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Mast Cells in the Tumor
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Abstract

Mast cells are tissue-resident, innate immune
cells that play a key role in the inflammatory
response and tissue homeostasis. Mast cells
accumulate in the tumor stroma of different
human cancer types, and increased mast cell
density has been associated to either good or
poor prognosis, depending on the tumor type
and stage. Mast cells play a multifaceted role
in the tumor microenvironment by modulating
various events of tumor biology, such as cell
proliferation and survival, angiogenesis, inva-
siveness, and metastasis. Moreover, tumor-
associated mast cells have the potential to
shape the tumor microenvironment by estab-
lishing crosstalk with other tumor-infiltrating
cells. This chapter reviews the current under-
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standing of the role of mast cells in the tumor
microenvironment. These cells have received
much less attention than other tumor-
associated immune cells but are now recog-
nized as critical components of the tumor
microenvironment and could hold promise as
a potential target to improve cancer
immunotherapy.
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9.1 Introduction
The mast cell (MC) is a tissue-resident, innate
immune cell that plays a key role in the host
defense and homeostatic response but also con-
tributes to several immune-mediated disorders,
such as allergic reactions, autoimmune diseases,
and cancer.

Although MC accumulation at tumor sites has
been reported for many years, there is still con-
troversy about the contribution of this cell to
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tumor development. This chapter provides a
review of the literature focusing on the MC role
in the tumor microenvironment of different
human solid cancers. After briefly reviewing new
insights into MC biology, with a major focus on
MC phenotype and function, as a direct conse-
quence of the local microenvironment, we ana-
lyze the described mechanisms for MC
recruitment into the tumor microenvironment.
We also discuss evidence reporting MCs anti-
tumoral role, as well as evidence supporting a
pro-tumoral role, and the mechanisms implicated
in each response. The goal of this chapter is to
give insight into the multifaceted role played by
MCs in the tumor microenvironment and puts
forward some perspectives for future studies.

9.2 Biology of the Mast Cell

MCs are tissue-resident cells extensively distrib-
uted throughout the body, especially prominent
in protective tissue barriers, such as the skin, air-
ways, and gut mucosa. MCs differentiation into
one of their distinct phenotypes and their func-
tions are strongly determined by growth factors
and cytokines present in the tissue microenviron-
ment [1]. In rodents, MC subtypes are classified
based on their tissue location in two major popu-
lations: connective tissue mast cells (CTMCs),
which reside constitutively in most connective
tissues, and mucosal mast cells (MMCs), which
reside in the intestinal and respiratory mucosa.
MMCs arise from bone marrow-derived MC pro-
genitors that are recruited and undergo matura-
tionin a T cell-dependent manner. Unlike MMCs,
CTMCs are seeded during embryogenesis, by
MC “primitive” progenitors (derived from yolk
sac) and progenitors derived from “definitive”
fetal hematopoietic stem cells, and their mainte-
nance in adult tissues occurs independently of
bone marrow progenitors [2, 3]. Their human
counterparts are classified based on the proteases
they contain, tryptase alone (MCy), chymase
alone (MC.), or both (MCr¢). These subsets dif-
fer in their tissue localization and function [4].
The origin of human MCs and the factors that
influence each subtype are yet to be completely

understood. It is worth noting that both human
and rodent MCs are highly heterogeneous and
moldable, and intraspecies as well as interspecies
heterogeneity has been reported [5]. MC pheno-
type and function are profoundly shaped by the
microenvironment where they originate, mature,
and reside. Indeed, MCs are endowed with a high
degree of site-specific plasticity, and tissue-
specific MCs display differences in granule con-
tent, cytokine expression patterns, and receptors,
which provide context-related functions to these
cells [4]. Even within the same tissue and under
basal conditions, MC populations are phenotypi-
cally different and can generate further specific
subpopulations [6, 7]. MCs also display specific
activation-associated transcriptional signatures,
for example, interleukin (IL)-33 activated MCs
are transcriptionally and most likely functionally
distinct than MCs activated via cross-linking of
the high-affinity receptor for IgE (FceRI) [8].
Therefore, the traditional classification based on
the produced proteases is too simplistic and a fur-
ther classification, that takes into consideration
the variety of tissue-specific MC subtypes, has
been proposed [4]. Supporting this idea, recent
studies identified that CTMCs from distinct ana-
tomical locations or with a different fetal origin,
had considerable heterogeneity in gene profiles
revealing different CTMC subsets [2, 3, 9]. Also,
these studies found evidence for previously unap-
preciated CTMC turnover, in the absence of tis-
sue inflammation and with tissue-specific kinetics
[2, 9]. The existence of distinct CTMC subsets
confirms that MC identity and function are
strongly influenced by their developmental origin
and microenvironment.

MC:s are characterized by a cytoplasm packed
with secretory granules, filled with a broad array
of immunomodulatory and vasoactive mediators
such as histamine, heparin, cytokines such as
tumor necrosis factor-alpha (TNF-a), and differ-
ent proteases. Indeed, half of the content in secre-
tory granules of mature MCs consists of
proteases, tryptase being the predominant prote-
ase in human MC [10].

MC:s are notable for their extraordinary ability
to respond rapidly to stimuli (Fig. 9.1). Upon
activation and depending on the type of stimuli
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Fig. 9.1 Mast cells (MCs) express several receptors on
their surface, which give them the ability to recognize a
wide range of endogenous/exogenous ligands. Upon acti-
vation by diverse mechanisms, MCs can release a broad
array of biologically active mediators that can be divided
into two major categories: preformed mediators, stored

and receptor involved, MCs can release three dis-
tinct classes of bioactive molecules: granule-
stored preformed mediators that are released
within seconds to minutes (degranulation); de
novo-synthesized lipid mediators, prostaglan-
dins, and leukotrienes, produced within minutes;
and a variety of cytokines, chemokines, and
growth and angiogenic factors that are produced,
following their transcription and translation,
within hours [11]. MC activation is mediated by
a variety of receptors expressed on their surface,
the most well-known pathway of activation is
mediated by the cross-linkage of their high-
affinity IgE receptor (FceRI), but MC activation
can also be triggered by other receptors, such as
Toll-like receptors (TLRs), complement recep-
tors, adenosine receptor, and cytokine and che-
mokine receptors [5]. The nature of the MC
response is dependent on the stimulating ligand.

MCs are multifunctional cells implicated in
several physiologic and disease responses. They
contribute to tissue homeostasis by promoting
inflammation, angiogenesis, and wound healing

within the MC granules and released immediately after
activation (a process called degranulation) and de novo
synthesized mediators, produced following activation.
These mediators are directly or indirectly involved in sev-
eral physiological and pathophysiological processes

[12]. They also accumulate in injured and
inflamed tissue, where they can amplify or sup-
press inflammation. MCs also play a key role in
the host defense, acting as sentinels, sensing their
environment via multiple cell surface receptors to
orchestrate the immune response through the
fine-tuned release of their biologically active
mediators [11]. MC-derived mediators can influ-
ence migration, maturation, and function of dif-
ferent cell types, including dendritic cells (DCs),
macrophages, eosinophils, natural killer cells
(NK), T cells, B cells, fibroblasts, endothelial,
and epithelial cells [13]. For example, MC-derived
TNF-a is required for efficient DCs and cytotoxic
T cells responses, since it promotes DC matura-
tion and migration, and boost the T-cell-priming
efficiency [14]. This mediator is also a critical
factor for neutrophil recruitment. Similarly,
MC-derived prostaglandins and leukotrienes act
mainly as proinflammatory factors [15], whereas
histamine has pleiotropic effects dependent upon
the receptor subtype it is bound to. Therefore,
histamine not only enhances the proliferation and
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activation of different immune and nonimmune
cells but also inhibits cell proliferation and stimu-
lates immune cell suppressor activity. One of the
most important modulatory effects of histamine
is its influence on T lymphocyte function and dif-
ferentiation. Specifically, through its H1 receptor,
histamine influences T-cell development into Th1
and leads to a decrease of T cell suppressor activ-
ity, but through its H2 receptor, histamine stimu-
lates T lymphocyte suppressor activity and
inhibits cytolytic activity [15]. It is worth to note
that the effector functions of MCs could be dif-
ferent depending on the tissue in which the
response occurs, and then the same MC-derived
mediator can induce different effects.

Under physiological conditions, MCs can
induce and enhance angiogenesis through the
production of a variety of pro-angiogenic factors,
such as vascular endothelial growth factor
(VEGF), fibroblast growth factor 2 (FGF2),
tryptase, and other proteases [16]. These mole-
cules also contribute to cancer progression.
Indeed, one of the main MC effects on tumor

growth is related to their pro-angiogenic
function.
9.3  Tumor-Associated Mast Cells

(TAMCs)

Increased understanding of the relationship
between cancer cells and their microenvironment
has shed light on how tumors evolve as complex
systems, involving dynamic interactions between
tumor cells and different cell types, including
infiltrating immune cells. The interaction of
tumor cells with the immune cells in their micro-
environment is essential for determining the
tumor fate [17].

MC infiltration is commonly found in differ-
ent human cancer types, and their accumulation,
either at the peri-tumoral or intra-tumoral level,
has been associated with both promotion and
suppression of tumor growth [16].

TAMCs may arise in tumor microenvironment
either by recruitment of neighboring tissue-
resident MCs and/or MC progenitors (MCP) via
healthy vasculature close to the tumor site or by

the proliferation of both mature tissue-resident
MCs and MCPs. MCs could be recruited by
various inflammatory stimuli within the tumor
microenvironment, including hypoxia, cellular
injury, and tissue ischemia. MCs could also be
recruited by soluble factors secreted from the
tumor cells and noncancerous stromal cells. So
far, the precise molecular mechanisms involved
in the MC accumulation in tumors remain poorly
studied.

In healthy tissue, stem cell factor (SCF) is the
most characterized chemotactic factor for MC
recruitment. Similarly, MC infiltration in tumors
is mainly mediated by tumor-derived SCF and its
receptor c-kit in MC [18-20]. Experiments using
cancer cells from clear cell renal cell carcinoma
(ccRCC), the most common histological subtype
of renal cell carcinoma (RCC), identified SCF as
a key mediator of MC recruitment. Additionally,
assays using 3D coculture models showed that
hypoxia inducible factor (HIF-2a) expression in
these cancer cells was responsible for inducing
SCF secretion and subsequently MC recruitment
[20]. In vitro evidence showed that colon cancer
cells recruited MCs by releasing SCF, and this
effect was mediated via bidirectional crosstalk
[21]. This study also demonstrated that MC
recruitment, rather than local proliferation, was
the determinant factor for the increased mast cell
density (MCD) observed in colorectal cancer
(CRC). Besides SCF, other growth factors pro-
duced by noncancerous stromal cells, such as
FGF-2, VEGF, and platelet-derived endothelial
cell growth factor (PD-ECGF) mediated MC
recruitment both in vivo and in vitro [22, 23].

Recently, chemokines were described as
important factors for MC recruitment to the
tumor microenvironment. For instance, experi-
ments using cell culture supernatants from gas-
tric cancer (GC) tissues, demonstrated the
importance of CXCL12 and its receptor
CXCR4 in MC recruitment [24]. These experi-
ments indicated that the CXCL12-CXCR4 che-
motactic axis could be one of the mechanisms for
MC recruitment to the tumor microenvironment,
in gastric cancer in vivo, since high MC infiltra-
tion correlated with high CXCL12 levels in tumor
tissues. Moreover, TAMCs were preferably
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located intratumorally, and their numbers
increased with tumor progression, showing a
positive correlation between MCD and increased
advanced lymphatic invasion, tumor size, and
tumor stage, in tissues from patients with this dis-
ease [24, 25]. Another study reported that CCL15,
a chemokine constitutively secreted by colon
cancer cells, was as an important chemotactic
factor for MCs in vitro, eventually promoting
MCs migration [21].

924 Mast Cells’ Functions
in the Tumor

Microenvironment

It is clear that mast cells infiltrate tumors of dif-
ferent types of cancer, but what is the role of
tumor-associated mast cells?

Although MCs have been long recognized as
early and persistent tumor-infiltrating cells, they
remain less studied than other components of the
tumor microenvironment [26]. Undeniably, MCs
can influence directly or indirectly the tumor
biology and fate, but their functions in the tumor
microenvironment are complex and still poorly
understood.

MC:s are a rich source of diverse biologically
active mediators (cytokines, chemokines, growth
factors, matrix metalloproteinases, and prote-
ases), with pro-inflammatory, immunoregulatory,
and angiogenic properties. Similar to its physio-
logical functions, MCs can exert diverse func-
tions during cancer development and progression
(Fig. 9.2). Depending largely on the microenvi-
ronmental stimuli, MCs can inhibit or promote
several processes of tumor biology, such as pro-
liferation and survival, angiogenesis, lymphangi-
ogenesis, tissue remodeling, disruption of the
extracellular matrix, invasion, and metastatic
spread [16]. Therefore, TAMCs could be either
pro-tumorigenic, anti-tumorigenic, or innocent
bystander cells.

In this chapter, we discuss the role of MCs as
a potential prognostic marker in cancer, as well
as some anti- and pro-tumor mechanisms by
which MCs potentially modulate the tumor
microenvironment.

Anti-Tumoral Role of Mast
Cells

9.4.1

9.4.1.1 Tumor-Associated Mast Cells
as a Good Prognostic Marker

The prognostic value of TAMCs in human solid
tumors is still unclear and controversial. Some
clinical studies have considered TAMCs as indi-
cators of better prognosis in certain human can-
cers, such as breast, prostate, and lung cancer
(Table 9.1). In this context, MC infiltration in
breast cancer has been considered a favorable
prognostic factor, and in some cases, this good
prognosis was independent of age, tumor grade,
and molecular cancer subtype [27-32]. Similarly,
in nonsmall-cell lung cancer (NSCLC), high MC
infiltration was considered an indicator of good
prognosis, independently of tumor stage [33, 34].
In another study, high MCD was linked to a bet-
ter prognosis in stage I NSCLC but not in stage 11
[35]. Interestingly, in prostate cancer, an experi-
mental study in mice found that TAMCs exerted
different functions according to tumor stage and
that MC inactivation promoted the occurrence of
highly malignant neuroendocrine cancers [36].
Clinical studies in humans have shown that in
prostate cancer, the prognostic role of TAMCs
depends not only on the tumor stage but also on
the MC location within tumor tissue. So far, the
results obtained indicate that intra-tumoral and
peri-tumoral MCs have opposing effects on pros-
tate cancer outcome. Therefore, high intra-
tumoral but not peri-tumoral MC numbers were
associated with a favorable prognosis [37—40].

Few studies have investigated the role of spe-
cific MC subtypes in cancer. From this perspec-
tive, a recent study found that both MC; and
MC;c phenotypes were associated with less
aggressive breast cancer and that increased num-
bers of any of the MC subtypes correlated with a
better prognosis [32]. This is consistent with
another study reporting that both MCt and MCrc
phenotypes correlated with improved survival in
NSCLC [34]. In colon cancer, only one study has
associated high MCD to longer overall survival
in patients [41]. Together, these data indicate that
MCs may contribute to the anti-tumor response
in these cancer types; however, more high-quality
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Fig. 9.2 Multifaceted effects of mast cells in the tumor
microenvironment. Mast cells (MCs) accumulate in the
tumor microenvironment either by the proliferation of
local tissue-resident MCs or via recruitment of neighbor-
ing tissue-resident MCs and/or MC progenitors, by tumor-
derived factors such as SCF, CXCL12, and CCL15. MCs
could also be recruited and activated by various inflamma-
tory stimuli within the tumor microenvironment. Activated
MCs can exert antitumor effects through direct tumor cell
lysis, or indirectly through the release of mediators that
promote recruitment and maturation of immune effector
cells in the tumor microenvironment. MCs can also con-
tribute to the antitumor microenvironment by decreasing
tumor angiogenesis through the inhibition of vascular per-
meability via MC production of prostaglandin D2 (PGD,).
On the other side, activated MCs can also exert pro-tumor
effects. In particular, MC-derived histamine can enhance
tumor cell proliferation through binding to its H4 recep-
tor. Tumor derived-adrenomedullin (ADM) stimulates
MCs to produce IL-17, which in turn suppresses cancer
cell apoptosis contributing to cancer growth. Besides,
MCs contribute to angiogenesis in the tumor microenvi-

ronment by secreting several angiogenesis-promoting fac-
tors. Tryptase, a MC-specific protease, enhances
angiogenesis directly by stimulating endothelial cell pro-
liferation and vascular tube formation, or indirectly by
activating matrix-metalloproteases (MMPs) and plasmin-
ogen activator (PA), which in turn degrade extracellular-
matrix components to provide space for neovascular
growth. MC-derived factors are also potent promoters of
lymphangiogenesis. Moreover, MCs also contribute to the
development of tumor-favoring microenvironment by
suppressing T-lymphocytes function, via MC secretion of
IL-10 and TGF-p or by recruitment of myeloid-derived
suppressor cells (MDSC) via secretion of CCL-2 and leu-
kotriene B4 (LTB,). Tumor-derived TNF-o upregulates
PD-L1 expression in the MC, which represents a mecha-
nism of immune suppression via direct interaction
between MCs and T lymphocytes in a PDL1-dependent
manner. MCs can also exacerbate the immunosuppressive
tumor microenvironment by establishing crosstalk with
MDSC through CD40:CD40L axis. IMCs immature
myeloid cells, MEC microvascular endothelial cells,
PD-L1 programmed death-ligand 1
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Table 9.1 Correlation of tumor-infiltrating MCs with prognosis in different human solid cancers

Good prognosis

Poor prognosis

Cancer type | (clinicopathological observation) (clinicopathological observation)
Breast Correlation with better OS [27] Correlation with increased MVD [61]
cancer Correlation with low-grade tumors, no Correlation with high-grade tumors [62]
correlation with OS [28] Correlation with LVI, PI, and LNM [63]
Correlation with HHR cancer [29] Specific correlation of itMC with aggressive molecular
Correlation with better OS, independently | subtypes [64]
of grade, LN and ER status [30] Correlation with poor response to chemotherapy in the
Correlation with less aggressive molecular | inflammatory type [65]
subtypes [31, 32]
Lung Correlation with better OS independently | Correlation of itMC with MVD in stage-I NSCLC [35,
cancer of NSCLC stage [33, 34] 66] and worse OS in stage-I LAC but not in LSCC [66]
Correlation of ptMC with better 5 years Correlation with MVD and worse OS [67]
survival in stage-I NSCLC, but not in
stage-II NSCLC [35]*
Prostate Correlation of itMC with low-grade Correlation with high-stage cancer and worse PFS [68]
cancer tumors and better DFS [37, 39]; less Correlation of ptMC with high-stage cancer and worse

metastasis and better OS [38]*
Correlation with improved DMFS [40]

OS [38]*

Colo-rectal | Correlation with better OS [41]

Correlation with MVD [46, 49], LVI, LNM, and worse

cancer OS [46]
Correlation with worse OS [47, 48, 51, 52] and worse
DFS [48, 51]
Correlation with worse OS after resection for CRLM
[50]
Gastric Correlation with better OS and DFS in Correlation with angiogenesis [53-55] and high-grade
cancer stage I cancer [80] tumors [55]
Correlation with increased MVD and LNM [56]
Correlation with worse OS [24, 54]
Pancreatic Correlation with high-grade tumors [57] and worse OS
cancer [57-59]

Correlation with MVI, LVI, and LNM, in the intra-
tumoral border zone, but not in the peri-tumoral or in
the intra-tumoral center zone in PDAC [59]°

CRLM colorectal liver metastases, DFS disease-free survival, DMFS distant metastasis-free survival, ER estrogen
receptor, HHR high hormone-receptive, itMC intra-tumoral mast cell, LAC lung adenocarcinoma, LN lymph node, LNM
lymph node metastasis, LSCC lung squamous cell carcinoma, LVI lymphovascular invasion, MVD microvascular den-
sity, MVI microvascular invasion, NSCLC nonsmall-cell lung carcinoma, OS overall survival, PDAC pancreatic ductal
adenocarcinoma, PFS progression-free survival, PI peri-neural invasion, ptMC peri-tumoral mast cell

“These studies demonstrated that intra-tumoral and peri-tumoral mast cells had opposite functions (anti-tumor or

pro-tumor)

"This study underlies the relevance of zone-specific distribution of mast cells in the prognosis of patients with pancreatic

ductal adenocarcinoma

clinical studies and standardization of methods
are needed before MCD can be considered a bio-
marker of prognosis for routine use in clinical
practice.

9.4.1.2 Mast Cells’ Potential to Exert
Anti-tumor Effects

Little has been studied about the mechanisms

implicated in the anti-tumor activity of MCs

(Fig. 9.2). Through microscopic analysis of

breast cancer tissues, one study reported that
peri-tumoral MCs showed cytolytic activity
against tumor cells [29]. Another study, using a
mouse model of lung carcinoma, demonstrated
that MCs decreased angiogenesis and vascular
permeability in the tumor microenvironment,
through the production of prostaglandin D2
(PGD,). Additionally, this study showed that
MC-derived PGD, reduced TNF-a synthesis, and
then limited the pro-tumor response in the tumor
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microenvironment [42]. This work identified
MC-derived PGD, as an anti-angiogenic factor in
lung carcinoma. Besides, analysis in an experi-
mental model of chemical skin carcinogenesis, in
MC-deficient KitV/KitVY mice, demonstrated
that the absence of MCs led to an increased tumor
incidence and growth. This observation was asso-
ciated with reduced infiltration of Gr-1+ granulo-
cytes, F4/80+ macrophages, B220+ B cells, and
CDS8+ T cells in sites of skin carcinogenesis. The
authors suggested that MCs contributed to the
anti-tumor response indirectly by promoting the
recruitment of immune cells and immunosurveil-
lance in the tumor microenvironment. This find-
ing was supported by demonstrating that local
adoptive transfer of MCs restored cell infiltra-
tion, leading to an active immune response that
did not allow tumor establishment [43]. The
potential of MCs to stimulate the anti-tumor
immune response was also demonstrated using a
model of murine melanoma. TLR2-activated
MCs were able to inhibit tumor growth in vivo,
by recruitment of NK and T cells to tumor sites
and reduction of angiogenesis. MC-derived IL-6
but not TNF-a was required for tumor growth
inhibition after TLR2-mediated MC activation
[44]. Comparably to the effect observed in mela-
noma, TLR2-activated MCs also inhibited the
growth of lung cancer in vivo, and this effect was
also associated with mononuclear cell infiltration
and decreased angiogenesis. In vitro experiments
also showed that tumor cell proliferation
decreased in the presence of TLR2-activated
MCs supernatants, indicating direct MCs anti-
tumor effects. Furthermore, in vitro chemotaxis
experiments using CCL3~~ murine-derived MCs
demonstrated a clear role for CCL3 in mediating
MC-dependent recruitment of immune effector
cells [44]. Similarly, another study using a model
of murine melanoma demonstrated that TLR7-
activated dermal MCs secreted CCL2, resulting
in skin inflammation and recruitment of plasma-
cytoid DCs to tumor sites, which after transfor-
mation into a subset of killer DCs directly
eliminated tumor cells [45]. Overall, these stud-
ies indicated that TLR-mediated activation could
harness MCs to exert tumor inhibitory functions,
such as the recruitment of immune effector cells

to tumor sites and the boost of cancer

immunosurveillance.

9.4.2 Pro-tumoral Role of Mast Cells

9.4.2.1 Tumor-Associated Mast Cells

as a Poor Prognostic Marker
Several scientific studies support MCs pro-
tumoral function and association of TAMCs with
a poor clinical prognosis of various solid tumors
(Table 9.1). Mostly in colon [46-52], gastric [53—
56], and pancreatic cancer [57-60], a growing
number of clinical studies have associated high
TAMC numbers with tumor progression and
worse prognosis in patients. A similar associa-
tion, though controversial, have been reported for
breast [26, 61-65], lung [35, 66, 67], and prostate
cancer [38, 68].

The mechanisms that potentially mediate
MCs pro-tumoral functions include stimulation
of tumor cells growth, induction of an immuno-
suppressive tumor microenvironment, promotion
of angiogenesis and lymphangiogenesis, and
facilitation of invasion and metastasis (Fig. 9.2).

9.4.2.2 Mast Cells as Promoters
of Tumor Cell Proliferation
and Survival

MCs can induce proliferation of tumor cells
either by direct cell—cell contact or through the
release of mediators that directly or indirectly
stimulate proliferation and survival. Studies
using MC-deficient mice demonstrated that MCs
were an essential hematopoietic component for
the development and growth of preneoplastic
polyps [69]. Moreover, MC-secreted mediators
promoted tumor growth by stimulation of colon
cancer cell proliferation, through bidirectional
communication between MCs and cancer cells,
without the need of cell-cell contact [21]. A
recent study showed that adrenomedullin, an acid
peptide amide in supernatants from cancerous
gastric tissue, stimulated MC production of
IL-17A, which in turn promoted proliferation by
suppressing apoptosis in GC cells, contributing
to cancer growth and progression [25]. These
data were supported by histopathological results
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showing that increased numbers of intra-tumoral
MC:s correlated with tumor progression and poor
survival in GC patients [25]. An in vitro study
showed that MCs, in coculture with lung cancer
cells, released high levels of histamine,
B-hexosaminidase, and tryptase. Interestingly,
histamine was the only MC-derived mediator
capable of inducing cancer cell proliferation
through its H4 receptor [70]. Although some
studies have demonstrated that tryptase can
induce proteinase-activated receptor 2 (PAR-2)-
mediated proliferation of some types of cancer
cells, here it was demonstrated that this protease
did not directly affect lung cancer cell
proliferation.

9.4.2.3 Mast Cells’ Contribution
to Tumor Angiogenesis
and Lymphangiogenesis

MCs can be potent inductors of angiogenesis
because of their ability to synthesize and release
several common angiogenic components, such as
FGF, IL-8, transforming growth factor (TGF-f),
TNF-a, and VEGEF, as well as noncommon angio-
genic components, such as tryptase. Currently, a
great amount of evidence has shown that mast
cell density (MCD) is strongly correlated to
angiogenesis in different human cancers, and
among the proangiogenic factors released by
MCs tryptase, it is one of the most powerful [23].
A relationship between microvascular density
(MVD) and MCD has been shown in various
human tumors. A recent paper showed a positive
correlation between the MCD and MVD in oral
squamous cell carcinoma (OSCC) [71]. Also, in
gastric cancer, MCD correlates with angiogene-
sis, growth, and cancer progression [54]. In
patients with breast cancer, high levels of trypt-
ase in serum correlated with high TAMCs num-
bers and strongly with MVD, supporting the
involvement of MC-derived tryptase in tumor
angiogenesis [61]. Moreover, experimental data
using MC-deficient mice have also provided
strong evidence for a positive correlation between
the MCD in mammary tumors and angiogenesis.
Histological = examination of tumors in
MC-deficient mice that spontaneously develop
breast cancer revealed a marked decrease in

angiogenesis compared to control mice, thus sup-
porting the fact that MCs contribution to angio-
genesis was strongly due to their ability to
promote tumor vascularization [72].

Recent evidence showed a positive relation-
ship between TAMCs and lymphatic vessels
(LV), suggesting that MCs may also contribute to
the formation of LV in the tumor microenviron-
ment [63, 73]. Analysis of the association
between TAMCs and lymphangiogenesis in dif-
ferent molecular subtypes of breast cancer,
showed a significant correlation between a high
number of peri-tumoral MCs and newly formed
LV, in the luminal A-type and the basal-like sub-
types [73]. Interestingly, the basal-like subtype
exhibited a particular behavior concerning
TAMCs and LV density (LVD). This subtype was
the only one that showed a significant correlation
between the overall MCD (peri-tumoral and
intra-tumoral MC count) and LVD. These find-
ings indicated that TAMCs response was specific
for each molecular subtype of breast cancer, and
this could influence lymphovascular invasion
dependent on each molecular tumor subtype [73].

Although MC association with cancer angio-
genesis and lymphangiogenesis has been widely
demonstrated, the specific mechanisms and fac-
tors implicated are only partially characterized,
and the MC role in these events seems to be
tumor type-dependent.

9.4.2.4 Mast Cells as Promoters
of Invasion and Metastasis

In addition to releasing their specific proteases
tryptase and chymase, MCs can release different
matrix metalloproteases, which degrade compo-
nents of the extracellular matrix (ECM), and have
a key role in cancer progression [16]. Some stud-
ies have demonstrated the potential role of MCs
in favoring cancer invasion and metastasis. In a
cohort of patients with breast cancer, MCs were
detected in all metastatic lymph nodes, but not in
reactive lymph nodes, which indicated a specific
MC role in nodal metastasis of breast cancer
[63]. Another study showed that increased trypt-
ase expression, in tumor tissues of breast cancer,
was associated with a higher tumor grade and
greater lymph node metastasis [74]. Supporting
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this, in vitro assays showed that tryptase pro-
moted the invasion and migration of the breast
cancer cell line MDA-MB-231, along with acti-
vation of matrix metalloproteinase-2, which
could facilitate vascular invasion and accelerate
metastatic spread [74]. Recently, a meta-analysis
of cohort studies evaluating the prognostic role of
MC, in different human solid tumors, found that
increased tryptase + MC infiltration was signifi-
cantly associated with lymph node metastasis in
NSCLC, hepatocellular, and colorectal cancer
[75].

9.4.2.5 Mast Cells Contribute
to an Immunosuppressive
Tumor Microenvironment

MCs can contribute to the generation of a tumor-
favoring microenvironment by disrupting the
anti-tumor immunity (Fig. 9.2). A recent study
found that intra-tumoral MCs, in samples from
patients with gastric cancer, expressed a signifi-
cantly higher level of immunosuppressive mole-
cule PD-L1. Since crosstalk between PD-L1 and
PD-1 is one of the main mechanisms leading to
immunosuppression of T cells, this result sug-
gested that MCs may play a role to directly mod-
ulate effector function in the tumor
microenvironment [24]. This study also demon-
strated that TNF-a produced by tumor cell cul-
tures significantly upregulated PD-L1 expression
in MCs by activating the nuclear factor-kB (NF-
kB) signaling pathway. Through experimental
evidence, the authors showed that TAMC inhib-
ited the normal T-cell function in a PD-LI-
dependent manner. The results also indicated a
significant negative correlation between MC
numbers and CD8+ T cells. Additionally, the per-
centage of MC was significantly increased in
patients with advanced stages of GC, suggesting
that MC contributes to tumor growth and GC pro-
gression via PD-L1 [24]. Besides, in colorectal
cancer, CD8+ T-cell infiltration was negatively
correlated with MC infiltration. Likewise, Th1-
type chemokines CXCL9 and CXCL10, which
recruit and promote cytotoxicity of T and natural
killer (NK) cells, were highly upregulated in low
MCD tumors, suggesting that tumors with less
MCs infiltration had a more intense immune

response, which could explain the better progno-
sis in such patients. Importantly, the authors
showed that patients with a lower MCD had bet-
ter survival rates after receiving adjuvant
chemotherapy [52]. Using gene set enrichment
analysis, it was reported that tumor-infiltrating
MC in ccRCC promoted an immunosuppressive
environment through suppression of CD8+ T-cell
function, via secretion of IL-10 and TGEF-p.
Furthermore, the expression of characteristic
genes of the adaptive immune system and cyto-
toxic functions [interferon-y (IFN-y) and gran-
zyme B (GZMB)] were markedly downregulated
in tumors with a high MCD [20].

MCs also contribute to immune suppression
through the recruitment of myeloid-derived sup-
pressor cells (MDSCs) and boost their suppressor
activity (Fig. 9.2). In a murine model of hepato-
carcinoma, activated MCs modified the tumor
microenvironment by upregulating CCL2, and
the Th2 cytokines IL-10 and IL-13. Moreover,
MCs induced IL-17 expression in MDSCs, which
in turn regulated the infiltration and enhanced the
suppressive function of Treg cells in the tumor
microenvironment [76]. In a mouse model of
colon cancer, MCs were required to enhance
MDSC-mediated immune suppression, through a
mechanism involving IFN-y and nitric oxide pro-
duction. In the same study, in vitro migration
assays showed that activated MCs induced the
migration of MDSCs, partly through MC-derived
leukotrienes [77]. Also, crosstalk between MCs
and MDSCs through the CD40:CD40L axis was
responsible for shaping the MC-derived proin-
flammatory microenvironment (CCL2, IL-6, and
TNF-a), that could further support MDSC activa-
tion, resulting in a tumor-promoting microenvi-
ronment [77]. The fact that MDSCs selectively
increased the production of proinflammatory
mediators by MCs when cocultured, highlighted
the existence of a bidirectional modulation
between these two cell populations in the tumor
microenvironment.

9.4.2.6 Mast Cells’ Role in Cancer
Therapeutic Resistance

In addition to the pro-tumoral functions described

above, MCs may also modulate the response of
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cancer cells to therapy. In vitro assays demon-
strated that MC culture supernatants blocked
gemcitabine ~ (GEM)/nabpaclitaxel ~ (NAB)-
induced apoptosis in pancreatic cancer cell lines,
through the activation of TGF-f1 signaling.
Furthermore, these MC-derived supernatants
reduced the anti-invasive activity of GEM/
NAB. These data showed a functional interplay
between MCs and pancreatic cancer cells, which
induced resistance to GEM/NAB. This observa-
tion was supported by the finding that unrespon-
siveness to GEM/NAB correlated with increased
levels of tryptase and TGF-$1 in the blood of
pancreatic ductal adenocarcinoma patients. Thus,
MCs seem to play a crucial role in tumor resis-
tance to GEM/NAB [60]. Analysis of tumor tis-
sue of inflammatory breast cancer (IBC), an
aggressive form of breast cancer characterized by
the clinical appearance of inflammation, showed
that the MCD was significantly associated with
poor response to neoadjuvant chemotherapy in
all disease stages and molecular subtypes of
IBC. Moreover, MCs were located within range
for direct or paracrine interactions with CD8* T
cells, as well as CD163* macrophages and tumor
cells. The authors suggested that interaction of
MCs with these immune cells might be exerting
an inhibitory effect in IBC, through suppressing
CD8* T cells, enhancing immunosuppressive
CD163* macrophages, and directly promoting
tumor cell growth [65]. This study indicated that
MC:s could represent a possible therapeutic target
to enhance the response to chemotherapy.

9.5 Concluding Remarks

Despite recent advances in understanding the mast
cell role in tumor biology, we still have limited
knowledge of the molecular mechanisms driving
mast cells functions in the tumor microenviron-
ment. Most studies agree that mast cells are tumor-
infiltrating cells of different human cancers;
however, conflicting data exist about the role
played by these cells. Also, in specific cancer types,
there is a discrepancy in the correlation between
the mast cell density and cancer prognosis.

The role of mast cells in the tumor microenvi-
ronment might be more complex than suggested
by the studies reviewed here, and mast cells func-
tions could rely heavily on the poorly described
role of tumor microenvironment in shaping the
mast cell response.

Similar to other cell constituents of the tumor
microenvironment, such as macrophages, mast
cells are extremely moldable and can change
their phenotype and functions in response to a
changing microenvironment. While tumor-
associated macrophages (TAMs) have been
extensively studied, and distinct specialized
TAMs subpopulations have been well described
[78], mast cells have received much less atten-
tion, and mast cell diversity and function in dis-
tinct tumor microenvironments have not been
described up to now. Elucidation of how mast
cell plasticity impacts on mechanisms orchestrat-
ing a pro-tumor or anti-tumor milieu could
explain the contradictory findings regarding the
mast cell function in  the  tumor
microenvironment.

In general, cancer is a highly heterogeneous
disease with a great variety of genetic and histo-
logical clinical subtypes, with each subtype also
exhibiting a high heterogeneity within itself. The
landscape is made even more complex by the
intrinsic mast cell heterogeneity and plasticity,
making it possible that within each cancer sub-
type a variety of tumor associated-mast cell sub-
populations exists. Consequently, mast cell
contribution, either positive or negative, could be
specific to certain cancer subtypes or tumor
microenvironments, which could dictate context-
dependent functions to the mast cell.

The interaction of mast cells with other tumor-
associated stromal cell types, in addition to
immune cells, such as fibroblasts, pericytes,
endothelial cells, and adipocytes, should be
investigated. These stromal cells are key compo-
nents of the tumor microenvironment, which sup-
port tumor growth. Specifically, endothelial cells
and pericytes participate in tumor angiogenesis
[79]. Therefore, crosstalk between these stromal
cells and mast cells may occur within the tumor
microenvironment.
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More work is needed to understand the intri-

cate crosstalk between mast cells and the tumor
microenvironment. Uncovering the mechanisms
orchestrating this reciprocal communication will
allow mast cell inclusion in future therapeutic
approaches.
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