mediated signaling
pathways and regulate immune and inflammatory responses, as well as cellular home-
ostasis [107]. According to Chiurchiù and cols. those lipids are classified into four groups:
lysophospholipids/sphingolipids, classical eicosanoids, endocannabinoids, and specialized
pro-resolving mediators [108]. Regarding MC–tumor communication, only the first three
categories have started to be explored.

The group of lysophospholipids/sphingolipids, characterized by containing phospho-
lipids with a single acylated chain and a glycerol or sphingosine backbone, has gained
importance in recent years due to the discoveries indicating that they are important reg-
ulators of immune cells [109]. Those include S1P, a very well characterized compound
that promotes MCs’ migration, and other molecules, such as LPI or LPA that also seem to
influence MCs’ migration.

S1P is a sphingolipid metabolite produced by the sphingosine kinases (SphKs) 1 and 2
that is increased in TME and was considered as a promising therapeutic target in the control
of cancer growth [110]. S1P is secreted by tumor cells and was found in high concentrations
in TME [111]. From the extracellular space, S1P exerts its effects through the activation of
five GPCR receptors named S1P receptors (S1PR) 1–5. MCs express S1PR1, S1PR2, and
S1PR4 [112]. S1PR1 is involved in the migration of MCs toward low concentrations of
antigen, whereas S1PR2 participates in FcεRI degranulation [113,114].

To induce migration, S1PR1 triggering leads to the activation of heterotrimeric Gi pro-
teins, which can modulate different pathways leading to cell survival through the PI3K/Akt
pathway, cell migration through the PI3K and Rac pathways, and cell proliferation through
the ERK1/2 pathway. In contrast, S1PR2 is coupled to Gi, Gq, and G12/13 [115]. Loss of
S1PR resulted in a decreased chemotactic motility, whereas loss of S1PR2 inhibited MC
degranulation. The concentrations of S1P needed for degranulation were higher than those
needed for chemotaxis [113] and it was suggested that MCs migrate to target tissues with
low S1P concentration gradients in inflammatory conditions. However, after reaching the
target, higher S1P concentrations would prevent further migration and the cells could start
to degranulate in response to a more extensive ligation of S1PRs [116], a situation of critical
relevance to understanding the role of MC physiology inside the TME.
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Figure 2. Signaling pathways activated by bioactive lipids to induce migration in MCs. Distinct
bioactive lipids secreted by tumor cells induce MCs’ migration towards solid tumors by the activation
of signaling pathways leading to actin cytoskeletal re-arrangements. Those pathways are initiated by
the binding of the ligands Lysophosphatidic acid (LPA), Sphingosine-1-Phosphate (S1P), Lysophos-
phatidic acid (LPI), Anandamide (AEA), 2-araquidonoyl-glycerol (2-AG), Phosphatidyl-ethanolamine
(PEA), and Prostaglandins E2 or D2 (PGE2 or PGD2) to their respective G protein-coupled receptors
(GPCRs), which activate heterotrimeric G proteins (Gi, Gq/11, G12/13) to initiate canonical signaling
cascades mainly controlled by the Rho and Rac family of small GTPases and the phosphatidylinositol
3-kinase (PI3K). In addition, activation of Phospholipase C (PLC) and calcium mobilization is required
(see text for details). The modifications to MCs’ transcriptome induced by bioactive ligands and the
consequences of their respective GPCRs on MCs’ phenotype remains to be fully analyzed. Figure
made using BioRender, agreement number XQ23G72YOM.

Besides S1P, LPI has emerged as an important bioactive lipid with a regulatory role
in cancer. Increased levels of LPI have been reported in patients with colon, prostate,
breast, and ovarian cancer, suggesting that transformed cells can produce LPI [117–120].
Transformed cells also can respond to LPI. The effect of this mediator on cell migration
has been reported mainly in transformed cells, such as breast, prostate, and colon cancer
models, where LPI leads to the formation of filopodia and enhances cell polarization and
migration, resulting in increased metastasis [118]. To induce migration, LPI interacts with
the GPR55 receptor, considered as a putative cannabinoid receptor since it recognizes
classical ligands of this system [121]. This receptor is coupled to G12/13 proteins and its
engagement leads to the activation of GTPases such as RhoA, Cdc42, and Rac1, which
regulate actin cytoskeleton remodeling, cell shape, polarity, and migration. The expression
of GPCR55 in MCs has already been reported [122,123] and its activation (together with
the cannabinoid CB2 receptor) inhibits the FcεRI-mediated degranulation and cytokine
expression in this cell type [123]. Any possible involvement of LPI on MC migration to
tumors remains as an open question.
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Another lysophospholipid is LPA, which requires two phospholipases for its synthesis:
autotaxin (ATX) and specific-LPA phospholipase A1 [124]. Interestingly, the ATX/LPA axis
is over-expressed in oncological diseases such as melanoma, breast cancer, renal carcinoma,
and neuroblastoma [125–128]. Furthermore, it was observed that LPA participates in
angiogenesis, cell proliferation, growth, survival, immunomodulation, migration, and
invasion [129]. The actions of LPA are mediated by six specific GPCRs, namely LPAR 1–6,
and two unspecific GPCRs—the GPR87 and P2Y5 receptors. Specific LPA receptors are
coupled to the Gs, Gi/o, Gq/11, and/or G12/13 proteins [130]. Interestingly, it was observed
that MCs express the LPAR1-5 gene [131]. In those cells, LPA induces the expression of
proinflammatory chemokines through LPAR2 as well as proliferation through LPAR1 and
LPAR3 in human MCs, and the release of histamine in rat peritoneal MCs [132,133]. In
addition, MCs express ATX, suggesting they are also capable of synthesizing LPA [134].
Unfortunately, LPA’s effects on MC migration to TME have not been studied; however,
evidence suggests LPA could be a MCs chemoattractant and that its participation in MCs’
migration to solid tumors is possible.

Regarding classical eicosanoids, PGE2 is the most abundant in oncological processes.
Expression of PGE2, COX-1, COX-2, or its microsomal PGE synthetase (mPGES-1) is
highly increased in human epithelial ovarian cancer cells, squamous cervix carcinoma,
adenocarcinoma tissues, papillary thyroid cancer cell lines, and human hepatocarcinoma
tissues [135–138]. PGE2 participates in angiogenesis, cell differentiation and proliferation,
immunoregulation, migration, invasion, and metastasis, acting on different cells from the
TME [139]. PGE2 binds to GPCRs receptors, namely EP 1-4. In distinct preparations of
MCs, the expression of all those receptors has been observed and evidence indicates that
the effects of PGE2 on MCs are diverse in inflammatory contexts. For example, in the
MC-9 cell line, PGE2, through EP1 and/or EP3 activation, enhances FcεRI degranulation
and selected cytokine production [140]. However, when analyzed in the murine OVA-
induced allergic asthma, the EP3 receptor was shown to play an inhibitory role in MC
activation, since mice that were deficient in that molecule (Ptger3−/−), but not those
deficient in the other PGE2 receptors, presented an enhanced allergic response accompanied
by increased cell recruitment to inflamed lungs and higher levels of histamine and cysteinyl
leukotrienes [141]. Since the mentioned mediators are mainly produced by MCs, the
authors suggested that PGE2, acting on an EP3 receptor on that cell type, modulates MC-
dependent pro-inflammatory mediator release. That hypothesis was confirmed in a model
of PGE2-induced swelling, where the effect of that lipid was prevented in MC-deficient
mice and recovered when they were reconstituted with BMMCs from WT but not from
EP3-deficient animals [142]. When tested on BMMCs or peritoneal MCs, PGE2 promoted
histamine release and IL-6 production with the participation of the EP3 receptor coupled to
Gi/o, calcium mobilization, and PI3K activation in WT but not in EP3-deficient cells [142].
On the other side, in vivo studies showed that PGE2-induced MC migration is regulated
via mTORC2/PI3K/Rac [143]. Again, there are no specific studies addressing the question
of whether PGE2 induces MC migration towards malignancies; however, evidence suggests
that its participation should be considered.

Another relevant prostaglandin is PGD2, an important anti-inflammatory mediator.
It is produced by the cyclooxygenase (COX) enzyme and by the hematopoietic PGD
synthase (H-PGDS) encoded by the Hpgds gene. In high-grade serous ovarian cancer,
gastric cancer tissues or Lewis lung carcinoma, PGD2 and H-PGD2 synthase are highly
expressed [144–146]. MCs express PGD2 receptors: the classic DP1 receptor and the DP2
receptor, also known as the chemoattractant receptor-homologous molecule expressed on
Th2 cells (CRTh2). The migration of PGD2-stimulated MCs to cancer cell lines has not
been demonstrated. However, PGD2 production by MCs is important in anti-inflammatory
responses and acts as an antiangiogenic factor in lung carcinoma [146]. Furthermore,
the activation of CRTh2 by PGD2 or the specific agonist DK-PGD2 increased calcium
mobilization and ERKs kinase phosphorylation in BMMCs, inducing their migration in
both in vitro and in vivo experiments [147]. Interestingly, anaphylactic reactions and
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inflammatory symptoms caused by MC activation via IgE/Ag complexes were higher in
Hpgds−/− mice than WT animals, indicating that MC-derived prostaglandin D2 diminish
the intensity of pro-inflammatory reactions [148], and potentially, could exert limiting
effects on tumor growth.

Finally, the group of endocannabinoids (ECs) has gained popularity in recent years
and although its role in MC tumor migration has not been elucidated, there is evidence of
the expression of classical cannabinoid receptors in MCs [149]. The best-studied ECs are
N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), although other
ECs are also relevant, such as palmitoylethanolamide (PEA). ECs perform their functions
by binding to canonical CB1 and CB2 GPCRs. MCs express both CB1 and CB2 receptors.
When CB2 is activated, it induces negative regulatory effects on MCs’ activation, while
CB1 contributes to the suppression of secretory responses [149]. ECs also limit excessive
MC maturation and activation in human skin in situ and regulate SCF expression via CB1
stimulation [150]. In addition, AEA inhibits FcεRI-dependent degranulation and cytokine
synthesis through a possible CB2 and GPR55 dimer activation in MCs [123]. On the other
hand, 2-AG can inhibit antigen-induced histamine release in guinea pigs’ MCs via CB2
activation, and LPS-induced TNF-α release in BMMCs [151,152]. Regarding migration,
there are no studies that demonstrate that 2-AG or AEA stimulate migration of MCs;
however, PAE was shown to reduce MC density and degranulation in traumatic brain
injuries collected from mice [153]. Whether this effect is generated for an antiproliferative
mechanism or an inhibition of MC migration is not clear. Since cannabinoids exert anti-
inflammatory effects in distinct pathological conditions, further studies are needed to
examine the role of ECs in MC migration and activation in the context of cancer.

4. Influence of TME Conditions on MC Physiology: Can We Talk about Mast
Cell Polarization?

Once MCs reach tumors, they become, as in other tissues, sensitive to the influence
of locally produced mediators. Transcriptomic profiles have revealed that MCs show
high heterogeneity in gene expression across tissues. It has been demonstrated, in both
humans and rodents, that depending on the signals released from the tissue where they
reside, MCs express surface markers and signaling molecules that make them unique
compared with MCs that reside in other anatomical locations [154,155] (Figure 3). This
tissue-dependent phenotypic plasticity and transcriptomic heterogeneity cluster MCs in
a very distinctive group of immune cells. Due to this plasticity, it was hypothesized
that, in pathological conditions such as malignant tumors, MCs could display different
phenotypes, depending on the stimuli they receive from the TME [156]. For example,
Presta and cols. hypothesized that MCs could adopt two different phenotypes, similar to
macrophages. These two hypothetical phenotypes are called MC1 and MC2, related to
pro-inflammatory and anti-inflammatory secretory profiles, respectively. According to this
novel idea, the MC1 phenotype would be characterized by a low expression of IL-10 and
the ability to induce a high inflammatory cell infiltrate, while the MC2 phenotype would be
characterized by an elevated synthesis and release of IL-10, leading to a weak inflammatory
cell infiltrate [157]. Moreover, the MC2 group of MCs could promote the recruitment of
regulatory T cells (Tregs), since some studies have demonstrated that tryptase, a classical
marker of MCs, has a positive correlation with the Treg marker FOXP3 in human gastric
cancer (GC) and hepatocellular carcinoma [29,158]. Interestingly, it was observed that
expression of TGF-β correlates with tryptase-positive cells and that Tregs express the TGF-
β receptor in GC biopsies, suggesting that this cytokine could be involved in the crosstalk
between MCs and Tregs [158]. Similar to M2 macrophages, the MC2 subset of MCs could
foster tumor progression by promoting an immunosuppressive microenvironment that
hinders cytotoxic responses of NK and T cells against tumor cells. In accordance with this,
Varrichi and cols. suggested that MC2 cells play a pro-tumorigenic role, whereas the MC1
subset is anti-tumorigenic (Figure 3). Interestingly, the authors highlighted that the complex
biochemical milieu of the TME could polarize MCs towards these two phenotypes [159].
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Extensive research is needed to identify key molecules or environmental conditions that
could orchestrate the possible phenotypic changes in MCs that lead to polarization towards
the MC1 or MC2 phenotypes.

Figure 3. Possible MC polarization towards MC1 and MC2 phenotypes caused by the influence of
TME. MCs located in normal organs establish communication with surrounding cells by sensing the
production of tissue-specific molecules. This interaction allows the production of a limited number of
mediators, which favors tissue homeostasis (left panel). Under the influence of extreme conditions
that are prevalent in the TME (such as hypoxia, oxidant environments, and high concentrations of
adenosine), MCs suffer changes that include the increase in intracellular ROS, the translocation of the
L-type voltage-dependent calcium channel (LVDCC) from LAMP2 positive reservoirs to the plasma
membrane (see Section 4.1), and possible epigenetic and transcriptional modifications. Current
explanations of diverse experimental observations on the role of MCs on tumor growth include the
possible differentiation to, at least, two different phenotypes, called MC1 (anti-tumoral) and MC2
(pro-tumoral) ones (right panel). See details in the text. Figure was made using BioRender, agreement
number MH23G74PX.

In the following sections, we address some characteristics of TME that could impact the
phenotypic changes of MCs. Due to hypoxia being a distinctive feature of the TME, we will
place special emphasis on the effects that this condition may have on the MC phenotype.

4.1. Hypoxia and MCs: A Dangerous Connection in Cancer?

Hypoxia is a condition in which oxygen (O2) demand exceeds supply in a particular
tissue or organ. Maintaining optimal O2 levels is a matter of life and death for aerobic
organisms; thus, hypoxic cells have to modify their transcriptome to adapt to low O2 levels,
altering the expression of genes involved in cell survival and apoptosis [160]. The master
regulator of the cellular response to hypoxia is the hypoxia-inducible factor 1 (HIF-1), which
is a heterodimeric transcription factor consisting of a constitutively expressed β-subunit
and an O2-regulated α-subunit. Under normoxic conditions, HIF-1α is continuously
degraded through the ubiquitin–proteasome pathway, but hypoxic conditions lead to HIF-
1α’s stabilization, accumulation, and nucleus translocation, where it forms a heterodimer
with HIF-1β. This transcriptional complex binds to hypoxia-response elements (HREs)
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to induce the expression of several genes related to multiple processes, such as glucose
transport, energy metabolism, erythropoiesis, and angiogenesis [161].

It has been well documented that hypoxia is a universal feature of the interior of
solid tumors, where O2 concentrations can be as low as 1–2% [162,163]. TAMCs can be
exposed to this condition and should respond to this important TME feature. Phenotypic
changes triggered by hypoxia in this cell type remain poorly explored. A pioneer work
demonstrated that hypoxia per se increases IL-6 release but does not induce degranulation
in human culture MCs. Importantly, IL-6 was critical for MC survival, since IL-6 neutraliza-
tion significantly decreased the MC viability under hypoxia [164]. More recently, results
in our laboratory demonstrated that BMMCs exposed to 1% O2 exhibited an increase in
the secretion of the chemokine CCL2 as early as two hours after exposure to hypoxia,
suggesting that this condition can modulate the secretory profile of MCs. Moreover, hy-
poxia was accompanied by an important production of reactive oxygen species (ROS) that
was necessary for an increase in intracellular calcium concentration in hypoxic BMMCs.
Interestingly, the hypoxia-induced calcium increase was not only dependent on ROS for-
mation, but it was sensitive to nifedipine, a selective inhibitor of L-type voltage-dependent
calcium channels (LVDCCs). In the same study, it was observed that a 24-h exposure of
BMMCs to 1% O2 promotes the translocation of the α1c subunit of the Cav1.2 channel
from intracellular pools to the plasma membrane [165] and that this phenomenon occurs
through vesicles positive to lysosome-associated membrane protein 2 (LAMP2) (Figure 4).
Interestingly, the translocation of LAMP proteins has been associated with the activation of
MCs and basophils [166,167], and in this regard, it is possible to hypothesize that hypoxia
may promote the mobilization of MC granules towards the plasma membrane and the
subsequent release of mediators that could have an important impact on the TME. However,
further investigations are required to test this interesting hypothesis. In particular, because
tumor mass seems to be subjected to cyclic hypoxia [168], the study of the effect of that
particular condition on phenotypic changes in the MC secretome remains as a promising
source of information about changes that this immune cell type suffers inside the TME.

Figure 4. Example of molecular changes occurring in MCs under hypoxic conditions. Cav1.2 subunit
of L-type voltage-dependent calcium channels (LVDCC) is associated with LAMP2-containing vesicles
and translocates to the plasma membrane. Bone marrow-derived MCs (BMMCs) were exposed to
low-oxygen conditions (1% O2) for 24 h. After that time, cells were harvested, fixed by standard
methods, and the localization of the Cav1.2 subunit of LVDCC and the lysosomal marker LAMP2
was performed utilizing specific antibodies and confocal microscopy. A representative picture of at
least five taken with different BMMCs cultures is shown and selected sections were amplified (white
rectangles). Photograph was taken by AIS. Scale bar = 2 µm.
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5. Tumor-Derived Molecules That Activate MCs

Tumors secrete several mediators that contribute to creating specific microenviron-
mental conditions to promote cell proliferation, angiogenesis, metastasis, and immunosup-
pression. Signaling pathways involved in the communication between MCs and tumors
involved in the secretion of cytokines and chemical mediators by this cell type have not been
fully described. In the next section, we summarized some of the main tumor-produced me-
diators able to activate MCs, emphasizing the signaling pathways that lead to MC-derived
cytokine production.

5.1. Tumor-Derived DAMPs That Activate Toll-like and RAGE Receptors in MCs

During tumorigenesis, tumor cells may be damaged because of efficient anti-tumoral
activity mediated by cytotoxic immune cells, or cell death mediated by apoptosis or necrop-
tosis may take place due to oxygen deprivation within the TME. Cell damage and death
lead to the release of alarmins or damage-associated molecular patterns (DAMPs), which
are released both from necrotic cells and in response to anti-cancer therapies. Examples of
those molecules are the calcium-binding proteins family (S100s), the high mobility group
box 1 protein (HMGB1), adenosine, IL-33, and others, which interact with several pattern
recognition receptors (PRRs), such as Toll-like receptors (TLRs) and receptors for advanced
glycation products (RAGE) expressed in MCs [7,169–172].

The main receptors for HMGB1 are TLR-4 and RAGE [173]. In MCs, TLR-4 receptor
activation triggers the MyD88-dependent canonical signaling pathway, leading to the
nuclear translocation of IKK-dependent NFkB and promoting the production of TNF-
α. Our group previously showed that, after TLR-4 triggering, IKK also phosphorylates
SNAP-23, a SNARE protein involved in the secretion of preformed TNF-α [174]. The
release of pre-formed TNF-α requires the activation of PKC, the mobilization of VAMP3-
positive vesicles [175], and the activation of the metalloproteinase ADAM-17 (TACE) in an
ERK1/2-dependent fashion [176]. The effects of TNF-α produced in solid tumors include
the activation of the NFkB-signaling pathway and the induction of an immunosuppressive
phenotype on MCs, characterized by the high expression of PD-L1 in those cells [26].
Thus, the secretion of TNF-α, mediated by TLR-4 receptor activation, may exert positive
autocrine feedback and promote an immunosuppressive phenotype of MCs into TME.
Additionally, in vitro studies show that, in response to TLR-4 ligands, MCs produce a
pro-inflammatory cytokine profile characterized by TNF-α, IL-1β, IL-6, and IL-13 [177],
which could contribute to increasing the inflammation inside tumors. Finally, although the
role of MCs activated by the HMGB1 ligand has not yet been described in detail, HMGB1
was shown to enhance the pro-tumoral activities of M2 macrophages through a mechanism
that is dependent on the RAGE receptor [178], and whether this also happens in TAMCs
remains as an interesting open question.

5.2. Tumor-Derived Mediators That Activate RTKs in MCs

Tumor cells secrete diverse growth factors that act in autocrine and paracrine ways to
support malignant cell proliferation, angiogenesis, and metastasis [179]. Particularly, SCF
released by tumor cells can activate the c-KIT receptor expressed on mature MCs, increasing
IL-17 expression and promoting an immunosuppressive TME characterized by the secretion
of adenosine and the increase in Tregs cell infiltration in tumor samples [97]. The signaling
pathways triggered by the SCF/c-Kit axis include phospholipase C γ (PLCγ) activation, an
increase in inositol 1,4,5-triphosphate (IP3), and the phosphorylation of mitogen-activated
protein kinases (MAPKs), Akt, and transcription factors such as NFkB, STAT-5, and STAT6
in MCs [180]. Stimulation of the c-Kit receptor also activates the mTORC1 signaling
pathway in a PI3K-dependent fashion, which is essential to the production of cytokines
and the chemotaxis of human and mouse MCs (see previous sections) [181].

SCF increases several pro-inflammatory mediators, such as IL-6, TNF-α, VEGF, Cox-2,
iNOS, and CCL-2 in BMMCs. Moreover, it was shown that SCF potentiates the response
activated via the FcεRI receptor, suggesting that c-Kit and FcεRI act in close crosstalk [182].
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Interestingly, crosstalk between c-Kit and the Toll/IL-1receptor (TIR) family member IL-33
receptor (IL-33R) has also been proposed. In a recent work, it was demonstrated that IL-33
cross-activates the c-Kit receptor in human and murine MCs through the formation of a
complex formed by c-Kit, IL-33R, and the IL-1 receptor accessory protein. The authors
found that c-Kit activation is necessary for the correct signaling pathway triggered by
IL-33 since imatinib, an inhibitor of tyrosine kinases including c-Kit, diminished IL-33-
induced cytokine secretion. Furthermore, in wild-type BMMCs stimulated with IL-33,
the formation of the c-Kit/IL-33R complex only occurred upon SCF stimulation. Inter-
estingly, co-stimulation with SCF plus IL-33 induced higher levels of IL-6 compared to
those observed in cells stimulated with SCF or IL-33 alone, suggesting a synergistic effect
of these molecules in MC activation [183]. This could be relevant in the context of cancer,
since tumor-derived IL-33 activates MCs to produce chemotactic molecules that promote
tumor-associated macrophages (TAMs)’ infiltration, which, in turn, supports angiogenesis
and tumor growth in a mice model of GC. Interestingly, in GC patients, the transcriptional
signature of activated MCs with IL-33 and TAMs’ markers correlates with decreased patient
survival, suggesting that IL-33 is a potent tumor-derived molecule capable of activating
MCs to foster their pro-tumorigenic role in GC [61]. However, considering that many
molecules that are capable of activating MCs are present in the TME, it remains to be clari-
fied whether the triggering of other TIR-family members, such as TLRs, also cross-activates
RTKs in MCs and contributes to tumor progression.

5.3. Tumor-Derived TGF-β Activate MCs

TGF-β is a growth factor that regulates key aspects of immune responses. In addi-
tion, it promotes fibrotic processes and regulates many aspects of tumor immunology.
It is produced by malignant cells and by other cell types present in the TME, including
Tregs [184]. TGF-β is a potent chemoattractant of BMMCs, peritoneal MCs, and HMC-1
cells, and this factor is considered a key molecule in the migration of MCs towards tumor
tissue [185,186]. The signaling pathways that modulate the migration of MCs are not known
in detail. However, the activation of MCs with TGF-β favors a polarized morphology with
changes in the cytoskeleton that are mediated by the Rho GTPase signaling pathways that
characterize cells that are ready to start migration [186,187]. Other proteins activated in the
process of migration of MCs induced by TGF-β are Fyn kinase and the protein phosphatase
2A (PP2A), which promote actin depolarization mediated by cofilin activation [188], and
the activation of MAP kinases MEK1 and MEK2 [185]. In vitro studies have shown that
TGF-β regulates BMMCs’ proliferation, growth, and differentiation [189]. Moreover, TGF-β
inhibits the de novo synthesis of the Kit protein in a Smad-dependent manner and prevents
degranulation and cytokine production in response to the aggregation of FcεRI, as well as
promoting apoptosis in human skin MCs [190]. TGF-β ligands are also potent antagonists
of IL-33-induced MC function in allergic and inflammatory disease [191]. In addition,
TGF-β induces the upregulation of MC proteases MCP-1, MCP-6, and MCP-7, and it has
also been described that TGF-β increases the production of chymase and tryptase, which
can function as activators of extracellular matrix metalloproteinases (MMPs) [192–195]. In
turn, the activity of metalloproteinases is fundamental in the process of metastasis and
tumor invasion [196].

5.4. Potential Role of Tumor-Derived Adenosine and Neuropeptides in MC Activation

It is well known that the TME contains multiple soluble factors that can activate
MCs [106]. One of them is adenosine, a nucleoside composed of a molecule of adenine
attached to sugar ribose through glycosidic linkage. Adenosine is synthesized from ATP by
an enzymatic action that involves the ectonucleotidases CD39 and CD73 [197]. It has been
observed that adenosine concentrations in the TME are significantly higher than in normal
tissue [198]. This adenosinergic milieu promotes an immunosuppressive environment,
which suppresses anti-tumor immunity and supports tumor growth [199]. Adenosine plays
autocrine and paracrine roles in both tumor and non-tumor cells [170]. In particular, the
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effects that adenosine exerts on MCs have been addressed using distinct in vitro MC prepa-
rations and several models of inflammation, asthma, and cancer (reviewed in [200,201])
These functions are mediated by four GPCRs, named A1, A2a, A2b, and A3. From those
molecules, the A3 receptor seems to mediate the most important actions of adenosine
on MCs [201]. For example, a direct activation of MCs upon contact with cancer cells,
by a mechanism involving an autocrine loop of adenosine, and the consequent signaling
pathways triggered by the A3 receptor, including PI3K, Akt, and ERK1/2 MAPK phos-
phorylation, were shown [202]. Moreover, in a more recent study, it was demonstrated
that MCs are activated by cancer extracellular vesicles (EVs) in a CD73- and adenosine-
dependent manner, promoting the upregulation of genes involved in tissue remodeling
and angiogenesis, which was found to be related to lung cancer progression [203]. Taken
together, these data suggest that adenosine plays an important role in the MC activation in
cancer, which seems not to be restricted to the presence of adenosine in the TME where
MCs reside, but rather, also appears to be involved in the direct contact with tumor cells
and in the tumor-derived EVs’ effects on MCs.

Other soluble factors present in the TME are neuropeptides since distinct studies indi-
cate that peripheral nerves display a major role in the first steps of tumor formation [204,205].
Neuropeptides act as potent cellular growth factors for many cell types, including cancer
cells. They are a diverse group of messengers that act as neurotransmitters, paracrine
regulators, or systemic hormones. Those include angiotensin, substance P, and vasopressin,
among others. Neuropeptides have been involved in the autocrine/paracrine stimulation
of tumor cell proliferation and migration, and their expression and synthesis have been
demonstrated in some types of cancer, including those of the lung, pancreas, and colon
(reviewed in [206]).

Given that nerve terminals are increasingly recognized as important structures for tumor
development, and neurotransmitters and neuropeptides are present in the TME [207,208],
the latter could activate tumor-resident MCs and control their activation. For example,
it is known that MCs can be activated by substance P to induce inflammation in distinct
pathophysiological contexts [209] and this can be the case inside malignant tumors. Future
research will shed light on this unexplored and relevant aspect of nerve–MCs communica-
tion MCs in cancer.

6. MC-Derived Mediators That Promote the Recruitment of Other Immune Cells to
the TME

Once infiltrated into the tumors, MC-derived mediators can stimulate the migration
of other immune cells to the TME. Among those cell types are T lymphocytes, NK cells,
macrophages, DCs, neutrophils, and myeloid-derived suppressor cells (MDSCs) [105].
The infiltration of immune cells in the TME is a key factor in cancer prognosis, due to
these recruited cells having immunomodulatory effects that can promote or impair tumor
growth. For example, the presence of MCs was associated with higher Treg cells infiltration
in a model of hepatocarcinoma, suggesting that MC-derived mediators can induce the
migration of Tregs cells towards tumors [97]. In addition, in a colon cancer model, activated
IgE/Ag BMMCs induced the migration of MDSCs and this was partially mediated by
leukotrienes since their inhibition with Montelukast (a leukotriene receptor antagonist)
reduced the migration of MDSCs [210]. Additionally, MCs promote the infiltration of
IL-17-producing MDSCs, which, in turn, recruit Treg cells and foster immunosuppression
in the TME [211]. Importantly, intratumoral tryptase-positive-MCs have been shown to
be the main source of IL-17 in some solid tumors [25,30]. In line with these observations,
samples from patients with colorectal cancer showed a negative correlation between CD8+
T cell infiltration and MCs’ infiltration, suggesting that the lower the number of MCs
in the tumor, the greater the anti-tumor response and better the prognosis of colorectal
cancer [212]. Finally, attracted by MC activation, macrophages—the phagocytic cells par
excellence—infiltrate into the TME. IL-33-activated-MCs or PI3K/AKT signaling pathway-
activation in MCs induce the production and secretion of chemoattracting molecules,
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stimulating the activation of macrophages as well as promoting their recruitment and the
production of macrophage-attracting factors such as Csf2, CCL3, and IL-6, thereby inducing
gastric and colon cancer cells’ invasion [61,213]. All these studies suggest a pro-tumoral
role of MCs based on inducing the recruitment of immunosuppressive cells that lead to
poor defense against tumors.

On the other hand, MC-derived mediators that induce the recruitment of immune
cells that are able to fight against tumors have also been reported. In melanoma tumors,
MC-derived CCL3 induced the recruitment of CD8+ T cells and NK cells [53]. Moreover,
the secretion of CCL2, which is dependent on the activation of the TLR-7 receptor in MCs,
promotes the recruitment of plasmacytoid dendritic cells (pDCs) to the tumor niche where
they differentiate to tumor-killing effector cells [214]. Finally, a recent study demonstrated
that LPS-activated melanoma-resident MCs can secrete CXCL10, which, in turn, recruits
tumor-infiltrating effector T cells (TILs) and initiates melanoma immune defense [55].

Summarizing, MCs are important recruiters of TME-related immune cells. It should
be considered that, in addition to the characterized mediators, others could also induce
migration of these cell types and that they should also be studied in the context of neoplastic
processes, both to know their role in cell trafficking and to understand their effects on those
cell types within the tumor, which will help to elucidate the role of MCs in cancer.

7. MC-Derived Mediators That Participate in Angiogenesis: The Case of the
Production of VEGF

Hypoxia and other conditions existing in the TME, together with tumor-derived
mediators, lead to the production of pro-angiogenic molecules. From those, VEGFA is
one of the most important, since it activates the VEGF receptor 2 (VEGFR2) located in
endothelial cells (ECs) from blood capillaries and leads to changes in their phenotype,
causing the differentiation of tip cells that move across the extracellular matrix and generate
new vessel sprouts. It has been shown that malignant (but not benign) tumors induce strong
angiogenic processes through a mechanism known as the “angiogenic switch” that includes
the formation of a dense network of blood vessels inside the tumors. However, anti-
angiogenic molecules are also produced, modulating the process of new vessel formation
inside the tumor mass (for a review, see [215]).

From initial observations of tumor mass composition, it was proposed that resident
immune cells could provide tumor cells with pro-angiogenic factors [216]. Although
the participation of MCs in tumor growth and angiogenesis has been accepted due to
the fact this cell type can secrete distinct molecules that lead to the formation of new
blood vessels, the mechanism by which MCs synthesize and secrete VEGFA and other
pro-angiogenic factors that contribute to tumor angiogenesis remains poorly described.
MCs are attracted to sites where angiogenesis is produced, as was previously shown with
the angiogenesis that occurs on the chorioallantoic membrane model on eggs [217]. In that
model, the addition of VEGF (then known as the vascular growth factor) increased the
number of MCs forty times 24 h after the initial administration of VEGF, although no direct
participation of MCs on angiogenesis was observed. On the other hand, MCs have been
shown to produce VEGF. For example, the human mast cell line HMC-1 stimulated for 24 h
with PMA/A23187 produced mRNAs for VEGF121, VEGF165, VEGF189, and VEGF206.
Moreover, the constitutive presence of VEGF on granules of human skin MCs has also
been shown [218]. In line with those studies, it was demonstrated that C1MC/C57.1 MCs
expressed the mRNA for VEGF and this increased after triggering of the high affinity IgE
receptor (FcεRI) or with the treatment with PMA. Additionally, the presence of VEGF
was detected by in situ hybridization of freshly isolated peritoneal mouse MCs (PMCs).
Remarkably, VEGF was detected on the supernatants of BMMCs after being treated with
monomeric IgE (mIgE) for 4 days and stimulated with a specific antigen [219]. In those
conditions, it was demonstrated that VEGF secretion in response to FcεRI crosslinking
is a rapid event that can be observed at short times (3 h) after stimulation [219]. In the
absence of antigen, monomeric IgE (mIgE) promotes VEGF secretion in BMMCs through a
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mechanism that requires the activation of Fyn kinase and the translational regulator 4E-BP1,
which favors the IRES-dependent translation of VEGF mRNA [54]. The positive effect
of mIgE on MC-derived VEGF production was observable in vivo, utilizing the B16-F1
murine melanoma model since the number of peritumoral MCs and intratumoral blood
vessel density increased in the presence of mIgE in WT but not in mast cell-deficient c-kit
Wsh/Wsh mice (See Table 2). The effects of mIgE on MC-induced tumor angiogenesis were
diminished with the anti-VEGF antibody bevacizumab [54]. Signaling pathways activated
by mIgE in MCs include the activation of MAPK ERK1/2, JNK, and p38. In addition,
mIgE importantly activates Akt (Thr 308 and Ser 473) phosphorylation, the leukotriene
synthesis and accumulation of TNF-α, IL-6, IL-4, and IL-13 mRNAs, and the secretion
of IL-6. Remarkably, mIgE prevented apoptosis of BMMCs by stabilizing the levels of
Bcl-X2 protein [220] and induced the production of ROS [221]. Other stimuli that induce
survival of MCs also promote VEGF synthesis in that cell type. For example, IL-6 was
found to induce VEGF secretion in human in situ-maturated skin MCs and potentiates
FcεRI-induced secretion of that factor [222]. In the same line, IL-33, which promotes MC
survival, leads to the production of VEGF in human lung MCs [223,224]. Other mediators
produced in the TME also induce VEGF production in MCs. For example, PGE2 induces
the synthesis of VEGFA via the EP2 receptor in human cord blood-derived human MCs
(CBMCs) [225]. Finally, it is important to mention that recent reports suggest that VEGF
and other tumor-produced factors (such as angiopoietins 1 and 2) are associated with
MC proliferation since those mediators were found to increase in serum from patients
with mastocytosis [226]. The mentioned evidence suggests that intratumoral VEGF could
promote MCs’ survival to sustain angiogenesis and, more importantly, that factors that lead
to MCs’ survival maintain the production of VEGF necessary for malignant tumor growth.

Damage-inducing stimuli (such as low dose irradiation, IR) also lead to VEGF synthe-
sis and promote the formation of new blood vessels [227]. Utilizing a limb ischemia model,
irradiation with 2-Gy from a cesium source was shown to improve vascular regeneration
in a MC-dependent manner, since it was not observed in MC-deficient mice. In addition,
irradiation promoted the migration of MC progenitors from the bone marrow to the is-
chemic site. Remarkably, irradiation-induced effects, such as the recruitment of progenitors,
vasculogenesis, and VEGF synthesis in MCs were not observed in MMP-9-deficient mice,
showing that the metalloproteinase is not only a potent chemoattractant for MCs, but is
also a potent inductor of VEGF synthesis in that cell type. It was suggested that IR induce
the expression of selected genes in MCs and stroma cells, leading to the secretion of VEGF
and SCF that, in turn, recruit distinct cells (bone marrow precursors, pericytes, MCs, and
others) that contribute to angiogenesis [227].

Detailed molecular mechanisms leading to MC-derived VEGF production in the high
oxidant, immunosuppressive, and hypoxic conditions prevalent in the TME are not fully
described. In a recent study, utilizing incubation under a nitrogen atmosphere to induce
hypoxia, it was observed that BMMCs accumulate VEGF mRNA [165]. In addition, using
cobalt chloride (CoCl2) to induce chemical hypoxia, it was shown that BMMCs synthesize
and secrete significant amounts of VEGF. Interestingly, VEGF production required the
activation of Src family kinases and the generation of ROS, since it was diminished in
Fyn-deficient BMMCs and prevented by several antioxidants [228]. Altogether, those
data suggest that signaling pathways leading to VEGF production in MCs under hypoxic
conditions include the generation of ROS and activation of Src-family kinases (at least Fyn).
Since it was reported that mIgE also induces the production of ROS and the activation of
Fyn kinase [220], it is possible to speculate that common pathways could be activated by
hypoxia and mIgE and may contribute to VEGF secretion and MC survival. Future research
will give light to the effect of low O2 concentrations on MC survival and the role of mIgE
on the production of pro-angiogenic factors in the TME.
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8. MC-Derived Mediators and Signaling Pathways That Regulate Lymphangiogenesis

The lymphatic vessels are important players in tumor growth and metastasis [229]. As
in other tissues, inside the tumors, lymphoid endothelial cells (LECs) must proliferate and
migrate to form new vessels under the influence of specific growth factors and chemoat-
tractants [230]. Several mediators have been identified as key players in that process, and
most of them are produced by MCs. For example, VEGF-C and VEGF-D, acting through
their receptor (VEGFR3 and its co-receptor neuropilin2, NRP2), activate LECs and cause
proliferation and migration [231]. Utilizing human lung MCs (HLMCs) obtained from the
lung parenchyma of surgery patients, and the human immortalized MC lines LAD-2 and
HMC-1, it was found that those MCs produce active VEGF-A, VEGF-C, and VEGF-D. Inter-
estingly, prostaglandin E2 (PGE2), a bioactive lipid that is produced in pro-inflammatory
conditions, increased VEGF-C but not VEGF-D in LAD-2 cells. In the same study, it was
found that NECA, a metabolically stable adenosine analog, induced the production of
VEGF-A, VEGF-C, and VEGF-D in a dose–response manner in the HMC-1 cell line [232].
Those data strongly suggest that, in response to two mediators produced in the TME, MCs
produce pro-lymphangiogenic factors that could lead to LECs’ migration and proliferation
to form new lymphoid vessels. In the same study, it was found that VEGFR-1 and VEGFR-2
are expressed and active on HLMCs since all members of the VEGF family growth fac-
tors and PIGF provoked MC chemotaxis [232]. Main signaling pathways leading to the
production of mediators participating in angiogenesis and lymphangiogenesis in MCs are
depicted in Figure 5.

Figure 5. Signaling pathways leading to VEGF synthesis and secretion in MCs. After distinct stimuli
(some of them found in TME), MCs secrete VEGF to promote the formation of new blood vessels.
Diverse ligands produced in TME or other conditions have been found to induce VEGF synthesis
in MCs by controlling several steps on its synthesis and release. The binding of monomeric IgE
to FcεRI and the antigen-dependent crosslinking of that receptor lead to ROS generation through
the activation of Fyn tyrosine kinase, which promotes the accumulation of VEGF transcript and
its translation through the internal ribosome-binding site (IRES) of VEGF mRNA. IL-33 and IL-6
receptors also lead to VEGF production in MCs, together with the triggering of the PGE2 receptor.
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Low-level ionizing radiation also leads to VEGF synthesis in MCs and this phenomenon leads to the
restoring of blood vessels in damaged tissue. TME conditions, such as hypoxia or its mimicking agent
cobalt chloride (CoCl2), lead to HIF-1α stabilization and promote VEGF transcription. Other intracel-
lular pathways involved in VEGF synthesis in MCs require increased intracellular calcium levels and
the activation of protein kinase C (PKC). Figure made in BioRender, agreement number FT23G75A9J.

9. MC-Derived Mediators That Contribute to the Fibrotic Process

Fibrosis is a key hallmark of chronic inflammation and the link between inflammation
and fibrosis has been extensively studied. This condition is characterized by an excessive
accumulation of fibrous connective tissue in an organ. Fibrosis is also a well-recognized
characteristic of solid tumors since deposition of extracellular matrix (ECM) stiffens tissue
stroma and promotes cell transformation, tumor growth, malignant cell survival, metasta-
sis, and mesenchymal transition (reviewed in [233,234]). ECM deposition also promotes
hypoxia and the generation of an immunosuppressive TME and tumor metastasis [235]. In
solid tumors, fibroblasts are a major component of TME since those cells are transformed
into cancer-associated fibroblasts (CAFs) and secrete several ECM proteins and soluble
factors, affecting cancer development (reviewed in [236]).

In the context of cancer, evidence indicates that there is a close interaction of MCs and
fibrotic sites of tumors. For example, analyzing biopsies of human breast, head and neck,
lung, ovarian, and non-Hodgkin’s lymphoma, it was found that degranulated MCs are
located in the fibrous tissue of every tumor [237]. On the other hand, it was found that
MC-derived heparin inhibits the proliferation of tumor cells by a mechanism that involves
peritumoral fibroblasts [237]. In addition, evidence was obtained indicating that CAFs
can recruit MCs to the TME via the CXCL12/CXCR4 pathway in prostate cancer [238].
Once recruited, MCs can enhance some fibroblast functions, such as contracting collagen
networks through SCF/c-Kit and increasing collagenolytic enzyme production through
IL-1α and TNF-α signaling pathways [239,240].

Inside tumors, MCs can reshape the TME by regulating both cell behavior and chang-
ing the ECM organization. Besides heparin, MCs may secrete diverse compounds to foster
tumor fibrosis, such as TGF-β, histamine, and tryptase, that activate fibroblasts to pro-
duce collagen in fibrosis [159]. TGF-β possesses important pro-fibrotic functions since this
cytokine promotes fibroblast migration and proliferation, as well as collagen formation
and fibroblast differentiation into CAF. Remarkably, besides its pro-fibrotic effects that
can be associated with tumor progression, TGF-β also exerts tumor-suppressive effects by
inhibiting cell proliferation and immortalization, as well as inducing cell apoptosis. These
protective and cytostatic effects of TGF-β are often lost as tumors develop and progress
and this is why the control of TGF-β signaling has been proposed as a therapeutic strategy
for cancer therapy (reviewed in [241]). Another pro-fibrotic mediator that is produced by
MCs is IL-13, which seems to promote fibrosis via TGF-β-dependent and independent
mechanisms. IL-13 can induce TGF-β production and activation in vivo and directly pro-
mote fibrosis by stimulating proliferation or collagen production by fibroblasts, as well as
CAF differentiation.

TGF-β- and IL-13-positive MCs were observed in human biopsies of the nodular
sclerosis subtype of classical Hodgkin lymphoma (CHL). In that study, only the expression
of IL-13 in Hodgkin and Reed–Sternberg cells (HRS) was associated with a higher rate of
fibrosis and the number of MCs was significantly higher in the group with IL-13-positive
(HRS) cells of tumors. A significantly positive correlation was observed between the rate
of fibrosis and the number of MCs. The authors hypothesized that IL-13 production by
HRS cells may lead to fibrosis and promote MCs’ infiltration and proliferation. This, in
turn, might induce the production of IL-13 and TGF-β (probably by MCs), resulting in the
observed fibrosis of the nodular sclerosis subtype of CHL [242].

Regarding CCL2 (which is also produced by MCs), it has been shown that it attracts
fibrocytes to distinct injuries and, interestingly, the interplay among TGF-β, IL-13, and
CCL2 has been observed in the context of pulmonary fibrosis, suggesting that may play
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a role also in tumor fibrosis [243]. Finally, MC-produced proteases have effects on both
the connective tissue cells involved in fibrosis, as well as in the surrounding ECM. These
proteases stimulate the proliferation of smooth muscle cells, epithelium, and fibroblasts, as
well as promoting fibroblast chemotaxis and myofibroblasts differentiation [244]. Tryptase-
mediated stimulation of fibroblast proliferation and ECM protein synthesis (collagen and
fibronectin) occurs via the activation of the protease-activated receptor PAR-2 [245]. More-
over, tryptase and chymase can also activate MMP to increase ECM turnover [246,247].
Regarding other proteases, MC-derived MMP-2 and MMP-9 are implicated in the ECM’s
degradation and tumor invasion, as well as in the cleavage of some angiogenic factors
stored in the ECM, allowing them to be released into the TME [238].

10. MC-Derived Mediators as Promoters of Metastatic Processes

To explain how tumor cells can migrate from a primary site to colonize specific distant
sites to grow and form metastases, it was proposed that organs that will be metastatic niches
are previously modified by factors secreted by primary tumors, where vascular permeability
and angiogenesis importantly participate in this process [248]. In 1889, Stephen Paget
postulated the theory of seed (cancer cells) and soil (host microenvironment) to explain
that metastasis depends on the interaction of cancer cells and the metastatic niche [249].
More recent information indicates that tumors transform the microenvironment of distant
organs, which in turn undergo adaptation with the subsequent secretion of molecules that
promote the growth of tumor cells before they reach the metastatic niche [250,251].

Several epidemiological studies have associated the presence of MCs with the acquisi-
tion of aggressive phenotypes in different types of cancers including gastric, pancreatic,
and colorectal, while a controversial role has been suggested in breast, lung, and prostate
cancers. It was proposed that TME is a complex system where the interaction of different
cell types including infiltrating immune cells such as MCs are essential for tumor growth,
invasion, and metastasis, determining tumor fate [252].

It was shown through a meta-analysis that a high intra-tumor infiltration with tryptase-
positive MCs was associated with a decrease in overall survival in patients with hepato-
carcinoma and lung cancer, while an association that was not statistically significant was
observed for colorectal, esophageal, and prostate cancer, as well as melanoma. Moreover, a
significant association of a high MC density was associated with shortened disease-free
survival of colorectal cancer and hepatocarcinoma. When clinical pathological features
were assessed, a correlation of high tryptase-positive MC density with lymph node metas-
tasis was found in solid tumors such as lung, liver, and colorectal cancer. These findings
reveal that tryptase-positive MC density may play an important role as a prognostic value
biomarker related to patients with worse clinical outcomes [253].

In a study where MC density was assessed and associated with clinical features and
different molecular types of 219 breast cancer samples, it was found that MC infiltration
is higher in invasive lobular carcinoma compared with invasive ductal carcinoma [254].
Moreover, breast cancer biopsies that are positive for estrogen (ER) and progesterone (PR)
receptors biomarkers harbor a significantly higher MC infiltration than those that are
negative for such receptors; however, no differences were observed when comparing HER2-
positive and HER2-negative cancer samples. Breast cancer molecular types are differentially
associated with the presence of MCs, being luminal A and luminal B subtypes of breast
cancer, those with a higher infiltration of MCs when compared with triple-negative breast
cancer (ER, PR, and HER2 negative). This is an interesting finding since such molecular
types of breast cancer exhibit differences in the immunohistochemical profile that allow their
classification and predict patient survival [255]. Further, an enrichment of MCs’ infiltration
was observed in breast tumors after the patients were treated with chemotherapy. It was
demonstrated that MC density is increased in certain types of invasive breast cancer, which
may suggest an early role in metastasis. Nevertheless, in this study, no association was
found between tumor growth and lymph node metastasis with MCs’ infiltration [254].
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Interesting results have been obtained in studies using MC-deficient transgenic mice
(c-kit Wsh/Wsh), which were crossed with mammary tumor model mice MMTV-Polyoma
Middle T antigen (PyMT) (see Table 2). It was observed that lung metastasis was reduced
in MC-lacking mice. When MC density was evaluated, MCs were located at the edge of
the tumors but not inside of tumor mass [59]. Moreover, another study confirmed that the
absence of MCs was associated with an evident reduction in the metastasis dissemination of
mammary tumors. Interestingly, the authors argued that the reduction in the metastasis of
cancer cells could be explained by a delay in tumor onset in mice lacking MCs compared to
those mice with MCs, and not by an intrinsic feature of cancerous cells [60]. Taken together,
these results support the idea that MCs play an important role in the metastasis of breast
tumors. However, considerations about c-kit Wsh/Wsh mice should be taken into account,
since other alterations have been found in these mouse strains (see Table 2).

Previously, it was reported that gastric cancer samples exhibited a high proportion
of MCs in comparison to normal gastric tissue. Interestingly, MCs’ infiltration increases
with tumor depth, exhibiting the highest proportions in those tumors that invade adjacent
structures compared to those that invades lamina propria or submucosal. Subsequently, it
was found that MCs are highly represented in tumors with lymphatic and vessel invasion
and lymph nodes metastasis [256]. Concordantly, another study showed that the density
of MCs that are positive to tryptase was increased in primary gastric cancer tissue and
lymph node metastasis compared to normal tissues and lymph nodes; moreover, a pos-
itive correlation was found with an increment between microvascular density and MC
density [24].

Cervical tumors have been reported to harbor high infiltration MCs that are positive
to tryptase in invasive cancer in comparison to normal tissue and cervical intraepithelial
neoplasia from grades 1 to 3 [257]. In contrast, Diaconu and cols. demonstrated that
neither cervical cancer nor normal cervical epithelium contained MC infiltration, although
MCs that were positive to chymase and tryptase were present in the distant subepithelial
stroma and peritumoral stroma, which is characterized as a zone of reactive inflammation.
Meanwhile, MCs were also present in the upper subepithelial stroma of controls. Further,
the authors showed in in vitro studies that the culturing of SiHa cervical cancer cells with
a preparation of chymase-tryptase promoted cell detachment. Further, when SiHa cells
were grown on fibronectin, it was demonstrated that the effect of the chymase-tryptase
preparation was due to the degradation of proteins present in the extracellular matrix
(ECM), such as fibronectin. SiHa cell detachment was prevented with SBTI, an inhibitor
of chymase. Interestingly, those detached cells were viable since they continued with
their normal growth when reseeded in a medium without chymase [258]. In contrast,
when keratinocytes were treated with chymase, they became apoptotic [258]. These results
suggest that chymase and tryptase secreted by MCs in the peritumoral region may favor
the remodeling of the ECM of cancer cells, eventually promoting cancer cell migration,
invasion, and metastasis. Therefore, MCs may play a role in advanced stages, contributing
to tumor vascularization and the generation of a microenvironment required for cancer cell
dissemination and metastasis.

Other in vitro studies have suggested that MC-derived mediators promote metastasis
by enhancing cellular detachment from the ECM. H520 and A549 cell lines derived from
human lung squamous carcinoma and alveolar basal epithelial adenocarcinoma, respec-
tively, were treated with MC chymase (MCC) in increasing concentrations (0–50 mU/mL).
It was observed that MCC reduced A549 cancer cell line viability while H520 cells exhibited
a small decrement in that process. Interestingly, when A549 cells were grown in suspension
with MCC, cellular adhesion decreased. Then, after several washes, MCC was removed
from detached A549 cells, allowing those cells to recover their adhesion capacity. Addition-
ally, a reduction in E-cadherin protein levels, correlating with an increase in MMP-9 levels
and activity, was observed in A549 cells treated with 25 and 50 mU/mL of MCC [259].

Brain metastasis surges from many types of cancer and commonly from lung cancer,
breast cancer, and melanoma and presents low treatment response and poor survival
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outcomes since it is a cause of progressive neurological disability. The biology of brain
metastasis must be deeply understood to improve alternative clinical management. The
surrounding microenvironment has been recognized as a factor that significantly influences
the behavior of brain metastasis [260]. In brain metastasis, infiltrating immune cells are
detected; in particular, it has been shown that the brain metastasis contains an active
inflammatory microenvironment, although there is controversial information on its role
in promoting the growth and survival of metastatic cells or a favorable prognosis for the
survival of the patient.

It has been shown that MCs have a strong biological impact on the TME. Although
constituting a minor proportion of immune cells, upon activation, they release mediators
of the immune response. Roy and cols. detected infiltration of MCs in brain metastasis
from different primary tumors [261]. Through tryptase staining, the authors demonstrated
MCs’ infiltration in almost all the brain metastasis tissues analyzed, although the number
of MCs was significantly higher in brain metastasis tissues whose primary cancer origin
was lung, breast, and kidney. Moreover, a strong biological impact was demonstrated
when brain metastasis cell lines and MCs were cocultured, since brain metastasis recruited
MCs, while MCs promoted the growth of brain metastasis cells as well as the acquisition
of stem cell characteristics [261]. Interestingly, in this model, migrating MCs became
activated with the subsequent degranulation, as demonstrated through the increase in
β-hexosaminidase release, as compared with the unstimulated MCs and the overexpression
of the MC proteases tryptase (TPSAB1), chymase (CMA1), and carboxypeptidase A3
(CPA3). MC–brain metastasis cell cocultures also augmented the expression of various
cytokines in MCs, including IL-8, IL-10, VEGF, and MMP2. It was then proposed that brain
metastasis cells secreted chemo-attractants that stimulated MC migration and activation.
Furthermore, there was also observed a clear effect of activated MCs in terms of promoting
the proliferation, migration, and self-renewal of the brain metastasis cells.

One mechanism by which tumor cells can modify the metastatic niche is through
exosomes, which are 30 to 150 nm membrane vesicles released by various cells, including
cancer cells and MCs [262]. Exosomes can transfer their content of RNA, proteins, or
lipids to other cells, causing an effect on them [263,264]. It has been shown that cancer
cell-derived exosomes from melanoma [265] and pancreatic cancer [266] can establish
a crosstalk with immune cells. Xiao and cols. demonstrated that exosomes from lung
adenocarcinoma cells are taken by MCs that produce the activation of MCs, probably via
SCF-c-Kit signaling with subsequent degranulation. Supernatants of MCs treated with lung
cancer exosomes showed an increase in the levels of MMP-9, tryptase, IL-6, and TNF-α,
which also promoted proliferation and migration of endothelial HUVEC cells. The authors
propose, as a mechanism of these effects, that lung cancer exosomes could contain SCF and,
when taken by MCs, promote their degranulation via SCF-c-Kit signaling; furthermore, the
liberated tryptase, among other factors, could promote endothelial cells’ proliferation and
migration [267].

Taken together, epidemiological studies demonstrate a correlation of MC density with
tumor aggressiveness and poor prognosis. Results suggest that MCs and their derived
mediators are determining factors in the evolution of tumor growth, impacting cancer cell
spreading and also supporting the maintenance of the metastatic niche.

11. Targeting Tumor-Associated MCs to Design Novel Cancer Therapies

Several studies have suggested the potential use of blocking MCs functions within
tumors to cause a reduction in tumor growth and size, and in consequence, improve overall
survival. Some compounds that prevent MC activities, either directly or indirectly, are
discussed below.

In pancreatic cancer, it was demonstrated that masitinib, a potent tyrosine kinase
inhibitor that selectively targets the c-Kit receptor that inhibits MC survival, decreases the
cell proliferation of MIA PaCa-2 and PANC-1 pancreatic cell lines, but only when combined
with gemcitabine (a nucleoside analog) as a standard systemic treatment of this type of
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cancer [268]. Moreover, when evaluating tumors formed from MIA PaCa-2 and PANC-1
cells xenotransplanted in mice treated with masitinib and gemcitabine, a reduction in tumor
growth was observed, evidencing that both drugs in combination may exert better anti-
tumor activities [269]. Preclinical studies involving patients with pancreatic cancer reveal
that a combination of masitinib with gemcitabine improves overall survival when compared
to patients treated with gemcitabine alone [270]. Moreover, a phase-III randomized trial
demonstrated that patients with advanced pancreatic ductal adenocarcinoma had improved
overall survival when treated with gemcitabine and masitinib compared to those patients
treated with placebo and gemcitabine [271]. This evidence indicates that the use of a c-Kit
inhibitor may favor the clinical outcome of pancreatic cancer where MCs may be involved,
although further studies are needed to elucidate the specific effect of such treatment on
MCs and other immune cells that express c-Kit.

The potential implication in cancer cell migration and dissemination has been at-
tributed to MC-derived tryptase in different types of tumors [105]. It was demonstrated
that MC tryptase (MCT) is increased in serum of patients with pancreatic cancers; concor-
dantly, such tumors contain high levels of MCT in comparison with pericarcinomatous
tissues, which correlates with a higher microvascular density. In addition, the expression
of pro-angiogenic factors such as VEGF, PDGF, ANGPT1, and TIE2 was augmented in
tumor tissues. Interestingly, MCT induced the proliferation and vascularization of HUVEC
cells through the activation of the ANGPT1/TIE2 pathway. Using mice models harboring
tumors of PANC-1 pancreatic cancer cells, a reduction in tumor growth was observed
when mice were treated with MCT plus nafamostat (tryptase inhibitor), in contrast to
mice treated with only MCT. Moreover, low vessel numbers were appreciated in tumors
when mice were treated with MCT and nafamostat, indicating a prominent role of MCT in
angiogenesis [272]. This information exhibits valuable therapeutic approaches to control
tumor dissemination, at least in pancreatic cancer.

Little is known regarding chymase inhibitors in cancer, although several inhibitors
have been suggested for other pathologies [273]. It was previously described that MC
chymase (MCC) stimulates cell proliferation and dissemination in many types of cancer
including lung cancer [259]. Recently, an in vitro study demonstrated that chymostatin,
an inhibitor of chymase, inhibits cell proliferation and exhibits pro-apoptotic effects when
evaluated on human H441 lung cancer cells [274]. However, the precise mechanism
remains unclear.

It was described that cromolyn sodium is the most characterized MC stabilizer since it
prevents MC release of mediators such as histamine [275]. Preclinical studies carried out in
mice models of gastric cancer reveal that MC density increases in the submucosal region of
antral tumors. Conversely, in mice deficient in MCs, a reduction in tumor growth and cell
proliferation, as well as the induction of apoptosis, was observed. Interestingly, a significant
reduction in tumor growth, cell proliferation, and angiogenesis was observed when mice
were treated with cromolyn compared to those treated with vehicle [61]. These data
suggest that MC-released mediators are required for tumor maintenance and establishment,
supporting the use of cromolyn as a promising therapeutic agent for gastric cancer. Taken
together, the accumulated evidence suggests that the targeting of MCs and their mediators
constitutes a source of promising novel therapeutics against cancer.

12. Tumor-Associated MCs: Soldiers on the Front Lines or Instigators of the Flames
of Cancer?

In this paper, we reviewed the state of the art about the complex crosstalk between MCs
and tumors. Studies analyzing their presence in tumor biopsies and investigations using
MC-deficient animal models have made clear that MCs contribute, in many aspects, to tu-
mor biology. Research on the mechanisms of MC recruitment to tumor mass, TME-induced
changes in MC phenotypes, and autocrine loops of MC-synthesized molecules are comple-
mented with in vitro studies analyzing the particular effect of tumor-derived molecules in
purified MCs populations. Although knowledge is still fragmented, a panorama emerges
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in which this enigmatic immune cell type seems to participate in the three phases of can-
cer immunoediting (elimination, equilibrium, and escape) [5]. MCs can be attracted to
tumor-derived chemotactic molecules, such as bioactive lipids, which we propose as novel
molecules involved in MC migration to the tumors. Once infiltrated, MCs can recruit
immune cells that are able to fight against tumors, and thus, MCs could play an impor-
tant role in the first phase of cancer immunoediting, which is elimination (also known
as immunosurveillance). Since the equilibrium and escape phases are fundamental for
tumor cells, malignant cells need to overcome the immunosurveillance, and, in this regard,
MCs seem to have relevance because they are also involved in processes that lead to tu-
mor progression, such as angiogenesis, lymphangiogenesis, and metastasis. Regarding
TME-induced phenotypic changes in MCs, we noticed that knowledge in that regard is
scarce. We were able to find only two main studies that bring forward the hypothesis
that MCs can be polarized in two distinct subsets: “MC1” anti-tumoral and “MC2” pro-
tumoral phenotypes. Some key issues demand further investigation, such as the particular
MC phenotypes that can be found in a single tumor, since distinct areas with particular
conditions are found in the same tumor mass. In addition, it is necessary to identify the
markers that characterize the possible MC phenotypes and the specific stimuli that lead
to the polarization of MCs. We proposed that stimuli such as hypoxia could be crucial in
the phenotype change of MCs and that studies addressing this question have to consider
the fact that tumors are subjected to continuous changes in oxygen concentrations (cyclic
hypoxia). Since continuous hypoxia induces the membrane translocation of secretory vesi-
cles (as assumed by LAMP2 localization in the plasma membrane), it can be assumed that
MCs acquire a particular secretory phenotype in those conditions. Evidence indicates that
research on the relationship between MC activity and tumor growth should be intensified
since that cell type emerges as a promising target against cancer, and the identification of
pathways and stimuli that lead to pro-tumoral and anti-tumoral phenotypes could allow
the “re-education” of MCs to promote their anti-tumor phenotype.
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20. Acikalin, M.F.; Oner, U.; Topçu, I.; Yaşar, B.; Kiper, H.; Colak, E. Tumour angiogenesis and mast cell density in the prognostic
assessment of colorectal carcinomas. Dig. Liver Dis. 2005, 37, 162–169. [CrossRef]

21. Malfettone, A.; Silvestris, N.; Saponaro, C.; Ranieri, G.; Russo, A.; Caruso, S.; Popescu, O.; Simone, G.; Paradiso, A.; Mangia, A.
High density of tryptase-positive mast cells in human colorectal cancer: A poor prognostic factor related to protease-activated
receptor 2 expression. J. Cell. Mol. Med. 2013, 17, 1025–1037. [CrossRef] [PubMed]

22. Suzuki, S.; Ichikawa, Y.; Nakagawa, K.; Kumamoto, T.; Mori, R.; Matsuyama, R.; Takeda, K.; Ota, M.; Tanaka, K.; Tamura, T.; et al.
High infiltration of mast cells positive to tryptase predicts worse outcome following resection of colorectal liver metastases. BMC
Cancer 2015, 15, 1–8. [CrossRef] [PubMed]

23. Guidolin, D.; Marinaccio, C.; Tortorella, C.; Annese, T.; Ruggieri, S.; Finato, N.; Crivellato, E.; Ribatti, D. Non-random spatial
relationships between mast cells and microvessels in human endometrial carcinoma. Clin. Exp. Med. 2017, 17, 71–77. [CrossRef]
[PubMed]

24. Ammendola, M.; Sacco, R.; Zuccalà, V.; Luposella, M.; Patruno, R.; Gadaleta, P.; Zizzo, N.; Gadaleta, C.D.; De Sarro, G.; Sammarco,
G.; et al. Mast Cells Density Positive to Tryptase Correlate with Microvascular Density in both Primary Gastric Cancer Tissue and
Loco-Regional Lymph Node Metastases from Patients That Have Undergone Radical Surgery. Int. J. Mol. Sci. 2016, 17, 1905.
Available online: https://pubmed.ncbi.nlm.nih.gov/27854307/ (accessed on 1 October 2021). [CrossRef]

25. Liu, X.; Jin, H.; Zhang, G.; Lin, X.; Chen, C.; Sun, J.; Zhang, Y.; Zhang, Q.; Yu, J. Intratumor IL-17-positive mast cells are the major
source of the IL-17 that is predictive of survival in gastric cancer patients. PLoS ONE 2014, 9, e106834. [CrossRef]

26. Lv, Y.; Zhao, Y.; Wang, X.; Chen, N.; Mao, F.; Teng, Y.; Wang, T.; Peng, L.; Zhang, J.; Cheng, P.; et al. Increased intratumoral mast
cells foster immune suppression and gastric cancer progression through TNF-α-PD-L1 pathway. J. Immunother. Cancer 2019, 7, 54.
[CrossRef] [PubMed]

27. Ribatti, D.; Finato, N.; Crivellato, E.; Marzullo, A.; Mangieri, D.; Nico, B.; Vacca, A.; Beltrami, C.A. Neovascularization and mast
cells with tryptase activity increase simultaneously with pathologic progression in human endometrial cancer. Am. J. Obstet.
Gynecol. 2005, 193, 1961–1965. [CrossRef]

28. Jiang, L.; Hua, Y.; Shen, Q.; Ding, S.; Jiang, W.; Zhang, W.; Zhu, X. Role of mast cells in gynecological neoplasms. Front. Biosci.
Landmark Ed. 2013, 18, 773–781. [CrossRef]

http://doi.org/10.1038/ni1102-991
http://doi.org/10.1111/joim.12470
http://doi.org/10.3390/cells9112411
http://doi.org/10.1007/s00281-016-0565-1
http://doi.org/10.2174/092986712799828319
http://doi.org/10.3390/ijms20174241
http://doi.org/10.3389/fimmu.2017.00424
http://www.ncbi.nlm.nih.gov/pubmed/28446910
http://doi.org/10.1158/2326-6066.CIR-13-0119
http://www.ncbi.nlm.nih.gov/pubmed/24777963
http://doi.org/10.1016/j.humpath.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/20040391
http://doi.org/10.1159/000069515
http://doi.org/10.1186/1471-2407-7-165
http://www.ncbi.nlm.nih.gov/pubmed/17727696
http://doi.org/10.3892/ijo_00000319
http://doi.org/10.1111/j.1365-2559.2011.03842.x
http://doi.org/10.1016/j.ajpath.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26597881
http://doi.org/10.3748/wjg.v11.i8.1210
http://doi.org/10.1016/j.dld.2004.09.028
http://doi.org/10.1111/jcmm.12073
http://www.ncbi.nlm.nih.gov/pubmed/23991686
http://doi.org/10.1186/s12885-015-1863-z
http://www.ncbi.nlm.nih.gov/pubmed/26530140
http://doi.org/10.1007/s10238-016-0407-4
http://www.ncbi.nlm.nih.gov/pubmed/26886279
https://pubmed.ncbi.nlm.nih.gov/27854307/
http://doi.org/10.3390/ijms17111905
http://doi.org/10.1371/journal.pone.0106834
http://doi.org/10.1186/s40425-019-0530-3
http://www.ncbi.nlm.nih.gov/pubmed/30808413
http://doi.org/10.1016/j.ajog.2005.04.055
http://doi.org/10.2741/4140


Cells 2022, 11, 349 28 of 38

29. Ju, M.-J.; Qiu, S.-J.; Gao, Q.; Fan, J.; Cai, M.-Y.; Li, Y.-W.; Tang, Z.-Y. Combination of peritumoral mast cells and T-regulatory cells
predicts prognosis of hepatocellular carcinoma. Cancer Sci. 2009, 100, 1267–1274. [CrossRef]

30. Tu, J.-F.; Pan, H.-Y.; Ying, X.-H.; Lou, J.; Ji, J.-S.; Zou, H. Mast Cells Comprise the Major of Interleukin 17-Producing Cells and
Predict a Poor Prognosis in Hepatocellular Carcinoma. Medicine 2016, 95, e3220. [CrossRef]

31. Banat, G.-A.; Tretyn, A.; Pullamsetti, S.S.; Wilhelm, J.; Weigert, A.; Olesch, C.; Ebel, K.; Stiewe, T.; Grimminger, F.; Seeger, W.;
et al. Immune and Inflammatory Cell Composition of Human Lung Cancer Stroma. PLoS ONE 2015, 10, e0139073. [CrossRef]
[PubMed]

32. Shikotra, A.; Ohri, C.M.; Green, R.H.; Waller, D.A.; Bradding, P. Mast cell phenotype, TNFα expression and degranulation status
in non-small cell lung cancer. Sci. Rep. 2016, 6, 38352. [CrossRef] [PubMed]

33. Öhrvik, H.; Grujic, M.; Waern, I.; Gustafson, A.-M.; Ernst, N.; Roers, A.; Hartmann, K.; Pejler, G. Mast cells promote melanoma
colonization of lungs. Oncotarget 2016, 7, 68990–69001. [CrossRef] [PubMed]

34. Siiskonen, H.; Poukka, M.; Bykachev, A.; Tyynelä-Korhonen, K.; Sironen, R.; Pasonen-Seppänen, S.; Harvima, I.T. Low numbers
of tryptase+ and chymase+ mast cells associated with reduced survival and advanced tumor stage in melanoma. Melanoma Res.
2015, 25, 479–485. [CrossRef]

35. Dantas, R.C.M.; de Souza, R.O.; Valverde, L.D.F.; Vidal, M.T.A.; Sales, C.B.S.; Sousa, L.P.; Dos Santos, J.N.; Ramos, E.A.G.; Gurgel
Rocha, C.A. Evaluation of Mast Cell Density in the Tumor Microenvironment in Oral Epithelial Dysplasia and Oral Squamous
Cell Carcinoma. Appl. Immunohistochem. Mol. Morphol. AIMM 2017, 25, e83–e88. [CrossRef]

36. Ma, Y.; Hwang, R.F.; Logsdon, C.D.; Ullrich, S.E. Dynamic mast cell-stromal cell interactions promote growth of pancreatic cancer.
Cancer Res. 2013, 73, 3927–3937. [CrossRef]

37. Chang, D.Z.; Ma, Y.; Ji, B.; Wang, H.; Deng, D.; Liu, Y.; Abbruzzese, J.L.; Liu, Y.; Logsdon, C.D.; Hwu, P. Mast cells in tumor
microenvironment promotes the in vivo growth of pancreatic ductal adenocarcinoma. Clin. Cancer Res. 2011, 17, 7015–7023.
[CrossRef]

38. Pittoni, P.; Tripodo, C.; Piconese, S.; Mauri, G.; Parenza, M.; Rigoni, A.; Sangaletti, S.; Colombo, M.P. Mast cell targeting hampers
prostate adenocarcinoma development but promotes the occurrence of highly malignant neuroendocrine cancers. Cancer Res.
2011, 71, 5987–5997. [CrossRef]

39. Johansson, A.; Rudolfsson, S.; Hammarsten, P.; Halin, S.; Pietras, K.; Jones, J.; Stattin, P.; Egevad, L.; Granfors, T.; Wikström, P.;
et al. Mast cells are novel independent prognostic markers in prostate cancer and represent a target for therapy. Am. J. Pathol.
2010, 177, 1031–1041. [CrossRef]

40. Li, L.; Dang, Q.; Xie, H.; Yang, Z.; He, D.; Liang, L.; Song, W.; Yeh, S.; Chang, C. Infiltrating mast cells enhance prostate
cancer invasion via altering LncRNA-HOTAIR/PRC2-androgen receptor (AR)-MMP9 signals and increased stem/progenitor cell
population. Oncotarget 2015, 6, 14179–14190. [CrossRef]

41. Pittoni, P.; Colombo, M.P. The dark side of mast cell-targeted therapy in prostate cancer. Cancer Res. 2012, 72, 831–835. [CrossRef]
42. Hempel, H.A.; Cuka, N.S.; Kulac, I.; Barber, J.R.; Cornish, T.C.; Platz, E.A.; De Marzo, A.M.; Sfanos, K.S. Low Intratumoral Mast

Cells Are Associated With a Higher Risk of Prostate Cancer Recurrence. Prostate 2017, 77, 412–424. [CrossRef]
43. Fleischmann, A.; Schlomm, T.; Köllermann, J.; Sekulic, N.; Huland, H.; Mirlacher, M.; Sauter, G.; Simon, R.; Erbersdobler, A.

Immunological microenvironment in prostate cancer: High mast cell densities are associated with favorable tumor characteristics
and good prognosis. Prostate 2009, 69, 976–981. [CrossRef]

44. Chen, Y.; Li, C.; Xie, H.; Fan, Y.; Yang, Z.; Ma, J.; He, D.; Li, L. Infiltrating mast cells promote renal cell carcinoma angiogenesis by
modulating PI3K→AKT→GSK3β→AM signaling. Oncogene 2017, 36, 2879–2888. [CrossRef]

45. Watanabe, S.; Miyata, Y.; Matsuo, T.; Mochizuki, Y.; Nishikido, M.; Hayashi, T.; Sakai, H. High density of tryptase-positive mast
cells in patients with renal cell carcinoma on hemodialysis: Correlation with expression of stem cell factor and protease activated
receptor-2. Hum. Pathol. 2012, 43, 888–897. [CrossRef]

46. Cherdantseva, T.M.; Bobrov, I.P.; Avdalyan, A.M.; Klimachev, V.V.; Kazartsev, A.V.; Kryuchkova, N.G.; Klimachev, I.V.; Myadelets,
M.N.; Lepilov, A.V.; Lushnikova, E.L.; et al. Mast Cells in Renal Cancer: Clinical Morphological Correlations and Prognosis. Bull.
Exp. Biol. Med. 2017, 163, 801–804. [CrossRef]

47. Fu, H.; Zhu, Y.; Wang, Y.; Liu, Z.; Zhang, J.; Wang, Z.; Xie, H.; Dai, B.; Xu, J.; Ye, D. Tumor Infiltrating Mast Cells (TIMs) Confers a
Marked Survival Advantage in Nonmetastatic Clear-Cell Renal Cell Carcinoma. Ann. Surg. Oncol. 2017, 24, 1435–1442. [CrossRef]

48. Melillo, R.M.; Guarino, V.; Avilla, E.; Galdiero, M.R.; Liotti, F.; Prevete, N.; Rossi, F.W.; Basolo, F.; Ugolini, C.; de Paulis, A.; et al.
Mast cells have a protumorigenic role in human thyroid cancer. Oncogene 2010, 29, 6203–6215. [CrossRef] [PubMed]

49. Grimbaldeston, M.A.; Chen, C.-C.; Piliponsky, A.M.; Tsai, M.; Tam, S.-Y.; Galli, S.J. Mast cell-deficient W-sash c-kit mutant Kit
W-sh/W-sh mice as a model for investigating mast cell biology in vivo. Am. J. Pathol. 2005, 167, 835–848. [CrossRef]

50. Zhou, J.S.; Xing, W.; Friend, D.S.; Austen, K.F.; Katz, H.R. Mast cell deficiency in Kit(W-sh) mice does not impair antibody-
mediated arthritis. J. Exp. Med. 2007, 204, 2797–2802. [CrossRef]

51. Jachetti, E.; D’Incà, F.; Danelli, L.; Magris, R.; Dal Secco, C.; Vit, F.; Cancila, V.; Tripodo, C.; Scapini, P.; Colombo, M.P.; et al.
Frontline Science: Mast cells regulate neutrophil homeostasis by influencing macrophage clearance activity. J. Leukoc. Biol. 2019,
105, 633–644. [CrossRef] [PubMed]

52. Nigrovic, P.A.; Gray, D.H.D.; Jones, T.; Hallgren, J.; Kuo, F.C.; Chaletzky, B.; Gurish, M.; Mathis, D.; Benoist, C.; Lee, D.M. Genetic
inversion in mast cell-deficient (Wsh) mice interrupts corin and manifests as hematopoietic and cardiac aberrancy. Am. J. Pathol.
2008, 173, 1693–1701. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1349-7006.2009.01182.x
http://doi.org/10.1097/MD.0000000000003220
http://doi.org/10.1371/journal.pone.0139073
http://www.ncbi.nlm.nih.gov/pubmed/26413839
http://doi.org/10.1038/srep38352
http://www.ncbi.nlm.nih.gov/pubmed/27922077
http://doi.org/10.18632/oncotarget.11837
http://www.ncbi.nlm.nih.gov/pubmed/27602499
http://doi.org/10.1097/CMR.0000000000000192
http://doi.org/10.1097/PAI.0000000000000587
http://doi.org/10.1158/0008-5472.CAN-12-4479
http://doi.org/10.1158/1078-0432.CCR-11-0607
http://doi.org/10.1158/0008-5472.CAN-11-1637
http://doi.org/10.2353/ajpath.2010.100070
http://doi.org/10.18632/oncotarget.3651
http://doi.org/10.1158/0008-5472.CAN-11-3110
http://doi.org/10.1002/pros.23280
http://doi.org/10.1002/pros.20948
http://doi.org/10.1038/onc.2016.442
http://doi.org/10.1016/j.humpath.2011.07.019
http://doi.org/10.1007/s10517-017-3907-7
http://doi.org/10.1245/s10434-016-5702-5
http://doi.org/10.1038/onc.2010.348
http://www.ncbi.nlm.nih.gov/pubmed/20729915
http://doi.org/10.1016/S0002-9440(10)62055-X
http://doi.org/10.1084/jem.20071391
http://doi.org/10.1002/JLB.4HI1018-390R
http://www.ncbi.nlm.nih.gov/pubmed/30817046
http://doi.org/10.2353/ajpath.2008.080407
http://www.ncbi.nlm.nih.gov/pubmed/18988802


Cells 2022, 11, 349 29 of 38

53. Oldford, S.A.; Haidl, I.D.; Howatt, M.A.; Leiva, C.A.; Johnston, B.; Marshall, J.S. A critical role for mast cells and mast cell-derived
IL-6 in TLR2-mediated inhibition of tumor growth. J. Immunol. 2010, 185, 7067–7076. [CrossRef] [PubMed]

54. Jiménez-Andrade, G.Y.; Ibarra-Sánchez, A.; González, D.; Lamas, M.; González-Espinosa, C. Immunoglobulin E induces VEGF
production in mast cells and potentiates their pro-tumorigenic actions through a Fyn kinase-dependent mechanism. J. Hematol.
Oncol. 2013, 6, 56. [CrossRef] [PubMed]

55. Kaesler, S.; Wölbing, F.; Kempf, W.E.; Skabytska, Y.; Köberle, M.; Volz, T.; Sinnberg, T.; Amaral, T.; Möckel, S.; Yazdi, A.; et al.
Targeting tumor-resident mast cells for effective anti-melanoma immune responses. JCI Insight 2019, 4, 1–15. [CrossRef]

56. Sinnamon, M.J.; Carter, K.J.; Sims, L.P.; Lafleur, B.; Fingleton, B.; Matrisian, L.M. A protective role of mast cells in intestinal
tumorigenesis. Carcinogenesis 2008, 29, 880–886. [CrossRef]

57. Soucek, L.; Lawlor, E.R.; Soto, D.; Shchors, K.; Swigart, L.B.; Evan, G.I. Mast cells are required for angiogenesis and macroscopic
expansion of Myc-induced pancreatic islet tumors. Nat. Med. 2007, 13, 1211–1218. [CrossRef]

58. Wasiuk, A.; Dalton, D.K.; Schpero, W.L.; Stan, R.V.; Conejo-Garcia, J.R.; Noelle, R.J. Mast cells impair the development of
protective anti-tumor immunity. Cancer Immunol. Immunother. 2012, 61, 2273–2282. [CrossRef]

59. He, L.; Zhu, Z.; Chen, S.; Wang, Y.; Gu, H. Mammary tumor growth and metastasis are reduced in c-Kit mutant Sash mice. Cancer
Med. 2016, 5, 1292–1297. [CrossRef]

60. Majorini, M.T.; Cancila, V.; Rigoni, A.; Botti, L.; Dugo, M.; Triulzi, T.; De Cecco, L.; Fontanella, E.; Jachetti, E.; Tagliabue, E.;
et al. Infiltrating Mast Cell-Mediated Stimulation of Estrogen Receptor Activity in Breast Cancer Cells Promotes the Luminal
Phenotype. Cancer Res. 2020, 80, 2311–2324. Available online: https://pubmed.ncbi.nlm.nih.gov/32179512/ (accessed on 1
October 2021). [CrossRef]

61. Eissmann, M.F.; Dijkstra, C.; Jarnicki, A.; Phesse, T.; Brunnberg, J.; Poh, A.R.; Etemadi, N.; Tsantikos, E.; Thiem, S.; Huntington,
N.D.; et al. IL-33-mediated mast cell activation promotes gastric cancer through macrophage mobilization. Nat. Commun. 2019,
10, 2735. [CrossRef] [PubMed]

62. Bergot, A.-S.; Ford, N.; Leggatt, G.R.; Wells, J.W.; Frazer, I.H.; Grimbaldeston, M.A. HPV16-E7 expression in squamous epithelium
creates a local immune suppressive environment via CCL2- and CCL5- mediated recruitment of mast cells. PLoS Pathog. 2014,
10, e1004466. [CrossRef]

63. Giannou, A.D.; Marazioti, A.; Spella, M.; Kanellakis, N.I.; Apostolopoulou, H.; Psallidas, I.; Prijovich, Z.M.; Vreka, M.; Zazara,
D.E.; Lilis, I.; et al. Mast cells mediate malignant pleural effusion formation. J. Clin. Investig. 2015, 125, 2317–2334. [CrossRef]

64. Lilis, I.; Ntaliarda, G.; Papaleonidopoulos, V.; Giotopoulou, G.A.; Oplopoiou, M.; Marazioti, A.; Spella, M.; Marwitz, S.; Goldmann,
T.; Bravou, V.; et al. Interleukin-1β provided by KIT-competent mast cells is required for KRAS-mutant lung adenocarcinoma.
Oncoimmunology 2019, 8, e1593802. [CrossRef]

65. Mcculloch, E.A.; Siminovitch, L.; Till, J.E. Spleen-Colony Formation in Anemic Mice of Genotype WW. Science 1964, 144, 844–846.
[CrossRef]

66. Kitamura, Y.; Go, S.; Hatanaka, K. Decrease of mast cells in W/Wv mice and their increase by bone marrow transplantation. Blood
1978, 52, 447–452. [CrossRef]

67. Nocka, K.; Tan, J.C.; Chiu, E.; Chu, T.Y.; Ray, P.; Traktman, P.; Besmer, P. Molecular bases of dominant negative and loss of function
mutations at the murine c-kit/white spotting locus: W37, Wv, W41 and W. EMBO J. 1990, 9, 1805–1813. [CrossRef] [PubMed]

68. Starkey, J.R.; Crowle, P.K.; Taubenberger, S. Mast-cell-deficient W/Wv mice exhibit a decreased rate of tumor angiogenesis. Int. J.
Cancer 1988, 42, 48–52. [CrossRef]

69. Siebenhaar, F.; Metz, M.; Maurer, M. Mast cells protect from skin tumor development and limit tumor growth during cutaneous
de novo carcinogenesis in a Kit-dependent mouse model. Exp. Dermatol. 2014, 23, 159–164. [CrossRef] [PubMed]

70. Coussens, L.M.; Raymond, W.W.; Bergers, G.; Laig-Webster, M.; Behrendtsen, O.; Werb, Z.; Caughey, G.H.; Hanahan, D.
Inflammatory mast cells up-regulate angiogenesis during squamous epithelial carcinogenesis. Genes Dev. 1999, 13, 1382–1397.
[CrossRef]

71. Wedemeyer, J.; Galli, S.J. Decreased susceptibility of mast cell-deficient Kit(W)/Kit(W-v) mice to the development of
1, 2-dimethylhydrazine-induced intestinal tumors. Lab. Investig. 2005, 85, 388–396. [CrossRef]

72. Burtin, C.; Ponvert, C.; Fray, A.; Scheinmann, P.; Lespinats, G.; Loridon, B.; Canu, P.; Paupe, J. Inverse correlation between tumor
incidence and tissue histamine levels in W/WV, WV/+, and +/+ mice. J. Natl. Cancer Inst. 1985, 74, 671–674.

73. Feyerabend, T.B.; Weiser, A.; Tietz, A.; Stassen, M.; Harris, N.; Kopf, M.; Radermacher, P.; Möller, P.; Benoist, C.; Mathis, D.; et al.
Cre-mediated cell ablation contests mast cell contribution in models of antibody- and T cell-mediated autoimmunity. Immunity
2011, 35, 832–844. [CrossRef] [PubMed]

74. Stieglitz, D.; Lamm, S.; Braig, S.; Feuerer, L.; Kuphal, S.; Dietrich, P.; Arndt, S.; Echtenacher, B.; Hellerbrand, C.; Karrer, S.; et al.
BMP6-induced modulation of the tumor micro-milieu. Oncogene 2019, 38, 609–621. [CrossRef]

75. Antsiferova, M.; Martin, C.; Huber, M.; Feyerabend, T.B.; Förster, A.; Hartmann, K.; Rodewald, H.-R.; Hohl, D.; Werner, S. Mast
cells are dispensable for normal and activin-promoted wound healing and skin carcinogenesis. J. Immunol. 2013, 191, 6147–6155.
[CrossRef]

76. Scholten, J.; Hartmann, K.; Gerbaulet, A.; Krieg, T.; Müller, W.; Testa, G.; Roers, A. Mast cell-specific Cre/loxP-mediated
recombination in vivo. Transgenic Res. 2008, 17, 307–315. [CrossRef]

http://doi.org/10.4049/jimmunol.1001137
http://www.ncbi.nlm.nih.gov/pubmed/21041732
http://doi.org/10.1186/1756-8722-6-56
http://www.ncbi.nlm.nih.gov/pubmed/23915951
http://doi.org/10.1172/jci.insight.125057
http://doi.org/10.1093/carcin/bgn040
http://doi.org/10.1038/nm1649
http://doi.org/10.1007/s00262-012-1276-7
http://doi.org/10.1002/cam4.696
https://pubmed.ncbi.nlm.nih.gov/32179512/
http://doi.org/10.1158/0008-5472.CAN-19-3596
http://doi.org/10.1038/s41467-019-10676-1
http://www.ncbi.nlm.nih.gov/pubmed/31227713
http://doi.org/10.1371/journal.ppat.1004466
http://doi.org/10.1172/JCI79840
http://doi.org/10.1080/2162402X.2019.1593802
http://doi.org/10.1126/science.144.3620.844
http://doi.org/10.1182/blood.V52.2.447.447
http://doi.org/10.1002/j.1460-2075.1990.tb08305.x
http://www.ncbi.nlm.nih.gov/pubmed/1693331
http://doi.org/10.1002/ijc.2910420110
http://doi.org/10.1111/exd.12328
http://www.ncbi.nlm.nih.gov/pubmed/24444017
http://doi.org/10.1101/gad.13.11.1382
http://doi.org/10.1038/labinvest.3700232
http://doi.org/10.1016/j.immuni.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22101159
http://doi.org/10.1038/s41388-018-0475-x
http://doi.org/10.4049/jimmunol.1301350
http://doi.org/10.1007/s11248-007-9153-4


Cells 2022, 11, 349 30 of 38

77. Dudeck, A.; Dudeck, J.; Scholten, J.; Petzold, A.; Surianarayanan, S.; Köhler, A.; Peschke, K.; Vöhringer, D.; Waskow, C.; Krieg, T.;
et al. Mast cells are key promoters of contact allergy that mediate the adjuvant effects of haptens. Immunity 2011, 34, 973–984.
[CrossRef]

78. Ghouse, S.M.; Polikarpova, A.; Muhandes, L.; Dudeck, J.; Tantcheva-Poór, I.; Hartmann, K.; Lesche, M.; Dahl, A.; Eming, S.;
Müller, W.; et al. Although Abundant in Tumor Tissue, Mast Cells Have No Effect on Immunological Micro-milieu or Growth of
HPV-Induced or Transplanted Tumors. Cell Rep. 2018, 22, 27–35. [CrossRef]

79. Lilla, J.N.; Chen, C.-C.; Mukai, K.; BenBarak, M.J.; Franco, C.B.; Kalesnikoff, J.; Yu, M.; Tsai, M.; Piliponsky, A.M.; Galli, S.J.
Reduced mast cell and basophil numbers and function in Cpa3-Cre; Mcl-1fl/fl mice. Blood 2011, 118, 6930–6938. [CrossRef]
[PubMed]

80. Galli, S.J.; Kitamura, Y. Genetically mast-cell-deficient W/Wv and Sl/Sld mice. Their value for the analysis of the roles of mast
cells in biologic responses in vivo. Am. J. Pathol. 1987, 127, 191–198. [PubMed]

81. Kitamura, Y.; Go, S. Decreased production of mast cells in S1/S1d anemic mice. Blood 1979, 53, 492–497. Available online:
http://www.ncbi.nlm.nih.gov/pubmed/367470 (accessed on 4 January 2022). [CrossRef] [PubMed]

82. Arguello, F.; Furlanetto, R.W.; Baggs, R.B.; Graves, B.T.; Harwell, S.E.; Cohen, H.J.; Frantz, C.N. Incidence and distribution of
experimental metastases in mutant mice with defective organ microenvironments (genotypes Sl/Sld and W/Wv). Cancer Res.
1992, 52, 2304–2309. [PubMed]

83. Niwa, Y.; Kasugai, T.; Ohno, K.; Morimoto, M.; Yamazaki, M.; Dohmae, K.; Nishimune, Y.; Kondo, K.; Kitamura, Y. Anemia and
mast cell depletion in mutant rats that are homozygous at “white spotting (Ws)” locus. Blood 1991, 78, 1936–1941. [CrossRef]

84. Tsujimura, T.; Hirota, S.; Nomura, S.; Niwa, Y.; Yamazaki, M.; Tono, T.; Morii, E.; Kim, H.M.; Kondo, K.; Nishimune, Y.
Characterization of Ws mutant allele of rats: A 12-base deletion in tyrosine kinase domain of c-kit gene. Blood 1991, 78, 1942–1946.
[CrossRef]

85. Onoue, H.; Maeyama, K.; Nomura, S.; Kasugai, T.; Tei, H.; Kim, H.M.; Watanabe, T.; Kitamura, Y. Absence of immature mast cells
in the skin of Ws/Ws rats with a small deletion at tyrosine kinase domain of the c-kit gene. Am. J. Pathol. 1993, 142, 1001–1007.

86. Maffini, M.V.; Soto, A.M.; Sonnenschein, C.; Papadopoulos, N.; Theoharides, T.C. Lack of c-kit receptor promotes mammary
tumors in N-nitrosomethylurea-treated Ws/Ws rats. Cancer Cell Int. 2008, 8, 5. [CrossRef]

87. Hui, L.; Chen, Y. Tumor microenvironment: Sanctuary of the devil. Cancer Lett. 2015, 368, 7–13. [CrossRef]
88. Yu, Y.R.; Ho, P.C. Sculpting tumor microenvironment with immune system: From immunometabolism to immunoediting. Clin.

Exp. Immunol. 2019, 197, 153–160. [CrossRef]
89. Ávila-Rodríguez, D.; Segura-Villalobos, D.L.; Ibarra-Sánchez, A.; González-Espinosa, C.; Macías-Silva, M. TGF-β y células

cebadas: Reguladores del desarrollo del tumor. TIP Rev. Espec. Cienc. Químico-Biológicas 2020, 23, 1–11. [CrossRef]
90. Costa, N.L.; Oton-Leite, A.F.; Cheim-Júnior, A.P.; Alencar, R.D.C.G.; Bittar, G.O.J.; Silva, T.A.; Batista, A.C. Density and migration

of mast cells in lip squamous cell carcinoma and actinic cheilitis. Histol. Histopathol. 2009, 24, 457–465. [CrossRef] [PubMed]
91. Roy, A.; Coum, A.; Marinescu, V.D.; Põlajeva, J.; Smits, A.; Nelander, S.; Uhrbom, L.; Westermark, B.; Forsberg-Nilsson, K.;

Pontén, F.; et al. Glioma-derived plasminogen activator inhibitor-1 (PAI-1) regulates the recruitment of LRP1 positive mast cells.
Oncotarget 2015, 6, 23647–23661. [CrossRef]

92. Zhong, B.; Li, Y.; Liu, X.; Wang, D. Association of mast cell infiltration with gastric cancer progression. Oncol. Lett. 2018, 15,
755–764. [CrossRef]

93. Somasundaram, R.; Connelly, T.; Choi, R.; Choi, H.; Samarkina, A.; Li, L.; Gregorio, E.; Chen, Y.; Thakur, R.; Abdel-Mohsen, M.;
et al. Tumor-infiltrating mast cells are associated with resistance to anti-PD-1 therapy. Nat. Commun. 2021, 12, 346. [CrossRef]

94. Põlajeva, J.; Sjösten, A.M.; Lager, N.; Kastemar, M.; Waern, I.; Alafuzoff, I.; Smits, A.; Westermark, B.; Pejler, G.; Uhrbom, L.;
et al. Mast cell accumulation in glioblastoma with a potential role for stem cell factor and chemokine CXCL12. PLoS ONE 2011,
6, e25222. [CrossRef]

95. Halova, I.; Draberova, L.; Draber, P. Mast cell chemotaxis-chemoattractants and signaling pathways. Front. Immunol. 2012, 3, 119.
[CrossRef]

96. Kwok, E.; Everingham, S.; Zhang, S.; Greer, P.A.; Allingham, J.S.; Craig, A.W.B. FES kinase promotes mast cell recruitment to
mammary tumors via the stem cell factor/KIT receptor signaling axis. Mol. Cancer Res. 2012, 10, 881–891. [CrossRef]

97. Huang, B.; Lei, Z.; Zhang, G.-M.; Li, D.; Song, C.; Li, B.; Liu, Y.; Yuan, Y.; Unkeless, J.; Xiong, H.; et al. SCF-mediated mast cell
infiltration and activation exacerbate the inflammation and immunosuppression in tumor microenvironment. Blood 2008, 112,
1269–1279. [CrossRef]

98. Yu, Y.; Blokhuis, B.; Derks, Y.; Kumari, S.; Garssen, J.; Redegeld, F. Human mast cells promote colon cancer growth via bidirectional
crosstalk: Studies in 2D and 3D coculture models. Oncoimmunology 2018, 7, e1504729. [CrossRef]

99. Draberova, L.; Draberova, H.; Potuckova, L.; Halova, I.; Bambouskova, M.; Mohandas, N.; Draber, P. Cytoskeletal Protein 4.1R Is
a Positive Regulator of the FcεRI Signaling and Chemotaxis in Mast Cells. Front. Immunol. 2019, 10, 3068. [CrossRef]

100. Baines, A.J.; Lu, H.C.; Bennett, P.M. The Protein 4.1 family: Hub proteins in animals for organizing membrane proteins. Biochim.
Biophys. Acta-Biomembr. 2014, 1838, 605–619. [CrossRef]

101. Fischer, M.; Juremalm, M.; Olsson, N.; Backlin, C.; Sundström, C.; Nilsson, K.; Enblad, G.; Nilsson, G. Expression of
CCL5/RANTES by Hodgkin and Reed-Sternberg cells and its possible role in the recruitment of mast cells into lymphomatous
tissue. Int. J. cancer 2003, 107, 197–201. [CrossRef]

http://doi.org/10.1016/j.immuni.2011.03.028
http://doi.org/10.1016/j.celrep.2017.12.010
http://doi.org/10.1182/blood-2011-03-343962
http://www.ncbi.nlm.nih.gov/pubmed/22001390
http://www.ncbi.nlm.nih.gov/pubmed/3551622
http://www.ncbi.nlm.nih.gov/pubmed/367470
http://doi.org/10.1182/blood.V53.3.492.492
http://www.ncbi.nlm.nih.gov/pubmed/367470
http://www.ncbi.nlm.nih.gov/pubmed/1559233
http://doi.org/10.1182/blood.V78.8.1936.1936
http://doi.org/10.1182/blood.V78.8.1942.1942
http://doi.org/10.1186/1475-2867-8-5
http://doi.org/10.1016/j.canlet.2015.07.039
http://doi.org/10.1111/cei.13293
http://doi.org/10.22201/fesz.23958723e.2020.0.200
http://doi.org/10.14670/HH-24.457
http://www.ncbi.nlm.nih.gov/pubmed/19224448
http://doi.org/10.18632/oncotarget.4640
http://doi.org/10.3892/ol.2017.7380
http://doi.org/10.1038/s41467-020-20600-7
http://doi.org/10.1371/journal.pone.0025222
http://doi.org/10.3389/fimmu.2012.00119
http://doi.org/10.1158/1541-7786.MCR-12-0115
http://doi.org/10.1182/blood-2008-03-147033
http://doi.org/10.1080/2162402X.2018.1504729
http://doi.org/10.3389/fimmu.2019.03068
http://doi.org/10.1016/j.bbamem.2013.05.030
http://doi.org/10.1002/ijc.11370


Cells 2022, 11, 349 31 of 38

102. Zhu, X.-Q.; Lv, J.-Q.; Lin, Y.; Xiang, M.; Gao, B.-H.; Shi, Y.-F. Expression of chemokines CCL5 and CCL11 by smooth muscle tumor
cells of the uterus and its possible role in the recruitment of mast cells. Gynecol. Oncol. 2007, 105, 650–656. [CrossRef]

103. Gruber, B.L.; Marchese, M.J.; Kew, R. Angiogenic factors stimulate mast-cell migration. Blood 1995, 86, 2488–2493. [CrossRef]
[PubMed]

104. Ronca, R.; Tamma, R.; Coltrini, D.; Ruggieri, S.; Presta, M.; Ribatti, D. Fibroblast growth factor modulates mast cell recruitment in
a murine model of prostate cancer. Oncotarget 2017, 8, 82583–82592. [CrossRef] [PubMed]

105. Komi, D.E.A.; Redegeld, F.A. Role of Mast Cells in Shaping the Tumor Microenvironment. Clin. Rev. Allergy Immunol. 2020, 58,
313–325. [CrossRef]

106. Oldford, S.A.; Marshall, J.S. Mast cells as targets for immunotherapy of solid tumors. Mol. Immunol. 2015, 63, 113–124. [CrossRef]
107. Evans, J.F.; Hutchinson, J.H. Seeing the future of bioactive lipid drug targets. Nat. Chem. Biol. 2010, 6, 476–479. [CrossRef]
108. Chiurchiù, V.; Maccarrone, M. Bioactive lipids as modulators of immunity, inflammation and emotions. Curr. Opin. Pharmacol.

2016, 29, 54–62. [CrossRef]
109. Chiurchiù, V.; Leuti, A.; Maccarrone, M. Bioactive Lipids and Chronic Inflammation: Managing the Fire Within. Front. Immunol.

2018, 9, 38. [CrossRef] [PubMed]
110. Gupta, P.; Taiyab, A.; Hussain, A.; Alajmi, M.F.; Islam, A.; Hassan, M.I. Targeting the Sphingosine Kinase/Sphingosine-1-

Phosphate Signaling Axis in Drug Discovery for Cancer Therapy. Cancers 2021, 13, 1898. [CrossRef] [PubMed]
111. Takabe, K.; Spiegel, S. Export of sphingosine-1-phosphate and cancer progression. J. Lipid Res. 2014, 55, 1839–1846. [CrossRef]

[PubMed]
112. Olivera, A.; Rivera, J. An emerging role for the lipid mediator sphingosine-1-phosphate in mast cell effector function and allergic

disease. Adv. Exp. Med. Biol. 2011, 716, 123–142. [CrossRef] [PubMed]
113. Jolly, P.S.; Bektas, M.; Olivera, A.; Gonzalez-Espinosa, C.; Proia, R.L.; Rivera, J.; Milstien, S.; Spiegel, S. Transactivation of

Sphingosine-1-Phosphate Receptors by FcεRI Triggering Is Required for Normal Mast Cell Degranulation and Chemotaxis. J. Exp.
Med. 2004, 199, 959–970. [CrossRef] [PubMed]

114. Oskeritzian, C.A.; Price, M.M.; Hait, N.C.; Kapitonov, D.; Falanga, Y.T.; Morales, J.K.; Ryan, J.J.; Milstien, S.; Spiegel, S. Essential
roles of sphingosine-1-phosphate receptor 2 in human mast cell activation, anaphylaxis, and pulmonary edema. J. Exp. Med. 2010,
207, 465–474. [CrossRef]

115. Kihara, Y.; Maceyka, M.; Spiegel, S.; Chun, J. Lysophospholipid receptor nomenclature review: IUPHAR Review 8. Br. J. Pharmacol.
2014, 171, 3575–3594. [CrossRef]

116. Olivera, A.; Rivera, J. Sphingolipids and the Balancing of Immune Cell Function: Lessons from the Mast Cell. J. Immunol. 2005,
174, 1153–1158. [CrossRef]

117. Piñeiro, R.; Maffucci, T.; Falasca, M. The putative cannabinoid receptor GPR55 defines a novel autocrine loop in cancer cell
proliferation. Oncogene 2011, 30, 142–152. [CrossRef]

118. Zhou, X.; Guo, X.; Song, Y.; Zhu, C.; Zou, W. The LPI/GPR55 axis enhances human breast cancer cell migration via HBXIP and
p-MLC signaling. Acta Pharmacol. Sin. 2018, 39, 459–471. [CrossRef]

119. Kargl, J.; Andersen, L.; Hasenöhrl, C.; Feuersinger, D.; Stančić, A.; Fauland, A.; Magnes, C.; El-Heliebi, A.; Lax, S.;
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