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Mast cells as regulators of adaptive immunity to tumours
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The observation that mast cells accumulate at the periphery of growing
tumours is now well documented, and the loss of mast cells correlates with
reduced tumour growth. The role of mast cells as innate regulators of both
inflammatory and immunosuppressive responses slowly becomes clear as
novel tools become available. This review will address the role of mast cells in

tumours and how they can interact with the local immune environment to
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Introduction

Mistzellen, or mast cells (MCs), discovered now more than a
century ago by Paul Ehrlich, were first described in the thesis
of the then 24-year-old medical student. Ehrlich describes
the typical characteristic of these cells as filled with numer-
ous granules of varying size and notes that MCs could be
found around developing tissues, initiating the idea of a close
relationship between MCs and tumour growth [1].

Historically, MCs are described as the main responders to
allergens and as a source of protection against parasites.
However, recent literature has provided an additional layer
of complexity to this simplified role, and MCs are now rec-
ognized as having a spectra of both proinflammatory and
tolerogenic functions [2,3].

Mast cells are associated with a number of pathologies and
reactions including type I hypersensitivity reaction, chronic
inflammatory processes, tissue remodelling, wound healing
and angiogenesis [4—6]. Pertinent to this discussion, the
latter three are regarded as essential for the establishment
and progression of neoplastic growth.

The role of MCs in the generation of adaptive immune
responses is a double-edged sword. While MCs can induce
overt inflammation, as seen in allergies, autoimmunity and
contact hypersensitivity (CHS) [7-10], they can also exert
immune suppression as seen in allograft transplantation
models, chronic UV-B irradiation and mosquito bites
[11-14]. The role of MCs in the regulation of acquired
immunity is far from being resolved, and the seemingly con-
flicting character of these cells requires further mechanistic

mediate immune suppression contributing to tumour escape.
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analysis. In this review we will discuss the advances made on
the immunosuppressive role of MCs during the develop-
ment and progression of tumours.

Distribution

We now consider MCs as the critical mediators of innate
immunity, as they can be found most abundantly in areas
highly exposed to the external environment, such as the skin,
respiratory track, lung tissue, gastrointestinal tract and the
urinary system. Anatomically, MCs are found throughout
the human host and are located usually at the periphery of
blood and lymphatic vessels in the connective tissue; they
can also be found in sites directly adjacent to blood vessels
and peripheral nerves as well as in the secondary lymphoid
organs and in the central nervous system. The currently
accepted MC ontogeny describes the origin and develop-
ment of these cells as arising from undifferentiated and
multi-potential haemopoietic progenitors resident within
the bone marrow as stem cells expressing CD34 and c-kit
(CD117). These progenitors receive signals through their
adhesion molecules and receptors and enter the circulation
where they migrate and undergo chemotaxis into the tissue.
Once seeded in tissue these immature progenitor cells differ-
entiate, perhaps terminally, to functional maturity through
cues from the local microenvironment [15].

Subsets

At least two subpopulations of murine MCs have been iden-
tified based on the composition of chymases and tryptases
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within their granules. Mucosal MCs reside in the respiratory
tract and the gastrointestinal tract mucosa. Connective tissue
MCs are found in skin, lung, connective tissue and the
submucosa of the gastrointestinal tract. It is likely that addi-
tional subsets will be identified as further research com-
partmentalizes MCs by function, organ of residence,
phenotype and granule composition. Notably, we have
shown that MCs can mediate immunosuppression in toler-
ant allografts, and it is possible that the phenotypic profile of
these ‘tolerizing’ MCs would be distinct from those identified
previously. We would also submit that the MCs infiltrating
tumours may as well harbour a distinctive profile from either
the mucosal or connective tissue MCs. Transcriptional pro-
filing of purified MCs from tolerant tissue and from tumour
sites will provide us with our first insights of these immu-
nosuppressive MC subsets.

Mast cell mediators and effector functions

To understand more clearly the versatility of MCs and the
ability of these cells to partake in pathologies, ranging from
type I hypersensitivity reactions to graft tolerance, it is
important to consider basic MC biology. MCs produce three
categories of effector molecules: those which are stored in
granules such as serotonin, histamine, heparin, tryptase and
chymase; those which are synthesized de novo upon cell
stimulation such as lipid mediators (PAF), prostaglandins
(PDG;) and leucotrienes (LTB,, LTD,); and a large variety
of cytokines such as interleukin (IL)-1, IL-3, IL-5, IL-8,
IL-10, granulocyte—macrophage-colony-stimulating factor,
tumour necrosis factor (TNF)-a, transforming growth
factor (TGF)-B and vascular endothelial growth factor
(VEGF) [2].

Mast cell degranulation and ‘piecemeal degranulation’ are
two of probably a number of ways in which MCs can influ-
ence immunity through the release of the above-listed
mediators. Unique and central to the development of imme-
diate hypersensitivity is the cross-linking of FceRlI, the high-
affinity IgE receptor, by allergen-specific immunoglobulin
(Ig)E on MCs. Upon activation of MCs there is rapid release
of the content of their granules by exocytosis, enzymatic
synthesis of lipid mediators derived from precursors stored
in cell membranes, and in some cases in the lipid bodies, and
initiation of transcription, translation and secretion of
cytokines [16]. Less is known on the mechanisms of how
piecemeal degranulation occurs. Instead of utilizing high-
affinity FceRI, IgE-independent activation takes advantage
of such receptors on MCs as low-affinity IgG receptors
FcyRIT and FcyRIII, complement receptors (C3aR, C5aR,
CR2, CR4) and pattern recognition receptors. There is a
growing literature that has documented the differential
release of MC mediators upon selective stimulation of some
of these receptors [17]. The first report on this process dem-
onstrated that serotonin but not histamine can be secreted
by MCs in response to an exogenous stimuli such as
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amitriptyline [18]. Another example shows the differential
release of IL-6 without histamine in response to bacterial
lipopolysaccharide [19]. Thus, in considering the vast roles
that MCs may be playing in regulating acquired immunity,
their ability to selectively release mediators capable of modu-
lating immunity in a manner tailored to the stimulus may be
critical to acquired immunity. In our studies on the role of
MCs in the maintenance of tolerant allografts, it is clear that
the infiltrating MCs still contained granules. As such, we
have concluded that the maintenance of tolerance by MCs is
probably a secretory process by which MCs release immu-
nosuppressive mediators such as TGF-3 or IL-10. Definitive
proof of the MC mediators of suppression is being sought
currently.

Models of MC deficiency

The role of MCs in the development and progression of
human immunity and disease is implicated by their presence
or the presence of their products in defined clinical
conditions. In contrast, the use of mice in which MCs are
selectively or specifically absent has allowed us to definitively
implicate MCs in defined immunological and pathological
situations.

There are currently two widely used models of MC
deficiency: the (WBXC57BL/6)F1-Kit"/Kit"" (the W/WY)
and the Kit™"/Kit"" (W®) mice. Both are left severely
MC-deficient by a mutation in the c-kit receptor. The two
strains are otherwise different in the kinds of additional
abnormalities that they carry, with the W*" mice being least
affected [20,21]. Confirming MCs as the sole mediators of
the phenotypes observed in these strains is performed by
MC ‘knock-in’ experiments where MC-deficient mice are
reconstituted with MCs derived in vitro from bone marrow
cultures (BMMC), as reviewed elsewhere by Brown et al.
2008 [2]. The current gold-standard of studies in MC
deficiency, however, may be advancing, as models utilizing
transgenic mice harbouring MC-specific expression of Cre
recombinase are being generated and tested. The newly
developed Cre recombinase-expressing mouse line that
allows MC-specific inactivation of genes in vivo expresses
Cre under the control of the mast cell protease (Mcpt) 5
promoter [22]. When Mcpt5-Cre transgenic mice are crossed
to the ROSA26-EYFP mouse efficient Cre-mediated recom-
bination is observed in MCs from the peritoneal cavity and
the skin, as indicated by YFP expression exclusively by MCs.
Novel MC-deficient mouse systems are now being achieved
by crossing the Mcpt5-Cre transgenic mice with the
inducible DTR transgenic mice (iDTR), or with the mice in
which the anti-apoptotic protein MCL-1 can be excised
by Cre-mediated deletion [23,24]. The former generates a
MC-deficient animal upon administration of diphtheria
toxin and the later profoundly reduces MC numbers in a
manner similar to that seen in the case of B and T lympho-
cytes ([23] and unpublished observation). An additional in
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vivo tool in which MC-specific genes may be ablated or in
which MCs can be deleted was generated recently by con-
structing a mouse in which the expression of Cre recombi-
nase is under the control of the baboon o.-chymase promoter
(Chm : Cre). In this mouse, Cre expression occurs specifi-
cally in mouse MCs: however, this model appears to have a
more restricted MC Cre expression pattern, as only mature
tissue resident MCs were observed to have undergone Cre-
mediated recombination when these mice were crossed with
the ROSA26R reporter mice [25]. These newly developing
models will be invaluable in helping us to understand more
clearly the multiple ways by which MCs exert their effects on
their environment.

Mast cells and tumour

The accumulation of MCs at the periphery of tumours was
first reported by Westphal in 1891 [26]. Since that time,
many studies in both experimental models in rodents and in
a diverse array of tumours in humans have confirmed this
important observation. Interestingly, enhanced MC accu-
mulation in tumours is associated with a poor prognosis,
indicating a biological role for MCs in tumour progression
[27,28].

Some of the most aggressive human tumours, breast car-
cinoma, malignant melanoma and colorectal adenocarci-
noma are noted as tumours that are particularly populated
with MCs at their periphery [29-31]. As such, it has been
proposed that the infiltration of MCs at the tumour site can
greatly enhance tumorigenesis [32].

Figure 1 depicts the presence of MCs in the skin and
periphery of a tumour model of murine bladder carcinoma.
It is worth noting the distribution of MCs mainly at the
junction of skin and tumour tissue (Fig. 1).

Fig. 1. Mast cells accumulate at the periphery of murine bladder

carcinoma. Toludine blue staining of tumour, and skin surrounding
tumour, show mast cells in purple against the blue tissue.

It is believed that MCs may impact upon the growth of
tumours by multiple mechanisms, including angiogenesis.
Multiple recent studies have demonstrated that early angio-
genic activity is dependent upon MCs and is an essential part
of neoplastic development, with MCs mediating this activity
by releasing heparin, VEGF and IL-8 [33-36].

So far, reports addressing MCs specifically as actors in
tumour immunosuppression come from Feng et al., where
the authors mobilize MCs to infiltrate tumour by means of
stem cell factor (SCF). It is observed that tumour-infiltrating
MCs express multiple proinflammatory factors and increase
IL-17 expression in tumour. These SCF-activated MCs also
exacerbate tumour immunosuppression by releasing
adenosine and increasing the number of T regulatory cells
(Trwg) present in the tumour microenvironment, thereby
augmenting the suppression of T cells and natural killer cells
in the tumour. This is perhaps one of the first reports to
implicate MCs specifically both as regulators of inflamma-
tion as well as of immunosuppression in the tumour
microenvironment [37].

Other mechanisms by which MCs may impact the growth
and metastasis of tumours include enhancing tissue remod-
elling through the degradation of the extracellular matrix, by
releasing growth factors essential for tumour growth and by
suppressing the hosts” acquired immune response against the
tumour.

Mast cells as mediators of tumour immunosuppression

It is appreciated that tumours dynamically create immune
tolerance against themselves by creating sites of immune
privilege and by inducing anti-tumour T cell tolerance [38].
The induction of immunological ignorance, induction of
anergy in effector T cells and active suppression of effector
cells have all been reported to contribute to the lack of
immune responses to tumours [39-43]. Moreover, cross-
presentation of tumour antigens by tolerogenic host
antigen-presenting cells (APCs) is thought currently to
probably be a major mechanism by which effector T cells are
rendered anergic to a developing tumour. In addition, sup-
pression is thought to be created locally within the tumour
itself by a number of suppressive mechanisms, including the
induction and recruitment of T, cells. Tolerogenic APCs
and T, are prevailing as the major players in immunosup-
pression and are seen as important contributors to the
tolerogenic tumour microenvironment [38]. The question
that emerges is whether and how MCs contribute to the
development of immune privilege within the tumour
microenvironment.

Mast cells influence dendritic cell migration and
functionality

As mentioned, critical to the initiation of tumour-specific
immune responses is the presentation of tumour antigens by

142 © 2008 British Society for Immunology, Clinical and Experimental Immunology, 155: 140-146



host APCs to cognate T cells at the tumour site and within
the regional draining lymph nodes (dLN). In this context,
MC:s exert a profound role in regulating the early functions
of dendritic cells (DCs) whose activities are essential in gen-
erating an anti-tumour immune response. As such, MCs
inevitably become important players in the initiation of
acquired immunity.

Mast cells and DCs are found in similar locations in the
periphery of the host and are considered to be one of the
first lines of immunological defence. Both these cell types
mediate the communication of the innate arm of the
immune system with the adaptive. DCs, like MCs, are
found preferentially in the peripheral areas of the tumour
[44]. As such, it is plausible that MC-induced migration of
DCs is one way in which MCs exert control over the initial
DC priming of tumour-specific T cells. Over recent years
there is emerging evidence of the impact of MCs on migra-
tion and functionality of DCs. Among the numerous
mediators produced by MCs able to impact DCs are pros-
taglandin E, (PGE,) and prostaglandin D, (PGD,). These
factors lead to DC maturation and concomitant production
of the proinflammatory cytokines, IL-12 and IL-6 [45-47].
Furthermore, it has been shown that PGE, induces
metalloproteinase-9 and increases the expression of the
CCR?7 ligands CCL17/21 on the surface of DCs, promoting
DCs migration from the skin to the dLN under inflamma-
tory conditions [45,48]. PGD,, on the other hand, has the
opposite effect, and inhibits migration of DCs as seen in
both skin and lung [47,49]. Both PGE, and PGD, matured
DCs exhibit an enhanced capacity to activate T cells.
Another MC-derived mediator for DC and Langerhans cell
(LC) migration is TNF-a [10,50]. TNF-o levels are seen to
be elevated in ultraviolet-exposed skin, and is thought to be
the main contributor to altered LC traffic and function.
Studies involving intracutaneous injections of TNF-o have
shown to elicit LC damage similar to that observed upon
ultraviolet irradiation. Additionally, antibodies to TNF-o
protect LCs from the morphological changes seen because
of ultraviolet radiation [51,52]. MCs accumulate and upon
activation release large amounts of TNF-o. As both MCs
and LCs reside proximally in the skin, MCs are a significant
source of TNF-0, indicating that in a tumour setting, MCs
may also drive TNF-o-mediated DC migration [53].
Because DCs from the tumour-dLN present antigen in a
tolerizing manner, MC-derived TNF-o. could be contribut-
ing in maintaining the immunosuppressive environment by
increasing antigen presentation in the dLN in a immuno-
suppressive way [38].

A third major effector produced by MCs and known to
impact DCs is histamine. DCs express all four known hista-
mine receptors, HIR, H2R, H3R and H4R [54,55]. H4R on
DC:s has been shown to improve antigen uptake and cross-
presentation [56]. H4R stimulation of DCs leads to the sup-
pression of IL-12 production but does not alter IL-10
secretion, thereby biasing the DCs to contain an immuno-
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suppressive character [57]. This could potentially be an addi-
tional mechanism by which MCs drive intratumoral-DCs to
present antigen in a tolerogenic fashion. These effects, com-
bined with the fact that MCs can recruit DCs and LCs
actively to the site of inflammation by the release of CCLI,
could contribute significantly to the establishment and
maintenance of an immunosuppressive environment [58].

Mast cells directly modulate T cell responses

In addition to the regulation of DC functionality and migra-
tion, MC products can also impact directly on T cell
activation. Not only can the mediators secreted by MCs
modulate the response of the T cell directly, but they also
contribute to enhanced migration and better accessibility by
changing the permeability of the vasculature [59]. Given the
breadth of mediators potentially produced by MCs, it is
impossible to predict how MCs will skew a helper T cell
response without careful consideration of how the MC is
activated and the microenvironmental context at hand. It is
quite possible that within the tumour microenvironment,
MC products can mediate the development of T cell toler-
ance through the release of soluble mediators.

Interleukin-10 is known commonly as one of the immu-
nomodulatory cytokines produced by a subset of T, [60].
However, MCs are also able to produce IL-10 and play an
important role in the suppression of secondary responses
to a hapten in combination with ultraviolet B (UV-B) [12].
Studies show that in both the CHS model, as during
chronic UV-B irradiation, Fc receptor-mediated activation
of MCs leads to production of IL-10. These observations
stem from studies showing that MC-deficient mice exhibit
stronger CHS responses to urushiol, the allergen-bearing
sap derived from poison oak and poison ivy, than their
wild-type counterparts. Early (day 5) and late (day 10)
post-challenge MC-deficient mice and those reconstituted
with IL-107~ BMMCs showed increased epidermal ulcer-
ation and necrosis and dermal leucocytic infiltration com-
pared with their control littermates, indicating that MC
production of IL-10 is required for limiting inflammation
and decreasing the swelling associated with urushiol.
Dermal MCs and MC-produced IL-10 play a similar sup-
pressive role in reducing inflammation in response to
chronic UV-B irradiation [13]. It has been shown that
MC-derived IL-10 also dampens immune responses after
mosquito bites [14]. The production of IL-10 by MCs at
the tumour site could therefore contribute towards gener-
ating an immunosuppressive microenvironment favorable
for tumour growth.

Recently, serotonin, thought of generally as a neurotrans-
mitter, has been recognized as an important player in immu-
nological responses. It has been shown that serotonin can
promote T cell proliferation and is considered an accessory
signal for T cell activation [61-63]. MCs express the
serotonin-specific transporter, enabling them to take up and
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store serotonin. During inflammation, the stored serotonin
is released during either complement binding or FceRI
cross-linking. The presence of MCs around the tumour
could, therefore, lead to depletion of serotonin in the tumour
microenvironment helping to create an environment
unfavourable for T cell activation and proliferation.

In addition to the secretion of immunosuppressive media-
tors such as IL-10 or the removal of proinflammatory media-
tors such as serotonin, MCs might also interact directly with
T cells via the expression of surface receptors. In addition to
having modest antigen-presenting capacities and the ability
to express co-stimulatory molecules, MCs express PD-L1
and PD-L2, the ligands for the inhibitory receptor PD1
expressed by T cells [64]. It has been found that tumours and
tumour-infiltrating DCs express high levels of these inhibi-
tory ligands, as such contributing to immune system evasion
by the tumour [65]. Signalling via PD-1 can lead to a variety
of responses in T cells, of which apoptosis, maintenance of
anergy and exhaustion and IL-10 production are the most
relevant for tumour escape [66].

As mentioned earlier, the release of histamine by MCs
results in a skewed cytokine balance towards that of the
immunosuppressive cytokine IL-10. Moreover, histamine in
tumour tissue has been shown to suppress local tumour
immunity, where results suggest an increase in T, function
by binding of histamine to the H2 receptors. T, in turn,
release higher levels of IL-10 and may induce apoptosis of
APCs. Treatment of mice with cimetidine, an H2 receptor
antagonist, has been reported to slow the growth of mela-
noma [67,68].

Whether MCs are actually able to functionally suppress T
cell responses via any one of these pathways in a tumour
setting, however, still remains unresolved.

Conclusion

Accumulating evidence from a variety of murine models and
from correlative studies in humans suggest strongly that
MCs can mediate peripheral T cell tolerance. As such, the
accumulation of MCs in tumours represent a barrier to the
emergence of protective immunity to cancer. Our laboratory
showed clearly the necessity of MCs during the initial phase
of tolerance induction in a skin graft model using the W*
MC-deficient mouse model. Our results were confirmed in
rats using a heterotopic allogeneic heart transplant model
[69]. It was shown that MCs are essential for the initiation
phase of tolerance; however, it should be noted that for the
maintenance phase MC accumulation has been detrimental,
as reported by several groups [69-71]. If translated directly
into oncology models, one might suggest that MCs will
interfere with the development of protective anti-tumour
immunity and, coupled with their substantive contribution
to tumour-induced angiogenesis and tissue remodelling,
MCs represent an attractive target for elimination in tumour
immunotherapy regimens.
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