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Abstract Mast cells secrete a wide spectrum of stored or
newly synthesized pro-inflammatory, anti-inflammatory,
and/or immunosuppressive mediators and express several
costimulatory and inhibitory surface molecules. Mast cells
finely tune activities of T cells, B cells, and regulatory cells
and effectively contribute to the development of different T
cell-associated responses by influencing their recruitment, ac-
tivation, proliferation, and differentiation. The interaction be-
tween mast cells and T cells, with regard to cellular function-
ality and immune responses, can be assessed in both activating
and inhibitory regulations. While Th2 cytokines, including IL-
5 and IL-9, stimulate stem cell factor (SCF)-dependent prolif-
eration of mast cells, Thl cytokine IFN-y suppresses SCF-
mediated differentiation of mast cell progenitors. Mast cell
mediators such as CCLS5 have a role in the recruitment of
CD8+ T cells to viral infection sites where their ability in
clearance of viral reservoirs is needed. The capacity of mast
cells in presenting antigens by classes I and Il MHC molecules
to CD4+ and CD8+ T cells respectively is considered one of
the main antigen-dependent interactions of mast cells with T
cells. Interestingly, Tregs recruit mast cells to different sites
through secretion of I1L-9, while the OX40L (expressed on
mast cell)-OX40(expressed on T cell) interaction inhibits the
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extent of the mast cell degranulation. Recently, the capability
of exosomes to carry regulatory receptors of the mast cell
surface and their role in T cell activation has been investigated.
Functional interplay between mast cells and T cell subsets has
been suggested primarily by investigating their co-localization
in inflamed tissues and involvement of mast cells in autoim-
mune diseases. In this review, the interactions of mast cells
with T cells are reviewed in cell-to-cell, cytokine, and
exosome categories.
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Abbreviations

RANKL Receptor activator of NF-«kB ligand
LTs Leukotrienes

PGs Prostaglandins

PAF Platelet activating factor

MCs Mast cells

iDCs Immature DCs

Introduction

Mast cells (MCs) are CD34+/CD117+ innate immune cells
derived from multipotent hematopoietic progenitor cells of
bone marrow origin. The progenitors migrate through blood
to tissues where differentiation and maturation of MCs under
the influence of local growth factors, mainly stem cell factor
(SCF) and IL-3 occur [1-3]. FceRI, for IgE activation, and c-
kit (CD117), the receptor of the SCF, serve as fingerprints in
MC characterization [4, 5]. Cross-linking of the MCs surface-
bound FceRI upon binding to antigen activates multiple
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signaling pathways which results in degranulation, de novo
synthesis of arachidonic acid metabolites, and production of
various cytokines and chemokines [6]. The MC cytoplasm
contains 50-200 large granules that store inflammatory medi-
ators, cytokines, chondroitin sulfate, and neutral proteases [7].
MC:s play a key role in host defense through expressing re-
ceptors that belong to the five main families of pathogen rec-
ognition receptors (PRR) namely toll-like receptors, C-type
lectin-like receptors, scavenger receptors, NOD-like recep-
tors, and RIG-I-like receptors [8]. Interestingly, while expres-
sion of TLR1-9 has been reported on human MC:s, still there is
no report of TLR-5 expression on murine MCs [9] (Fig. 1a).
Traditionally, they are best known for their detrimental impact
on allergic reactions, especially anaphylaxis. Additionally,
they have also been implicated in damaging responses in a
large variety of disorders, including atherosclerosis, cancer,
and arthritis. However, MCs have numerous functions that
are beneficial to the host, in particular, in bacterial infection
and protection against envenomation [2]. In this review, the
direct (cell-cell interaction) and indirect interaction (secreted
factors) of MCs with CD4+ T helper cells, including Thl,
Th2, and regulatory T cells, and CD8+ T cells will be summa-
rized and discussed. CD4+ T cells are crucial for directing
appropriate immune responses against harmful microorgan-
isms and found to be detrimental in the pathogenesis of in-
flammatory or autoimmune diseases and allergic disorders
[10]. Naive CD4+ T cells are activated after interaction with
antigen-MHC complex and under influence of cytokines dif-
ferentiate into specific subtypes. Development of naive CD4+
T to Thl and Th2 cells requires cytokines and transcription
factors. For instance, cytokines including IL12, IFNy, and
transcription factors such as T bet, STAT1, STAT4, Runx 3,
Eomes, and H1x are needed to induce Th1 development while
cytokines IL4, IL2, and transcription factors including
GATA3, STAT6, STATS, STAT3, Gfi-1, c-Maf, and IRF4
are needed to induce Th2 development [11]. Commitment to
the Thl lineage inhibits Th2 development and vice versa.
IFNYy production by Th1 cells inhibits production of Th2 cy-
tokines. Likewise, IL-4 produced by Th2 cells inhibits the
production of IFNy and IL-12, preventing differentiation of
naive CD4+ T cells to the Thl lineage [12]. Mast cells are
capable of promoting vasodilation, plasma extravasation,
and most importantly, recruitment and activation of
granulocytes, T cells, B cells, and dendritic cells. However,
upon appropriate activation, they release products possessing
anti-inflammatory or immunosuppressive properties, includ-
ing IL-10 and TGF-f3 [13]. The ability of MCs to activate T
cells is mostly appreciated due to their capability of acting as
antigen presenting cells (APCs). MHC class Il molecules play
a central role in peptide presentation to CD4+ T cells during
initiation of the adaptive immune response. The constitutive
expression of MHC class II molecules is confined to profes-
sional APCs including dendritic cells, macrophages, and B

cells [14]. However, the ability of MCs to interact with T cells
is not confined to class I MHC molecule as MCs process
bacterial antigens and was found to present epitopes through
class I MHC molecules to cultivated T cell after phagocytic
uptake of live bacteria in vitro [15]. MCs through releasing a
wide range of chemotactic factors for different CD4+ T cell
subsets: CCL3, CCL4, CXCL9, and CXCL10 for Thl;
CCLS(RANTES [16]) and CCLI11 for Th2; CCL2(MIP-1x
[16]) and CCL20 for Th17 are able to recruit T cell subsets
[17]. MCs promote in vivo T cell migration to inflammatory
sites by rapidly activating endothelial cells under influence of
histamine and TNF-«, followed by secreting lymphotactin
and IL-16 to act as chemoattractant [18, 19] (Fig. 1b).
Additionally, MCs express several costimulatory molecules
including CD40L, OX40L, CD86, and CD80 by which tune
T and B cells by either enhancing or inhibiting their responses
[17]. MCs owing to their mediators participate in polarization
of Th cell responses of CD4+ lymphocytes such as IL-12 and
IFNvy for Thl, IL-4 for Th2, IL-6 and TGF31 for Th17, and
IL-6 and TNF-«x for Th22 [17, 20]. MCs and activated T cells
interact directly via ICAM-1 (CD54) and LFA-1 (CDl1a)
molecules [21].

Mast Cell Interaction with CD4 Helper Cells
Direct Interaction of MC-TCD4 Cells

MCs require three key components to mediate their unique
role in the pathogenesis of an allergic disease: environmental
antigens, antigen-specific IgE and MC activation/hyperplasia.
The latter two components can be affected by Th2-secreted
cytokines, including IL-4 and IL-10. In this regard, IL-4 acts
primarily as MC proliferative factor; additionally, it promotes
Ig class switching in B cells from IgM to IgE, while IL-10
induces MC proliferation and differentiation [22]. Allergic
airway inflammation demonstrates a complicated scene of
crosstalk between variety of immune cells including MCs,
DCs, regulatory T cells (Tregs), B cells, eosinophils, and neu-
rons. Respiratory DCs process the allergens and present it to
naive ThO cells by which drive them toward Th2 phenotype.
Th2-secreted IL-4 and IL-13 activate B cells to produce
allergen-specific IgE. Th2-released IL-5 induces proliferation
and recruitment of eosinophils to the site of inflammation.
Upon allergen/antigen IgE cross-linking, MCs degranulate
and secrete histamine and pro-inflammatory mediators and
cytokines including IL-4 and IL-13. Epithelial and smooth
muscle cell functions are under autonomous control of nerves.
The latter cells are potent to modulate MC responses by re-
leasing neuropeptides including neurokinin A, substance P
(SP). ATP and other nucleotides stimulate different P2 recep-
tors on the surface of immune cells including MCs and medi-
ate IgE-induced degranulation. ATP induces expression and
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<« Fig. 1 a Main families of receptors present on the mast cell surface and
in cytoplasm. b Thl, Th2, and Th17 subsets are attracted to the
inflammation site by MC-derived chemokines

release of many pro-inflammatory mediators from MCs, in-
cluding IL-4 and IL-13. Tregs degrade ATP owing to express-
ing ATP-converting enzymes (CD39 and CD73) inhibit Th2-
mediated response. MCs have a role in the downregulation of
the allergic response by secreting inhibitory cytokines such as
IL-10 or mediators that shift the Th1/Th2 balance to Thl
(IFNvy and IL-12) [23] (Fig. 2). Thl-secreted IFNy and Th2-
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Fig.2 ATP released by neurons of airway is sensed by mast cell P2X and
P2Y receptors. Activation of receptors results in IL-4 and IL-13 release
which act on B cell population. Moreover, Th2-released IL-4 and IL-13
activate B lymphocytes to produce allergen-specific IgE. Th2-secreted
IL-5 induces proliferation and recruitment of eosinophils. Tregs inhibit
Th2-mediated response after sensing ATP through receptors CD39 and
CD73

secreted IL-4 and IL-5 alter MC population using several dif-
ferent mechanisms. Investigations showed that [IFN-y inhibits
early progenitor cell division, IL-4 downregulates early
CD117 expression, and IL-5 blocks later cell division. 1L-4
and IFN- v exert their suppressive effects on degranulation
and FceRI expression. Additionally, IL-4 induces division and
potentiates FceRI-mediated degranulation [24]. Yeatman et al.
investigated the early and late phases of apoptosis in a cell
culture model and showed that combined stimulation with
IL-4 and IL-10 induces apoptosis of IL-3-dependent
BMMCs. They applied FITC-coupled annexin V staining
for detecting the early stages of apoptosis. Moreover, frag-
mentation of the cell’s DNA by its own nucleases was inves-
tigated in late stage apoptosis through assessment of
subdiploid DNA content [22] (Fig. 3).

Antigen Presentation

Human MCs interact with T cells which results in enhanced
expression of HLA class II molecules on MCs via release of
IFN-y by T cells. The expression of HLA class II molecules
enables them to present both peptide and entire protein anti-
gens to CD4+ T cells [25]. Additionally, cytokines such as IL-
4 and GM-CSF (also known as CSF2) enhance the capacity of
MCs to actas APC [26]. MCs owing to constitutively express-
ing Notchl and Notch2 and their stimulation with Notch li-
gand DIl1(delta-like1) express MHC class II molecules [14].
Additionally, DIl1/notch signaling augments FceRI-mediated
IL-4, IL-6, IL-13, and TNF production by BMMCs [27].
Some investigations provide a line of evidence on ability of
CDl1d-expressing MCs to act as APCs for iNKT cells and
exacerbate airway inflammation and remodeling through up-
regulating IgE production via B cell Ig class switching [28].
For investigation of MCs capacity to activate polyclonal T
cells rather than cloned T cells, researchers generated CD4+
bulk T cells expanded with pooled tetanus toxoid, tuberculin,
and Candida albicans. Incubation of autologous MCs with
these antigens to use them as APCs for polyclonal bulk T cells
showed their capacity of activating autologous polyclonal
CD4+ T cells [25].

MC:s Interaction with Th-17

Th17 cells are CD4 T cells which require the pleiotropic cy-
tokine TGF-f3 and IL-6 to develop and characterized by the
production of effector cytokines including IL-17 (or IL-17A),
IL-17F, and IL-6 [29-31]. MCs contribute to Th17 cell re-
sponses through both indirect effect on dendritic cells and an
0OX40-mediated crosstalk with regulatory T cells [32]. The T
cell ability of cytokine production, expansion, and survival
was enhanced by the OX40 costimulatory signals. OX40 is
not expressed on naive or memory T cells but is transiently
induced upon activation with corresponding antigens [33].
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Fig. 3 To investigate the role of
IL-4 and IL-10 in MC apoptosis,
BMMCs were cultured in I1L-3
alone (not shown) or in IL-3 with
IL-4 and/or IL-10. High contents
of phosphatidylserine on the outer
membrane and higher subdiploid
DNA content showed that

BMMCs in the presence of IL-3,
IL-4, and IL-13 were subjected to
apoptosis

Supernatant of activated MCs could increase the number of
IL-17-producing T cells due to effect of MC-secreted 1L-1f3
[32]. Moreover, it has been demonstrated that IL-33 acts di-
rectly on MCs to generate IL-1(3 and IL-6, thereby enhancing
Th17 differentiation. Such interaction may result in
neutrophil-dominant OVA-induced airway inflammation in
response to OVA rechallenge [34].

Indirect Interaction of MC-TCD4 Cells

Indirect interaction of MC-TCD4 cells occurs when exoge-
nous antigens are uptaken by activated MCs, then transferred
to DCs to be processed and presented to T cells. Carroll-
Portillo et al. activated a-DNP-IgE-primed MC/9 MCs by
DNP-OVA and incubated them with immature DCs (imDCs)
for 1 h before adding OTII T cell line to the co-culture. After
16 h of co-culture, the T cells were found to have significant
upregulation of CD25, as a marker of T cell activation.
Removing DCs from protocol led to no detectable CD25 up-
regulation [35] (Fig. 4). Crosstalk between peritoneal cultured
MCs (PCMCs) and DCs showed that PCMC-primed DCs are
able to alter CD4+ T cell maturation in favor of Th1 and Th17
subsets. One of the studies reported that PCMCs establish
direct cell-to-cell contacts with imDCs which result in DC
maturation and releasing T cell modulating cytokines.
Furthermore, T cells stimulated by PCMC-primed DCs se-
crete [IFN-y and IL-17 [36].

MC-Th2 Regulation

Apart from being the master cells in allergic reactions, MCs
play a role in immune tolerance during aberrant Th2 re-
sponses. The mechanisms of action include increasing the
expression of Bcl-6 in Th2 cells under influence of mouse
mast cell protease-6 (mMCP-6). Increased Bcl-6 inhibits
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GATA-3 expression in Th2 cells, while increases forkhead
box P3 (FOXP3) which consequently results in reducing
Th2 cytokines. Results of Liu et al. suggest that the increase
in Bel-6 may be involved in the conversion of antigen-specific
CD4+ T cells to Foxp3+ Tregs [37]. Some studies have pro-
vided evidence on regulatory role of Th2-type cytokines on
MC viability, functionality, and hemostasis by negative regu-
lation of the surface expression of the SCF receptor,
(CD117). For example, it has been reported that MCs

Direct MC-T cell antigen presentation

Indirect MC-T cell interaction through
forming MC- DC synapse

DNP-OVA

a-DNP-IgE-primed
MC/9 MC

Fig. 4 Direct interaction between MC and T cell through presenting
antigen by MC results in T cell activation. Indirect MC-T cell
interaction occurs when MCs internalize the antigen and transfer it to
DCs to be processed and presented to T cells. In this model, based on
investigation of Carroll-Portillo et al., activated o-DNP-IgE-primed MC/
9 MCs after incubation with immature DCs (iDCs) transfer the antigen to
iDCs to be presented to OTII T cells. The latter cells activate and
consequently upregulate CD25 as activation marker. Removing DCs
from protocol led to no detectable CD25 upregulation
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stimulated with IL-3 and IL-4 demonstrated a 50% reduction
in CD117 expression, although with unchanged CD117
mRNA levels. Moreover, IL-4 and IL-10 have been shown
to possess inhibitory effects on FceRlI levels in the presence of
IL-3 on murine BMMC [38]. Th2 cells through their released
cytokines influence MC functions for instance, IL-4 inhibits
expression of the high affinity IgE receptor (FceRI) and
CD117 on cultured MCs, and combined with Th2 cytokine
IL-10 elicit MC apoptosis [39, 40]. IL-4 in a dose-dependently
manner suppresses IFN-y-mediated survival and differentia-
tion of MCs from mouse splenic precursors [39, 41]. One
interesting aspect of the interaction between MC-T cells has
been traced in lymph nodes, where MCs have been reported to
have a role in recruitment of T cells. Related studies consis-
tently suggest that MCs may play a key role in induction of
primary and/or local memory T cell responses [25]. Within
minutes of bacterial challenge, MCs secrete TNF, as they are
the only cell type capable of storing TNF within peripheral
tissues [42, 43]. The presence of TNF in lymph node and
induced hyper cellularity due to accumulation of T cells has
been studied by McLachlan and colleagues. In their mouse
model, animals were injected by E. coli into the footpads,
and related nodes were monitored due to accumulation of T
cells, MC population, and their released mediators. Flow cy-
tometric analysis of the nodes revealed a marked increase in T
and B lymphocytes. Using MC granule-specific stain tolui-
dine blue, they observed significant local MC degranulation
when compared with control. A significant difference in the
node cellularity after bacterial challenge in wild type and MC-
deficient W/W" mice, and then restoring the hypocellularity in
MC-repleted W/W" mice provided evidence that MCs play a
role in accumulation of T cells. They reported that injection of
TNF into the footpad could increase lymph node hypertrophy
when compared with control. Applying TNF-neutralizing Abs
could significantly reduce the T cell population. As the last
step, they repleted footpads of W/W" mice with BMMCs from
TNF-deficient mice or their age-matched control counterparts.
W/W" mice repleted with TNF-deficient MCs portrayed sig-
nificantly less hypertrophy than either WT mice or W/WY
mice repleted with WT-MCs [43]. Nakae et al. reported that
MCs stimulated via the FceRI enhanced the activation of T
cell subsets including CD4+, CD8+, Thl, Th2, Tcl, Tc2,
Y8TCR+, and CD4*CD62L" T cells. Furthermore, MC-
derived TNF was shown to enhance both CD4+ and CD8+
proliferation in T cell-MC cocultures. This group of researchers
using neutralizing Ab to either TNFRI or TNFRII concluded
that signaling from both TNFRI and TNFRII contributes to op-
timal enhancement of T cell proliferation by IgE/Ag-stimulated
MCs [44]. Most recently, a study aimed to investigate the con-
tribution of MCs in boosting the Th17 axis in mucosal immuni-
ty. In this study, supernatant of activated MCs could increase the
number of IL-17-producing T cells due to MC-secreted IL-103.
Secretion of the latter mediator was caspase-independent,

indicating that Th17 cell expansion by MC occurred through
inflammasome-independent IL-1f3 [32]. Researches aimed to
study the interactions of MCs and T cells within tumor mi-
croenvironment suggest that MC infiltrating into tumor up-
on recruiting by SCF produced by tumor cells results in the
suppression of T lymphocytes and NK cells. The mechanism
ofaction may include adenosine releasing by activated MCs.
Studies based on intravenous injection of MCs into mice
reported decreased IL-2 and increased IL-10, TGF-f3, and
Foxp3 mRNAs in the tumor microenvironment. Consistent
with cytokine changes, the percentage of Treg cells in total T
cells in the tumor was increased [45]. MC-derived hista-
mine, chemokines, LTB4, and TNF-« promote dendritic cell
migration and lymphocyte recruitment, leading to hypertro-
phy of antigen-draining lymph nodes. MC expresses
costimulatory molecules of the B7 family including CD80
and CD86, members of the TNF and TNF receptor families,
CD28, and CD40 ligands. Activated MCs release Th2 cyto-
kines such as IL-4, IL-5, IL-9, and IL-13 that are capable of
polarizing T and B cell responses [46]. Interestingly, MC-
derived histamine has both positive and negative immuno-
modulatory effects in which it can promote Th1 cell activa-
tion through H1 receptors while conversely can suppress
both Thl and Th2 cell activation through H2 receptors
[47]. The presence of MCs around the tumor cells leads to
depletion of serotonin, the mediator with a key role in T cell
proliferation and activation. MCs by expressing serotonin-
specific transporters take up and store serotonin.
Consequently, they contribute to create an environment un-
favorable for T cell activation and proliferation [48].

Mast Cell Interaction with Treg

Recent investigations showed that CD25+ Tregs owing to
0X40/0X40L interaction with MCs are capable of inhibiting
MC degranulation and anaphylaxis. Surface-bound Treg-de-
rived TGF-f3 has been reported to enhance MC production of
IL-6 which has a role in bacterial clearance and host survival
[49]. CD4+/CD25+ Treg cells expressing FOXP3 have been
documented in skin allografts where their interaction with
MCs is essential for Treg cell-dependent peripheral tolerance.
Such Treg subset actively participates in recruitment and ac-
tivation of MCs by secreting IL-9. Since IL-9 is considered as
a growth factor for MCs, its neutralization accelerates allograft
rejection in tolerant mice. OX40L-OX40 interaction has been
reported to inhibit the extent of MC degranulation in vitro and
of the immediate hypersensitivity response in vivo [50]. In
tumor microenvironment, Tregs are recruited by MC-
released adenosine, and their interaction dictates the level of
cancer-associated inflammation and influences the enhance-
ment or suppression of tumor growth. Tregs derived from
healthy mice suppress the expansion and differentiation of
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MC progenitors and MC degranulation. MC-derived hista-
mine IL-6 and IL-23 together with OX40 engagement on
Treg abolish suppressive functions of Tregs. Additionally,
MC is able to inhibit expression of IL-10 by Treg through
0X40L-0X40 interaction [46, 51, 52]. Another crosstalk oc-
curs in tumor microenvironment among MCs, Tregs, and
myeloid-derived suppressor cells (MDSCs). MCs have been
reported to mobilize the infiltration of MDSCs to tumor by
regulating the expressions of CCL2 and Th2 cytokines.
MDSC:s released IL-17 attracts Treg cells. In return, recruited
Tregs produce IL-9 which strengthens the survival and
protumor effects of MCs in tumor microenvironment [53,
54]. Moreover, Treg-derived IL-9 promotes recruitment of
MCs into transplanted allografts; thus, it is important for main-
taining allograft tolerance [49]. Considering that MCs produce
TGF-{3 which is necessary for in vivo and ex vivo expansion
of Tregs, it is tempting to speculate that thymic MCs, influ-
ence the development of this population [55]. MC-derived IL-
6 and TNF acting with Treg-derived TGF-f3 are capable to
skew T effector cells (CD4+ CD25-) to a pro-inflammatory
Th17 phenotype [56]. Investigations aimed to reveal the im-
munologic basis of allergen-specific immunotherapy (AIT) in
individuals with bee venom allergy showed that Treg-secreted
IL-10 and TGF-f suppress MCs in addition to basophils and
eosinophils [57]. Treg cells inhibit allergic inflammation by
different modes of action including MC suppression. In this
regard, Treg-derived IL-10 inhibits MC activation and cyto-
kine production, and Treg-derived TGF-{ inhibits expression
of FceRI [58].

Mast Cell Interaction with CD8 Tcells

MC:s are capable to sense and respond to microbial compo-
nents owing to express a full repertoire of PRRs including
TLRs which their engagement results in recruiting effector
CD8+ T cells by secreting CCL5 [59]. McAlpine et al. to
provide a line of evidence to MC capability of CD8+ T cell
recruitment in viral infection examined supernatants of
reovirus-infected cord blood MCs (CBMCs) for chemotaxis
assays. Virus-infected CBMCs were found capable to recruit
CD8 T cells and CD3CD56 T cells by producing CCL3,
CCL4, and CCLS. Furthermore, CD56+ T cell migration
was inhibited by pertussis toxin and met-RANTES as
CCR1/CCRS antagonists [60]. MCs are permissive for
MCMYV infection, and in the course of a lytic viral replication,
cycle-infected MCs degranulate and release CCLS. CCL5
binds to CCRS upregulated on CD8+ T cells and its gradient
attracts the CD8+ T cells in an initially antigen-independent
manner to infected tissues [61]. Most recently, a novel
crosstalk between CD8+ T cells and MC during immune de-
fense against CMV was reported by Ebert and colleagues.
They investigated the role of MC-derived CCL5 in CD8+ T
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cell recruitment in a murine model of CMV and reported that
CD8 T+ cells of C57BL/6 mice could be successfully recruit-
ed to the mCM V-infected lungs when compared with MC-
deficient Kit"™ "V controls. Reversing the impaired recruit-
ment in MC deficient mice by BMMC reconstitution verified
the role of MCs in viral immunity through recruitment of CD8
T cells [62]. Ott et al. used transwell migration assays to assess
the activated MCs capability of induction chemotaxis of ef-
fector, but not central memory, CD8+ T cells through releasing
leukotriene B4 (LTB4) in vivo. For this purpose, they sensi-
tized (BMMCs) with IgE and placed them to the lower wells
of the migration chamber. BMMCs were then stimulated with
F(ab’), fragments of rabbit antibody to mouse IgG to induce
degranulation thus, releasing LTB4. They immediately added
CD8+ T cells to the upper wells and applied flow cytometry to
assess the CD8+ T cells migration after incubating the cham-
bers for 3 h at 37 °C. Surprisingly, three to fourfold more
CD8+ T cells migrated toward activated BMMCs than toward
resting BMMCs or those sensitized with IgE alone [63]
(Fig. 5a). The interactions between MCs and CD8+ T cells
include but not limited to chemokine-induced recruitment.
Indeed, MC ability of processing bacterial Ags for presenta-
tion through MHC class I molecules to T cells implies on the
existence of a cell-cell plus costimulatory interactions between
MCs and CD8+ T cells [59]. Stelekati et al. studied MCs for
their potential of taking up exogenous peptides, generating
peptide-MHC class I molecules, and finally expressing them
on the cell surface. They could successfully recognize the
specific complexes of OT-I (transgenic CD8+ T cells) peptides
and MHC class I molecules using 25-D1.16 antibodies on the
surface of BMMC:s after preincubation with the model anti-
genic peptide (OVAjs7_264). These researchers cocultured
OVA,57_264-loaded BMMCs with T cell receptor— (TCR—)
transgenic (OT-I) for 48 h, then CD8+ T cell activation was
analyzed by flow cytometry for the assessment of CD69,
CD25, and CD44 as T cell activation markers. To explore
the observed effect of MHC class I, they benefited from a
model including BMMCs derived from beta-2-
microglobulin (b2m)-deficient (B2m ") mice. As expected,
the B2m '~ MCs induced only a minimal activation of
CD8+ T cells (Fig. 5b). Interestingly, the interaction between
MCs and CD8+ T cells could increase intracellular granzyme
B (Gzmb) expression in CD8+ T cells accompanied with en-
hanced exocytosis. The latter effect was assessed through
measuring lysosomal-associated membrane protein-1
(LAMP-1) [64].

Role of Mast-Cells in Chronic Inflammatory
Diseases

The number of MCs in the synovial tissues and fluids of pa-
tients with rheumatoid arthritis (RA) is found to be increased
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Fig.5 a Sensitized BMMCs with
IgE placed in lower chamber in
transwell migration assays were
able to induce the CD8+ T cells
migration by releasing LTB4. b
Stelekati et al. to show BMMCs
ability to present exogenous
antigens via MHC class |
molecules to OT I CD8+ T cells
loaded BMMCs with OVA257_264
and cocultured with OT 1

cells and then investigated the
expression of activation markers
CD44, CD69, and CD25.
Applying beta-2-microglobulin
(b2m)-deficient (B2m_/ ) mice
revealed that BMMCs could
effectively activate CD8+ T cells
through presenting antigen by
MHC class I molecules

[65]. MC-specific proteinases, mainly tryptase and chymase,
are capable of degrading various matrix components, and ac-
tivating the zymogen forms of the matrix metalloproteinases
prostromelysin and procollagenase [66]. MC-derived hista-
mine, VEGF, leukotrienes, and prostaglandins are associated
with increased vascular permeability and angiogenesis.
Fibroblast activation and hyperplasia observed in RA is attrib-
uted to histamine, IL-1, IL-6, PDGF, and IL-13. MCs contrib-
ute to differentiation and activation of osteoclasts by releasing
heparin, MIP-1¢, TNF-¢, IL-1, histamine, and RANKL. MCs
play a role in recruitment of leukocytes to RA synovia by
releasing mediators mainly TNF-«, MCP-6, IL-8, and leuko-
trienes (Fig. 6a). MCs in RA, in addition to have pro-
inflammatory roles, may act as immunomodulatory cells. In
this regard, they suppress DC migration, maturation, and ac-
tivation by releasing histamine and IL-10. Moreover, MC-
derived IL-10 and TGF-f3 induce and maintain Tregs. They
can inhibit Thl activation by releasing IL-4 and TGF-f3 or
inhibit fibroblasts by production of IL-13 [67, 68]. B cell
recruitment and activation through interaction of the CD40L
on the MCs surface with CD40 on B cells induces the release
of anti-CCP IgE with high affinity for the mast cell FceRI
receptor, which perpetuates their activation [69]. In
Alzheimer’s disease, MCs following activation by amyloid
beta clusters that bind to TLRs release pro-inflammatory

F(ab), fragment

CD25

I/ OVA257 264

WT mice
BMMCs

—
B2m mice

BMMCs

WT mice
BMMCs

cytokines such as IL-1, IL-18, IL-32, TNF, and arachidonic
acid products, such as the PGD2 [70]. MCs activate P2
purinergic receptors in microglia by releasing ATP which pro-
vokes the secretion of IL-33. This cytokine acts through ST2
receptors on MCs and causes the release of IL-6, IL-13, and
monocyte chemoattractant protein-1 (MCP-1). Moreover,
MC-derived tryptase facilitates the release of reactive oxygen
species (ROS) and pro-inflammatory cytokine mediators such
as TNF-« and IL-6 (Fig. 6b) [71, 72]. In asthmatic patients,
antigen-stimulated MCs release sphingosine-1-phosphate
(S1P) which in return leads to MCs chemotaxis (through
S1PR1) and degranulation (through S1PR2). This mediator
affects eosinophil infiltration of the airway wall and stimulates
the contractions of airway smooth muscle (ASM) [73]. KIT
inhibition by Imatinib in patients with severe refractory asth-
ma showed decreased airway hyper-responsiveness, MC
counts, and tryptase release and provided a line of evidence
to MC contribution in asthma pathogenesis [74]. MCs are
involved in the liver’s fibrotic response to chronic inflamma-
tion. MC tryptase induces proliferation, migration, and type I
collagen synthesis by fibroblasts in human liver and has sim-
ilar effects on hepatic fat-storing cells mainly, stellate cells,
and the major matrix-producing cells in liver fibrosis. MC
hyperplasia during the development of liver fibrosis could
be due to SCF produced by hepatic fibroblasts [75] (Fig.
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4 Fig. 6 Role of MCs in inflammatory cell recruitment, pathologic effects

on tissues, and inducing inflammatory responses in a rheumatoid arthritis,
b Alzheimer’s disease, and ¢ chronic liver disease

6¢). MC degranulation due to unknown triggers occurs in the
mucosa of the ileum and colon of patients with inflammatory
bowel disease (IBD) and elevated levels of mediators includ-
ing TNF-«, IL-16, substance P, histamine, and tryptase are
observed [76]. MC can be activated by stress via eosinophil-
derived CRH, IgE, or ATP and release mediators, including
proteases, histamine, chemokines, and cytokines, leading to
the attraction of inflammatory cells, changes in barrier func-
tion, and tissue remodeling [77].

Role of Mast-Cells in Autoimmune Diseases

There is a growing body of evidence that MCs are involved in
the exacerbation of several autoimmune diseases. Interplay
between MCs and T cells at sites of autoimmunity is docu-
mented by marked increase in MC number and co-localization
of MCs and T cells. Here, we list the contributory role of MCs
in autoimmune diseases. Having insight into involved MC
mediators and their mechanism of action in pathogenesis of
each autoimmune disease could help to target MCs activation,
degranulation, and released mediators for possible therapeutic
purposes. For instance, treatment with inhibitors of MC de-
granulation may be a good way to inhibit MS. Moreover, MCs
can be inhibited through the action of an Fce—Fcy fusion
protein engineered to engage human FcyRIIb with high affin-
ity. Interestingly, tyrosine kinase inhibitors including
Masitinib, which are capable of inhibiting the survival, migra-
tion, and activity of MCs, have been reported promising in
treatment of patients with progressive MS [51]. Recently,
disodium cromoglycate was reported promising in blocking
injurious MC degranulation specifically without affecting the
immunomodulatory role of these cells in treatment of autoim-
mune anti-myeloperoxidase glomerulonephritis in mice [78]
(Table 1).

Role of Exosomes in MC-T Cell Interplay

The role of exosomes, the nanovesicles released by different
cell types including MCs, has been documented in interaction
between MCs and T cells. Exosomes are being generated from
multivesicular bodies (MVB) released into extracellular space
via exocytosis [87]. MVBs are formed after membranes of
vacuolar endosomes bud inwards and pinch off into the lumen
of the vesicle [88]. Exosomes released from cells circulate in
the blood, suggesting that they play an important role in inter-
cellular communications [89]. Structurally, they contain mem-
brane transport and fusion proteins as well as tetraspanins. Li
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Table 1  Proposed role of mast cells in pathogenesis of autoimmune diseases

Disease Proposed role of mast cells in pathogenesis Ref

Rheumatoid arthritis (RA) * Mast cells following activation by anti-citrullinated protein antibodies (ACPA) and TLR [79]
ligands produce IL-8, TNF-«, and leukotrienes which act in favor of developing
inflammation by attracting neutrophils to synovial.
» Mast cells activate CD4+ T cells by presenting antigens.

* Mast cell-derived chymase is capable to breakdown of extracellular matrix (ECM) and
activation of matrix metallopeptidase-9 (MMP9) precursor.

Chronic urticaria (CU) * Chronic urticaria is triggered by inappropriate activation and degranulation of dermal [51]
mast cells due to the presence of IgE to auto-allergens, or histamine releasing IgG
against the FceRI or against IgE.
* Patients with chronic autoimmune urticaria tend to have resistance to H1 antihistamines. [80, 81]

Bullous pemphigoid (BP) « It is characterized by the presence of IgG (against hemidesmosomal protein BP180) [82, 83]

and complement protein C3 deposits along the basement membrane zone and
circulating IgG autoantibodies.

* IgE autoantibodies against collagen 17 (COL17) are associated with BP pathogenesis [84]
and disease activity.

* Mast cell-derived TNF- and MMP9 are associated to skin lesions. [82]

* MMPY, leukotrienes (LTs), platelet activating factor (PAF), and heparin play a role in [56]

the inflammatory process involved in blister formation.
» Mast cells may play a role in neutrophil recruitment to the site of blisters by releasing
mediators with neutrophil chemoattracting properties such as IL-8.

Type 1 diabetes (T1D) * Mast cell production of TNF-« and TGF-[3 appears to regulate T cell tolerance to [55]
autoantigens in some models of diabetes.
* Mast cells release TNF-oc which amplifies tissue inflammation and pancreatic islet [85]
destruction, by inducing 3-cell dysfunction.
Multiple sclerosis (MS) * Mast cells release IL-13 which induces T cells to produce GM-CSF. The latter [79]

cytokine regulates the recruitment of CCR2+ monocytes as myelin and nerve
damage effector cells.
* Mast cells induce T cells differentiation in favor of Thl, Th2, and also Th17 phenotype [86]
by a cytokine profile including IL-4, IL-10, IL-13, TGF-{3, TNF-«, and IL-6.
» Mast cell-associated proteases possess myelinolytic capacity and are able to release small
myelin fragments by damaging myelinated neurons. These fragments in return induce
mast cell degranulation.

* Mast cells regulate the vascular permeability by releasing mediators such as histamine.

* Mast cells regulate blood—brain barrier permeability by VEGF, (corticotropin-releasing
hormone (CRH), IL-6, IL-1, and TNF-x and play a role in trafficking the immune cells into CNS.

et al. investigated the role of exosomes in differentiation of  rIL-3. Assessments revealed a purity of 98% after toluidine
naive CD4 T cells and developed BMMCs from bone marrow  blue staining and confirming FceRI expression. The cells
cells of bronchoalveolar lavage (BALB)/c mice cultured with ~ were cultured for 72 h with rIL-3 in RPMI 1640.

anti-mouse

filtering /
OX40L mAb

ultracentrifuge

naive CD4
T Cell

Fig.7 Lietal. to investigate the role of exosomes in T cell differentiation filtration. Applying anti-mouse OX40L mAb, exosomes were found to
developed BMMCs from mice bone marrow cells. For the purpose of have a key role in differentiation of naive CD4+ T cells to Th2 cells via
obtaining exosomes, the cells underwent ultracentrifugation and 0X40-OX40L interaction
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Supernatant after subjecting to centrifugation for removing the
cells and debris underwent filtration, and ultracentrifugation
and exosomes were isolated. Exosomes were then coincubated
with naive CD4+ T cells in the presence of IL-4. Researchers
found out that the presence of MC exosomes had resulted in
differentiation of naive CD4+ T cells to Th2 cells comparing to
control. Using fluorescent dyes, they showed that the
exosomes were attached to CD4+ T cells. They presumed
based on the similar studies on other immune cells that ligation
of OX40L present on exosomes and OX40 expressed on T
cells was responsible for the observed differentiation effect.
Finally, to investigate the molecular mechanism of action, they
applied anti-mouse OX40L mAb to block OX40L. The inhi-
bition of OX40L resulted in lower number of differentiated
CD4+ T cells [90]. Interestingly, OX40—OX40L interaction
in interplay between MCs and B cells influences the capacity
of B cells in producing IgE and IgA [91-93] (Fig. 7).

Discussion and Conclusion

The interplay between MCs and T cells is believed to be multi-
faceted, as they have been shown to contribute to both a pro-
or anti-inflammatory response, depending on the immunolog-
ical setting [94]. MCs display a wide range of functionality
depending on the tissue in which they differentiate and reside.
Their distribution within the skin and internal organs permits
them to be among the first cells of the immune response, along
with dendritic cells and tissue macrophages, to interact with
environmental antigens and allergens and invading pathogens.
Additionally, MCs are equipped with TLRs and cytokines and
chemokines receptors to sense tissue microenvironment. As
part of the innate immunity, MCs interact and direct the fol-
lowing immune response through several activation pathways
including by cell-cell interactions and secreted immunomod-
ulatory factors. In return, T cells provide signals required for
MC activation and mediator release. Interestingly, the expres-
sion and release of mediators including MMP-9 and histamine
were also induced when MCs incubated with cell membranes
isolated from activated T cells [95]. The ability of Ag present-
ing through MHC class II molecules makes MCs unique im-
mune cells with multiple capabilities. However, this ability
should be investigated deeply, as the exact role of MC surface
receptors in Ag presentation remains unknown. For instance,
itis reported that only surface FceRI" MCs expressing surface
MHC I could effectively involve in Ag presentation [96]. A
wide variety of cells secrete exosomes, and the presence of
exosomes in many biological fluids, such as urine, saliva,
BAL fluid, and plasma has been reported. MC-derived
exosomes have 200 to 400 different proteins most of which
are not identified; thus, their possible activating or inhibitory
effects on crosstalk between MCs and T cells should be con-
sidered [88]. Some of these proteins are able to effectively

@ Springer

shape the outcome of indirect crosstalk such as MHCII mol-
ecules loaded on the MC-derived exosomes. More investiga-
tion should be focused to determine the role of such mole-
cules. Undoubtedly, having deep insights of interactions be-
tween MCs and T cells on both molecular and cellular levels
will shed lights on discovering and developing novel therapies
for some diseases. In this regard, Nahum et al. characterized a
novel MC activation pathway initiated by contact with acti-
vated T cells through phosphorylation of the mitogen-
activated protein kinases (MAPKSs) extracellular signal-
regulated kinase and p38. According to their investigation
on Ras, a GTP-binding protein acts as upstream regulator of
the MAPK system, they concluded that targeting the Ras path-
way could be a possible treatment option for conditions in
which MCs interact with T cells, such as sarcoidosis, rheuma-
toid arthritis, and graft tolerance [97].
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