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Abstract Mast cells are of paramount importance to
allergies, pathogen immune responses during infections,
and angiogenesis, as well as innate and adaptive immune
regulations. Beyond all these roles, mast cells are now more
and more being recognized as modulators of tumor
microenvironment. Notwithstanding mounting evidences
of mast cell accumulation in tumors, their exact role in
tumor microenvironment is still incompletely understood.
In this review, we discuss the significant role of mast cells
in the remodeling of tumor microenvironment by either
releasing various factors after activation or interacting with
other cells within tumor and, as a result, the possible role of
mast cell in cancer invasion and metastasis. We also discuss
recent findings that mast cells actively release micro-
particles, which account for the transfer of membrane-type
receptor signal and regulatory molecules such as micro-
RNAs to tumor cells and immune cells. These findings on
mast cells provide further insights into the complexity of
tumor microenvironment remodeling.
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1 Introduction

Mast cells are derived from bone-marrow hematopoietic
progenitors but migrate, whilst still immature, from vascular
to peripheral tissues, where theymature and reside [1] close to
blood vessels, nerves, and mucosal surfaces, such as the
skin, respiratory tract, and gastrointestinal tract [2, 3], so as
to be able to react quickly in the event of an attack by
xenobiotics such as bacteria, parasites, viruses, and even
seemingly innocuous pollen. From a physiological perspec-
tive, mast cells participate in tissue remodeling, wound
healing, and angiogenesis [4–6], while from a pathological
one, they are regarded as primarily IgE-mediated effectors in
acute disorders and chronic allergic disorders [7], including
their complex roles in autoimmune diseases [8], peripheral
tolerance [9, 10], innate and adaptive immunities [11, 12].

Compelling evidence from other research highlights the
association of mast cells with tumors [13, 14], opening new
vistas for tumor therapies. Classical tumor pharmacother-
apeutic attempts mainly targeted the tumor cells themselves.
For instance, many studies focused on the oncogenes and
tumor suppressor genes in order to try and reverse the
malignant phenotypes. However, the primary focus of more
recent research has seemingly shifted from tumor cell-centric
to tumor microenvironment whose fibroblasts, endothelial
cells, adipocytes, and abundant immune cells have been,
albeit independently, well studied and understood [15–19].
Macrophages, DCs, lymphocytes, neutrophils, eosinophils,
and mast cells, already known for their tumor-infiltrating
immune properties and the parts they play in tumor-induced
inflammation, are being studied anew for their roles in
tumorigenesis, tumor malignant transformations, and tumor
proliferation. Although much is already known about the
accumulation of mast cells in tumors and their roles in tumor
angiogenesis, much more particularly about mast cells and
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tumor microenvironment remain to be completely under-
stood. Recent in-house studies have provided partial eluci-
dation for the molecular and cellular mechanisms of mast
cells in the remodeling of tumor microenvironment and the
promotion of tumor growth [20, 21]. Furthermore, our
preliminary data indicate a potential role of mast cell-
derived microparticles in the signal transfer between mast
cells and tumor cells within tumor microenvironment.

2 Mast cells remodel tumor microenvironment
through degranulation and release of cytokines
and chemokines

Mast cells are of an early infiltrating cell type prior to tumor
development or at the periphery of many developing
tumors, such as adenomatous polyps, skin dysplasias,
malignant melanoma, breast carcinoma, and colorectal
carcinoma [22]. Mast cells infiltrate into the boundary
between normal tissues and tumors and express many
proangiogenic compounds, which may play an early role in
angiogenesis within developing tumors. Beyond their role
in angiogenesis, mast cells seem to also be possessed of
other functions in tumor microenvironment, many of which
still are not well understood. Mast cells, for example, exert
their function upon stimulatory signals. As previous in-
house studies have demonstrated elsewhere, tumor cells
generally produce stem cell factors (SCF), leading to the
recruitment and activation of mast cells [20]. Although
these in-house data identify the importance of SCF in the
activation of tumor-infiltrating mast cells, other mitigating
factors in tumor milieu are also potentially critical for mast
cell migration and activation. It has been known, for
example, that mast cells express a variety of receptors on
their surfaces, such as Fc receptors [23, 24], complement
receptors [25, 26], and Toll-like receptors [25, 27, 28] to
sense stimuli. It is now clear that Toll-like receptors (TLRs)
recognize not only pathogen-associated molecular patterns
but also damage-associated molecular patterns (DAMPs)
[29, 30]. Not surprisingly, there are an abundance of
DAMPs in tumor microenvironment. For instance, the
intracellular protein high mobility group box 1 and heat-
shock protein (HSP), such as HSP60, HSP70, and HSP90
are actively released from live tumor cells or passively
released from dead ones [31, 32]. These molecules, in turn,
may act as TLR ligands for downstream signal trans-
ductions. Other molecules have also been identified as
potential TLR ligands in tumor microenvironment, includ-
ing the degraded products of extracellular matrix compo-
nents [33] and nuclear materials [34].

Once activated by FcR ligands and TLR signaling, mast
cells can release three classes of mediators: pre-formed
mediators stored in granules, de novo synthesized lipid

mediators and cytokines as well as chemokines [25]. All of
these mediators can participate in the processes of tumor
microenvironment remodeling, viz: (1) after secretion,
tryptases and chymases (the major proteins stored in mast
cell granules) promote inflammation, matrix destruction,
and tissue remodeling and modulate immune responses by
hydrolyzing chemokines and cytokines [35]; (2) leuko-
trienes, the commonly described mast cell-derived media-
tors, function predominantly at the local vascular
endothelium, promoting the rolling and recruitment of
neutrophils [36], inducing vascular permeability, triggering
chemotaxis in various cells, and increasing mucus produc-
tion [37]. In contrast, histamine modulates dendritic and T
cell responses and promote chronic inflammatory reactions
by enhancement of the secretion of pro-inflammatory
cytokines such as interleukin (IL)-1β, IL-6, TNF-α as well
as IL-8 [38]; and (3) mast cells may also produce immune
suppressive cytokines, such as TGF-β and IL-10 [39], that
favor immune suppression, and chemokines such as CCL5
and CXCL8 [40] that chemoattract additional effector
immune cells, thus remodeling immune and inflammatory
microenvironment. Furthermore, many of the above factors
may also play a role in tumor angiogenesis. For example,
degradation of the extracellular matrix, migration and
proliferation and differentiation of vascular endothelial cells
during angiogenesis require tryptase, heparin, vascular
endothelial growth factor (VEGF), and basic fibroblast
growth factor (bFGF) to be released from mast cell granules
[41]. All in all, when stimulated by DAMPs or other stimuli
in the tumor microenvironment, mast cells can become
activated and undergo degranulation and release of cyto-
kines and chemokines that, in turn, profoundly remodel
tumor microenvironment.

3 Mast cells remodel tumor microenvironments
through interaction with other cells within tumors

Complex cellular networks are integral features of tumor
microenvironment, filled with an assortment of immuno-
suppressive and inflammatory cells. Myeloid-derived sup-
pressor cells (MDSCs), tumor-associated macrophages, and
regulatory T (Treg) cells are typical examples of such cells
[42–44]. That mast cells affect effector T cells, dendritic
cells, and B cells is well known. As critical cell type in
tumor microenvironment, mast cells may also directly or
indirectly interact with MDSCs, Tregs and others. But how
mast cells affect immunosuppressive and inflammatory
cells in tumor microenvironment remains largely unclear.
SCF and its cognate receptor c-kit on mast cells are crucial
for directing mast cell development from their hematopoi-
etic progenitors, influencing numbers and phenotypes of
mast cells [45]. Other effectors, such as IL-3, are also
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involved in mast cell development and survival [45, 46]. By
increasing the secretion and production of VEGF and bFGF
from mast cells, early studies have already demonstrated
the involvement of SCF in tumor angiogenesis [47].
Clinical treatments targeting SCF that have achieved
convincing therapeutic effects provide further corroboration
[48, 49]. Recent in-house findings have highlighted the
remodeling of tumor microenvironment by tumor cell-
derived SCF [20]. The results showed that mast cell
infiltration and activation in tumors were mainly mediated
by tumor-derived SCF and the receptor c-kit on mast cells.
Low-concentration SCF was effective in the chemotactic
migration of mast cells into tumor sites, while high
concentrations of SCF-activated mast cells, resulting in
the synthesis of multiple pro-inflammatory factors, such as
IL-6, TNF-α, VEGF, COX-2, iNOS, CCL2, and IL-17 that,
in turn, have profoundly remodeled tumor inflammatory
microenvironment [20, 50]. Furthermore, mast cell infiltra-
tion was found to upregulate the expression of transcription
factor Foxp3, the critical marker of Tregs, concomitant with
the suppression of T cell- and natural killer (NK) cell-

mediated antitumor immune responses [20]. Such data
suggest that mast cells may actually exacerbate tumor
immunosuppressive microenvironment by regulating cyto-
toxic T and NK cells.

As a critical pro-inflammatory cytokine, IL-17 has
recently attracted great attention and its role in allergic
and autoimmune inflammation is intensively studied. IL-
17 acts on a broad range of cells to induce the expression
of cytokines (IL-6, IL-8, GM-CSF, G-CSF), chemokines,
and metalloproteinases [51, 52]. These studies, therefore,
suggest that the upregulation of IL-17 triggered by tumor-
infiltrating mast cells might also be pivotal in tumor
microenvironment remodeling. Interestingly, the in-house
findings have shown that mast cell-induced IL-17 is not
produced by Th17 cells but by MDSCs [21]. Such
findings are summarized in Fig. 1, illustrating a closed
loop amongst mast cells, MDSCs, and Treg cells in tumor
microenvironment. Each of these components of the loop,
in turn, has its own specific role it plays in the remodeling
of the microenvironment: (1) mast cells promote the
migration and suppressor function of tumor MDSCs by

Fig. 1 A model of mast cells remodeling tumor microenvironment.
Under the guidance of SCF/c-kit signaling, mast cells migrate to and
are activated in tumor microenvironment; the activated mast cells
release a panel of factors, leading to CCL2 production and IL-17
upregulation in MDSCs; CCL2 signaling recruits more MDSCs,
leading to more IL-17 production; IL-17 strengthens tumor inflam-
matory microenvironment, leading to the upregulation of IL-9, IL-10,
IL-13, CCL17, CCL22, CD39, and CD73; IL-10 and IL-13 induce
arginase 1 expression by MDSCs; CCL17 and CCL22 attract the

migration of Treg cells; CD39 and CD73 enhance suppressor function
of Treg cells; IL-9 produced by Treg cells maintains the survival of
mast cells; MDSCs release active MMP9, through which soluble SCF
is generated, thus further facilitating the migration and activation of
mast cells; mast cells and/or other cells release microparticles. The
latter transfer regulatory molecules such as microRNAs to proximal
macrophages or others so to regulate the behavior of these cells, thus
further remodeling tumor microenvironment
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regulating the expression of CCL2 and Th2 cytokines; (2)
CCL2 and other factors recruit more MDSCs to tumor
microenvironment and further exacerbate tumor inflam-
matory microenvironment by IL-17 secretion, leading to
the increased levels of CCL17 and CCL22; (3) CCL17 and
CCL22, in turn, chemoattract more Tregs to tumor site; (4)
IL-17 signaling upregulates CD39 and CD73 on Tregs for
the enhanced suppressive function of Tregs; (5) IL-17
signaling upregulates the production of IL-9 by Tregs; and
(6) IL-9 maintains the survival of mast cells in tumor
microenvironment.

It is not too difficult to see from the above that mast
cells, MDSCs, and Tregs form a vicious axis to develop in
parallel both tumor inflammatory microenvironment and
immunosuppressive microenvironment. A recent study
from Khazaie's group has shown that colorectal cancer-
infiltrating mast cells can contribute to systemic Treg
dysfunctions [53]. They found that Tregs were unable to
suppress mast cell degranulation and that the pro-
inflammatory skewing of those Tregs was not dependent
on either IL-17 or IL-6, suggesting the complex interaction
between mast cells and Tregs in tumor microenvironment.
Besides MDSCs and Treg cells, mast cells might also be
communicating with other tumor infiltrating cells, such as
macrophages, B cells, granulocytes, fibroblasts, adipocytes,
and even tumor cells themselves. In this respect, reports
from both Bentrem's and Melillo's groups have shown that
crosstalk between human mast cells and cancer cells
contributes to tumor progression [54, 55]. How those
communications occur, however, as yet remains unclear
though naturally worthy of further investigation.

4 Mast cell-derived microparticles mediate interaction
of mast cells with other cells including tumor cells

Eukaryotic cells, when undergoing activation and apopto-
sis, may shed components of their plasma membranes
encapsulating cytoplasmic elements into extracellular
spaces [56, 57]. These shed vesicles vary from 100 to
1000 nm in size and are known as microparticles (MP)
[58]. As a subcellular structure, MPs can be purified
through centrifuging methods and detected by flow cyto-
metric technology. Whilst plasma membrane-derived
microparticles had been considered by many to be merely
“cellular dust”, in-house preliminary data suggest that mast
cells not only degranulate but also release MPs after
activation. As components of the tumor microenvironment,
mast cell-derived MPs may function at deeper levels of the
tumor microenvironment and remodel tumor development
from multiple aspects. Ligation of SCF to c-Kit leads to the
activation of multiple pathways, including phosphatidyl-
inositol-3 (PI3)-kinase, phospholipase C (PLC)-γ, Src

kinase, Janus kinase (JAK)/signal transducers and activa-
tors of transcription (STAT) and mitogen-activated protein
kinase pathways. Activation of these pathways results in
multiple functional effects, like increased cell proliferation,
differentiation, and survival [59]. Although almost all types
of tumor cells are capable of producing SCF [20], most of
them such as liver, breast, colon, and lung cancer cells do
not express the receptor c-kit. An in-house study, as yet
unpublished, has shown that when mast cell-derived MPs
are added to the cultured H22 hepatocarcinoma tumor cells,
MPs transfer mast cell membranes to tumor cell mem-
branes. Since mast cells highly express c-kit, it is possible
to speculate that mast cells transfer the receptor c-kit to
vicinal tumor cells, enabling the tumor cells to obtain c-kit
signaling in the manner of autocrine or paracrine secretion,
leading to tumor cell growth and survival through the SCF/
c-kit pathway. In addition to being a source of membrane
receptors, MPs also function as a mediator capable of
transferring intracellular components among cells. Reports
have demonstrated that MPs contain parent cell mRNAs
making it possible for MP-mediated mRNA to promote
angiogenesis [60]. Studies conducted in-house further
analyzed MPs-derived RNAs by microRNA microarray,
and found that mast cells-derived MPs expressed various
microRNAs that could be, in turn, transferred to phagocytes
such as macrophages, DCs and, possibly even, tumor cells.
In another in vitro in-house study, it was found that
macrophages taking up MP-derived microRNAs were
involved in the macrophage transition from M1 to M2
phenotypes. Moreover, studies conducted in-house have
recently demonstrated that unstimulated mast cells are
capable of taking up platelets-derived MPs that lead to the
inhibition of inflammation [61]. Thus, MPs derived from
mast cells and other cells might profoundly shape the
biological characteristics of tumor-associated macrophages,
tumor-infiltrating DCs, mast cells themselves, and even
tumor cells, leading to the remodeling of tumor microen-
vironment. Elucidating how mast cells-derived micropar-
ticles exert their functions in tumor sites will undoubtedly
expand our understanding of the remodeling of tumor
microenvironment.

5 A potentially promoting effect by mast
cell-remodeled tumor microenvironment on cancer
invasion and metastasis

It is generally accepted that tumors are not just a problem
raising from the particular tumor cells themselves but also
an outcome of the microenvironment where tumor cells
arise. As noted afore, mast cells play an important role in
tumor progression by their remodeling tumor microenvi-
ronment. A number of contributors to the literature have
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demonstrated that mast cell infiltration to tumors is
increased in comparison with normal tissues and accord-
ingly appears to exert a protumor effect [62–65]. In
addition to the excellent studies of the impact of mast cells
on tumor angiogenesis, others have recently investigated
the role of mast cells in tumor invasion and metastasis.
Melillo and his colleagues found that in thyroid cancer
patients, mast cells were present within the tumor and at the
invasive front and tended to be positively correlated with
increased invasiveness of cancer cells [55]. By using
human mast cell lines HMC-1 and LAD-2 in in vitro
assays, they found that mast cells increased BrdU incorpo-
ration in thyroid cancer cells and decreased the levels of
serum starvation-induced apoptosis. Moreover, they found
that mast cell-conditioned media facilitated thyroid cancer
cell migration in Matrigel. In a similar study by Strouch et
al., mast cell infiltration was showed to be significantly
increased in the stroma of pancreatic cancer in comparison to
adjacent normal pancreatic tissue and normal pancreatic tissue
from patients with benign disease [54]. They also found that
mast cell numbers were positively correlated with the
advanced grade and worse median disease-specific survival
in pancreatic cancer patients. Furthermore, in in vitro assays,
they found that mast cells augmented the proliferation of the
pancreatic ductal adenocarcinoma cell lines PANC-1 and
AsPC1 and increased their invasion in Matrigel. In line with
the positive effects of mast cells on human thyroid and
pancreatic cancers, Xiang et al. reported that the release of
tryptase by mast cells promoted the migration and invasion
of breast cancer cells [66]. Mast cells seem to, therefore, be
capable of promoting proliferation, survival and invasiveness
of human cancer cells.

Migration and invasiveness of tumor cells are usually
thought as the prerequisite of tumor metastasis. The
aforementioned effect of mast cells on tumor cell motility
implies a further relationship between mast cells and tumor
metastasis. Furthermore, the effects of mast cells on tumor
microenvironment also suggest a link between mast cells
and tumor metastasis. However, to date, data on mast cells
and metastasis have been scant and largely poor. Early
studies have reported that not only were metastases reduced
in mast cell-deficient mice [67] but when levels of mast
cells were stabilized or inhibited, the metastases of rat
mammary adenocarcinoma were also inhibited [68]. Re-
cently, on the basis of the critical location of mast cells at
the blood–brain barrier and the fact that mast cells can be
stimulated by corticotropin-releasing hormone, secreted
under stress, it has been suggested that perhaps, after
stimulation mast cells release mediators such as histamine,
IL-8, tryptase and VEGF to disrupt the blood–brain barrier,
thus facilitating tumor cell brain metastases [69]. In
addition, part clinical data have indicated a possible link
of mast cells to metastasis. Yano et al. reported, for

example, that mast cell numbers were higher in specimens
in patients with advanced diseases and with metastases to
the lymph nodes than in specimens in patients with early
stages of the disease [70]. Although these studies are
helpful to construct a model of tumor metastasis promotion
by mast cells, the truth in mast cell promotion of metastasis
may well be far more varied and much more complex. Both
direct and indirect means can be employed by mast cells to
facilitate metastasis. The direct means includes: (1) activat-
ed mast cells releasing proteases such as MMP9, tryptase,
chymase, and cathepsin to degrade the extracellular matrix
to facilitate tumor cell migration and invasion; (2) activated
mast cells releasing vasoactive factors such as histamine,
IL-8, VEGF, prostaglandin D, and substance P to lower
endothelial barriers, thus facilitating tumor cell intravasa-
tion and extravasation; and (3) as mentioned above,
transferring c-kit receptors on mast cells to tumor cells
through microparticle pathways, thereby generating tenta-
tive c-kit signaling for tumor cell metastasis. The indirect
means, on the other hand, includes: (1) activated mast cells
releasing proangiogenic factors such as VEGF, PDGF,
MMP9, and PGE2 to induce angiogenesis, thus facilitating
tumor metastasis; (2) activated mast cells releasing pro-
inflammatory factors such as IL-1β, TNF-α, and IL-18 to
increase the interstitial fluid volume by plasma effusion and
extending the distance of oxygen needed to be delivered to
oxygen hungry cells, thus leading to hypoxia-induced
metastasis; (3) activated mast cells releasing growth factors
such as EGF, IGF, NGF, bFGF that favor tumor cell
survivability, thus again facilitating metastasis; and (4)
activated mast cells exacerbating tumor immunosuppres-
sion and thereby decreasing immune system destruction of
tumor cells, thus facilitating metastasis. Mast cells, there-
fore, are advantaged in many ways that favor tumor
metastasis. Which of these advantages are played probably
depends on the context at that time.

The success of metastasis also depends on the survival of
tumor cells in the secondary sites to which they have
moved. Unpublished in-house data indicated that mast cells
may be recruited to tumor cell-inoculated site as early as
2 h after inoculation, suggesting, in turn, that mast cells
might play an important role in the initial survival of
metastasized tumor cells at the secondary site. A key point
for tumor cell survival in the secondary site is its ability to
escape or ward off local immune surveillance. Unlike
primary tumor site, that is full of immunosuppressive cells
and molecules, distant secondary sites can be presumed to
be immune competent, or at least retain their innate
immunity-for example, NK cell activity being unimpaired.
Mast cells probably are a critical regulator in helping
tumors to overcome the dangers from the local immune
system where they metastasize to. Mast cells are capable of
secreting diverse biologically active products upon expo-
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sure to a variety of immunological or nonimmunological
stimuli [25, 26]. After activation by tumor cell-derived
SCF and other signals, mast cells can produce CCL2, not
only by themselves but also by remodeling the local
microenvironment [20]. As a result, MDSCs are recruited
to the site via CCL2/CCR2 signaling pathway to establish
a safe immune unresponsive new home for tumor cells
[71]. Besides the effect on MDSCs, mast cells may also
induce immunosuppression by producing inhibitory fac-
tors such as IL-10, TGF-β, and adenosine [20]. The in-
house study has demonstrated that mast cells induce the
inhibition of tumor-infiltrating T cells and NK cells by
releasing adenosine [20]. The fact that mast cells encircle
the endothelium enables mast cells to become the first
responder to tumor cell invasion of the strange secondary
site. Although the interaction between mast cells and the
new invader can be predicted as being inevitable, the
consequence of this interaction at the secondary site may
be much more complicated and dependent on the context
at that time.

6 Concluding remarks

Recent advances have established various important
stromal cell types in regulating tumor microenvironment.
But perhaps more important, than those cell types, is the
observation that mast cells have a significant role in
sculpting tumor microenvironment. Mast cells are present
in most tumor types, and probably act as the scaffolding
cell population by secreting a variety of effector
molecules, interacting with other stromal cells and even
tumor cells, and shedding microparticles (Fig. 1), thus
guiding tumor initiation, progression and metastasis.
However, to date, the real veil of tumor-infiltrating mast
cells is still covered, especially in human cancers.
Unveiling the complexity and complicity of mast cells in
cancer should provide insights into understanding the
formation and remodeling of tumor microenvironment.
Hopefully this may open new avenues and novel
approaches to cancer therapies or combined treatments
against tumor growth and metastasis.
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