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Mast cells are key effectors in allergy and inflammation.
Endowed with a large panel of surface receptors and a huge
arsenal of bioactive mediators, they readily communicate with
various cellular partners during innate and adaptive immune
responses. Recent lines of evidence show that mast cells are
also able to establish cognate interactions with helper T
lymphocytes for antigen presentation and bidirectional cell-
cell cooperation. In this short review we focus on the role of
mast cells as unconventional antigen presenting cells for
helper T lymphocytes. We discuss how looking at mast cell
biology from this new angle can help to better understand
their pleiotropic role in health and disease.

Introduction

Mast cells are a heterogeneous subset of blood-derived granulated
cells located in most vascularized tissues in the proximity of ves-
sels, nerves, glandular ducts and epithelial surfaces.'*

In addition to their strategic location at the host-environment
interface, mast cells exhibit functional requirements to fulfill a
central role during various defense reactions against pathogens.
On the one hand, mast cells express a wide variety of immune
receptors on their surface (including Fc receptors, complement
receptors and receptors for PAMPs, pathogen-associated molecu-
lar patterns) allowing them to efficiently detect pathogens and
contribute to their clearance.? On the other hand, following
activation, mast cells swiftly release different soluble media-
tors that modulate the recruitment and activation of other leu-
kocytes. Among the rapidly-released mast cell mediators are
histamine, proteases, leukotrienes, prostaglandins and various
cytokines/chemokines.'
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The implication of mast cells in the hypersensitivity reaction
triggered by cross-linking of IgE-bound FceRI has been thor-
oughly characterized.”® In addition, a growing body of evidence
indicates that mast cells are involved in various additional steps
of innate and adaptive immune responses.””

Interestingly, mast cells are the only cytokine-releasing cells
known to store preformed TNFa in their cytoplasmic granules
and to rapidly release this cytokine upon activation.'”'® They
are therefore considered key effector cells in the initial steps of
immune responses against pathogens.>'”'8

Mast cells also participate to various further steps of immunity
and their role both in physiological responses against pathogens
and in inflammatory/auto-immune conditions is now well estab-
lished (for reviews on mast cell function at the interface between
innate and adaptive immune response see).?’>"

An intriguing and not yet fully clarified aspect of mast cell
biology concerns their functional and/or physical interaction
with different subsets of T lymphocytes. If functional cross-
talks between mast cells and T lymphocytes have been well
documented, the modalities of their interactions are less well
understood.?’

In this review, we will initially survey the literature describing
the functional communication between helper T cells and mast
cells during immune responses. We will then focus on results
showing that mast cells can be primed to express functional
MHC class IT and costimulatory molecules and can serve as anti-
gen presenting cells for CD4* T lymphocytes. Finally, we will
discuss recent evidences showing that functional immunological
synapses can be formed at the T cell/mast cell interface.

Functional Cooperation Between Mast Cells
and T Helper Cells

Several lines of evidence indicate that mast cells are involved in the
recruitment of T lymphocytes to the sites of immune responses.
As mentioned above, by releasing stored histamine and
TNFo., mast cells can rapidly activate endothelial cells, favor-
ing the recruitment of various subsets of leukocytes, including
T cells, to the site of infection.>'"*® Mast cells also release various

Volume 1 Issue 2



chemotactic factors. 1L-16, a chemo-attractant for CD4* T cells,
is stored preformed in bone marrow-derived human mast cells
and in the human mast cell line HMC-1 and is released upon
mast cell degranulation.?! Furthermore, it has been shown, in a
mouse model of hapten-induced contact hypersensitivity, that
subcutaneous mast cells get activated and migrate to the drain-
ing lymph nodes where they secrete CCL4, responsible for T-cell
recruitment.”>* More in general, mast cells have been shown to
release several chemotactic factors for which different T-cell sub-
sets express functional receptors (CCL3, CCL4, CXCL9 and
CXCL10 for Thl; CCL5 and CCLI11 for Th2 and CCL2 and
CCL20 for Th17).2

In addition to their capacity to recruit CD4* T lymphocytes,
mast cell-derived mediators are also known to modulate different
steps of T helper (Th) cell response.

Mouse bone marrow derived mast cells (BMMC) triggered
via FceRI cross-linking costimulate proliferation and cytokine
production in anti-CD3 stimulated CD4* T lymphocytes.*
This effect is mediated by both release of soluble TNFot and by
cell-cell contacts involving the interaction of OX40 on T cells
with OX40L on BMMC.?*? Similar results have been obtained
using human cells. Human tonsil mast cells enhance prolifera-
tion of freshly purified CD4* T cells stimulated with anti-CD3
antibodies via a mechanism requiring the OX40/OX40L interac-
tion.”® Accordingly, our unpublished observations show that co-
culture of the human mast cell line HMC-1 with freshly isolated
human CD4* T lymphocytes enhances their anti-CD3 induced
proliferation (Espinosa E, unpublished observations).

Mast cells play also a crucial role in the polarization of
Th cell responses. Under different stimulation conditions, mast
cells release in vitro polarizing cytokines that promote the dif-
ferentiation of various subsets of CD4* T lymphocytes: IL-12 and
IFNY (for Th1), IL-4 (for Th2), IL-6 and TGE1 (for Th17) or
IL-10 and TGEP1.52728

In vivo studies support this view by showing that mast cells
can differently influence Th cell polarization depending on
the stimulation conditions and on the mouse model employed.
FceRI activated mast cells favor Th2 lineage commitment in
vivo after subcutaneous immunization with antigen and adju-
vant.” Conversely, mast cell-derived IL-4 reportedly promotes
Thl response in an experimental auto-immune encephalomyelitis
mouse model.?® Finally, mast cell derived histamine also promotes
Thl responses.’!

Together these reports challenge the classical view of mast cells
as mere cellular effectors of type 2 adaptive immune responses,
arguing in favor of a broader role for mast cells including their
interaction with different T-cell subsets.

If it is well established that mast cells modulate T-cell
responses, it is also known that helper T-cell-derived factors affect
mast cell biology.

In mouse models, the Th cell-derived IL-3 has been shown to
induce mouse mast cell development and survival.*»* Moreover,
Th cytokines (IL-3, IL-4, IL-5 and IL-6) enhance in vitro sur-
vival of cord blood-derived mast cells lines.**

Th cells have been reported to also influence mast cell acti-
vation. It has been shown that mouse T cells (activated either
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by PMA or by anti-CD3 antibodies) enhance FceRI mediated
degranulation in mast cells.? This effect is contact dependent
and is mediated at least in part by LEA1/ICAM-1 interaction.”
Similarly, human Jurkat T cells triggered by anti-CD3 antibodies
stimulate HMC-1 cells to secrete B-hexosaminidase, TNFo. and
matrix metalloproteinase-9.%7%

Finally, morphological analysis of inflamed tissues has often
provided data compatible with the existence of functional cross-
talks between these two cell subsets. For instance, mast cells and
T cells have been shown in close proximity in human tonsils and
in a mouse model of contact hypersensitivity***® (reviewed in
refs. 39-42).

All in all, an increasing amount of literature documents that
mast cell and T-cell functions are strongly interconnected and
that these two cell populations cooperate by the means of soluble
mediators and direct cellular interactions (Fig. 1).

Mast Cells Express Functional MHC Class I
and Accessory Molecules

It is commonly accepted that murine resting mast cells do not
express MHC class II molecules. This notion is based on an
initial study performed using ex vivo peritoneal mast cells*
and on further studies performed using mast cells derived from
bone marrow precursors such as BMMC.*% More recently,
M. Daeron and collaborators described a new in vitro model of
murine mast cells: peritoneal cell-derived mast cells (PCMC).%
PCMC have the advantage over other cellular models of exhib-
iting several phenotypic and functional properties of mature
connective-tissue mast cells.” In particular they express charac-
teristic mast cell markers on their surface, such as FceRI and
CD117 and stain positive for toluidin blue. PCMC exhibit alcian
blue low and safranin high staining and degranulate following
stimulation with polycationic compounds, such as compound
48/80 and substance P, consistent with a connective tissue mast
cell phenotype.># Using PCMC, others and we have recently
shown that, similarly to BMMGC, also these mature mast cells are
essentially negative for MHC class II expression under resting
conditions. 4

Various treatments have been described to induce MHC class
IT expression in both BMMC and PCMC. A critical cytokine
involved in the induction of MHC class II molecules is IFNY.
Treatment with IFNY for a time ranging between 24 and 96
hours has been shown to induce MHC class II molecules expres-
sion both in BMMC and in PCMC.#-? In addition IFNY treat-
ment also induces MHC class II expression in other mast cell
models such as freshly isolated rat peritoneal mast cells, human
cord blood-derived mast cells and the human mast cell line
HMC-1.3-7

Additional stimuli synergize with IFNY treatment to induce
MHC class II expression on in vitro cultured mast cells. We
have recently shown that IL-4, when given together with IFNy,
enhances MHC class II expression in PCMC.* Similar results
were obtained when LPS was used to induce MHC class 11
expression in BMMC and spleen-derived mast cells stimulated
by IFNY.® Together, these observations indicate that IFNY is
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Figure 1. Mast cell/T cell cooperation. Upon activation via FcR or PRR, mast cell release several mediators that modulate Th cells responses (chemot-
axis, panel of cytokines produced, and proliferation). In turn activated Th cells release mediators that influence mast cell responses.

necessary and sufficient to induce MHC class II expression on in
vitro cultured mast cells, yet the presence of co-stimuli such as
LPS or IL-4 optimizes the antigen presenting cell (APC) pheno-
type of these cells (Fig. 2).

MHOC class IT molecules expressed under these conditions are
functional since they can be detected on mast cells surface using
mAbs recognizing the mature form of I-A® molecules.*®*

The observed synergy between IFNY and IL-4 for class II
upregulation in mast cells is somehow intriguing. While it is well
established that IL-4 and IFNY are major stimuli for MHC class
IT expression in the B-lymphoid and monocytic/macrophage lin-
eages, respectively,”® ¢!
synergize on the same cellular subset. It is tempting to speculate

it is not common that these two cytokines

that the capacity of mast cells to respond simultaneously to IFNy
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and IL-4 might be instrumental to allow them to serve as tissue
antigen presenting cells for both Thl and Th2 lymphocytes.

It should be noted that although MHC class II expression can
be detected on the surface of cultured mast cells, this phenom-
enon does not concern the entire population. Depending on the
different stimuli applied (IFNY alone or in association with LPS
or IL-4) or on the cellular system employed (BMMC or PCMC)
MHOC class IT expression is detected on cellular fractions ranging
between 20 and 80%.2*%452¢2 Thus among the heterogeneous
mast cell population only a fraction has the potential of acquiring
an APC phenotype.

One limitation of studies performed using in vitro cultured
mast cells is that these cells are deprived of the multiple tissue
factors conditioning their responses in vivo. This limitation raises
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Figure 2. MHC class Il restricted antigen presentation by mast cells. Different stimuli prime mast cells to express functional MHC class Il molecules.
Antigens are internalized via FcR and addressed to the endocytic pathway for presentation to Th.

the question of whether the expression of functional class IT mol-
ecules on mast cell surface might be an in vitro artifact. Two lines
of evidence contribute to exclude this possibility. First, it has been
shown that IFNY treatment induces expression of mature MHC
class I molecules on freshly isolated peritoneal mast cells.”
Second, a small fraction of mast cells expresses MHC class 11
molecules in tissues, namely 10-20% in normal human lung,
~7% in normal human skin and ~10% in pleural cavity. This
fraction increases in tuberculin reactive skin and in autoimmune
thyroiditis.> 6>

The MHC class II biosynthetic pathway in mast cells is pres-
ently not fully characterized. Antigen processing and peptide
loading into MHC class II molecules is a complex process that
has been extensively described in professional APC such B cells
or dendritic cells. In professional APC, class I MHC of} dimers
associated with invariant chain (Ii) are routed to early endosomal
compartments. These molecular complexes follow the endocytic
pathway to join late endosomes where li is degraded by endo-
somal proteases such as cathepsins. Only a short fragment of Ii
(CLIP peptide) is left in the peptide-binding groove of MHC
class IT molecule. CLIP is then exchanged for peptides generated
in the endosomes as a result of proteolytic degradation. Finally,
MHC-peptide complexes are transported to the cell surface.*¢

This process is less investigated and still ill-understood in
mast cells. Three types of lysosome-related organelles have been
morphologically and biochemically identified in BMMC: type |
granules (prelysosomal compartment) containing multivesicular
bodies, type II granules (with features of both lysosomal com-
partment and secretory granules) containing electron-dense bod-
ies and multivesicular bodies and type III granules containing
electron-dense bodies.®® In contrast to professional APC, BMMC
appear not to have a dedicated MHC class IT compartment: MHC
class II molecules are actually found accumulated in both type I
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and type II granules. Most of these MHC class II molecules are
in an immature form and are still associated with Ii fragments. A
low percentage (3%) of these MHC class II molecules is detected
at the cell surface.*®

MHC class IT molecules accumulate in compartments similar
to secretory granules also in the MHC-class II negative RBL rat
mast cell line with transfected murine Ao, B and Ii chains.®’
In this case, MHC class II molecules appear to be mature and
loaded with antigenic peptides. Yet, the maturation of the IAofli
complexes is very slow in RBL cells, as compared to B cells, since
Ii is poorly hydrolyzed and remains associated with o8 dimers
because of a lack of cathepsin S activity.”” Cathepsin S is an IFNYy-
inducible protease that contributes to hydrolyze i in professional
APC.%! It is tempting to speculate that in immature mast cells
cathepsin S is expressed at low levels and that appropriate stim-
uli (such as IFNYy) enhance cathepsin S expression in mast cells
allowing maturation of MHC-class IT molecules. Further work is
required to clarify this and related aspects of mast cell MHC class
IT biosynthetic pathway.

In addition to MHC class II molecule expression, mast cells
also exhibit an inducible expression of selected accessory mole-
cules that contribute to their APC phenotype. Similarly to MHC
class II molecules, the upregulation of accessory molecules varies
depending on the mast cell model employed and the stimulus
applied. Following is a non-exhaustive list of accessory molecules
described to be inducible in mast cell models.

Mast cells exhibit a basal expression of ICAM-1, yet ICAM-1
expression is upregulated by stimuli such as PMA, IL-4, IL-13,
IFNYy, TNFo.? Expression of the costimulatory molecule
CD137-L is induced in BMMC by FceRI cross-linking or by
treatment with stem cell factor or LPS.”> Human in vitro cul-
tured tonsil mast cells express CD54, OX40L and CD137-L

and upregulate their expression following FceRI cross-linking.
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Finally, IFNY/IL-4 treatment induces CD86 expression but not
CD80 expression on mouse PCMC.¥

In conclusion studies performed both in vitro and in vivo dur-
ing the last 10-15 years have put forth the notion that mast cells
can acquire an APC phenotype permitting Ag-presentation to
class II restricted CD4* T cells. This phenotype is variable, possi-
bly due to the intrinsic heterogeneity of the mast cell populations
and to their capacity to respond to a large panel of mediators.

Mast Cells Can Serve as Antigen Presenting Cells
for CD4* T Lymphocytes

The possibility that mast cells could present antigenic deter-
minants to class II restricted T cells has been for a long time
controversial. Initial studies showed that BMMC can present
antigenic determinants to T-cell lines or hybridomas resulting
in T-cell proliferation and IL-2 production.’**7*>7* Furthermore,
IgE-mediated capture of the antigen was shown to enhance its
presentation by BMMC.” One limitation of these initial stud-
ies was that in the experimental conditions employed it was not
possible to formally exclude the possibility that bystander profes-
sional APC (possibly present as contaminant in T cells or mast
cell preparation) could present antigenic determinants to T cells
thus contributing to, or even determining, T-cell responses.

Kambayashi et al. recently addressed this point by carefully
eliminating possible professional APC contaminants from cel-
lular preparations before investigating antigen presentation by
BMMC.# They report that, in the absence of professional APC,
BMMC cannot elicit activation of T cells, since although they
can uptake antigens, they do not express on their surface func-
tional class II molecules (both in resting conditions and after
priming with IL-4, GM-CSF or IFNY*). The study also reports
that once BMMC capture ovalbumin via an IgE assisted mecha-
nism, they undergo apoptosis and are phagocyted by DC that in
turn present class I bound antigenic determinants.*

More recently, the same authors re-proposed the possibility
that mast cells could present antigen to CD4* T cells by show-
ing that IFNY plus LPS primed spleen-derived mast cells indeed
express functional MCH class II molecules and can thus elicit
CD4* T responses also in the absence of bystander professional
APC.*® In line with these observations are our findings obtained
using PCMC primed with IFNYy plus IL-4.* IFNY/IL-4 primed
PCMC express class I and costimulatory molecules and are able
to capture, process and present OVA antigen to CD4" effector
OT-II T cells, but not to their naive counterparts.”” We also
showed that not only in vitro cultivated PCMC but also freshly
isolated peritoneal mast cells are able to activate effector CD4*
T cells to proliferation and cytokine production.” The fact that
mast cells selectively activate effector T cells suggests that mast
cells, although primed to acquire APC phenotype are function-
ally defective when compared to profession APC and therefore
cannot activate resting T cells. The fact that mast cells reside in
tissues in the proximity of vessels and epithelial surfaces make it
likely that they encounter effector Th cells and serve as tissular
APC for these cells that have been previously activated in second-
ary lymphoid organs.
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It is interesting to note that the capacity to present antigen in
the context of MHC class II molecules also allows mast cells to
interact with regulatory T cells. Kambayashi et al. showed that
mast cell preferentially stimulate in vitro Treg as compared to
conventional CD4* T lymphocytes.”® Accordingly it has been
recently shown that Foxp3* Treg and mast cells are in close prox-
imity in lymph nodes.*

Mast cells may therefore play a versatile role as antigen present-
ing cells in tissues. Being able to interact with both Th subsets
and regulatory T cells they might, in some conditions amplify
the effector phase of the immune response and in some other
conditions contribute to peripheral tolerance.

Mast cells are not the only “nonconventional” APC that
can present antigenic ligands to MHC class II restricted CD4*
T cells. It has been recently shown that basophils can capture,
process and present class II restricted antigens and are implicated
in the initiation of Th2 responses via IL-4 secretion in vivo.”*7
It is likely that, similarly to mast cells, basophils can also serve as
occasional APC in tissues where, by forming cognate interaction
with effector T cells, they might contribute to modulate adaptive
immune responses and inflammation.

All in all recent data highlight the antigen-presenting role of
mast cells for CD4* T cells. It is predictable that a better defini-
tion of the molecular mechanisms and of the functional outcome
of these interactions will be a central issue in cellular immunol-
ogy during the next years.

The Th Cell/Mast Immunological Synapse

Immunological synapses (IS) are specialized signaling areas
formed at the contact site between T lymphocytes and cognate
antigen presenting cells characterized by the three-dimensional
clustering and segregation of surface molecules and intracellu-
lar signaling components. Depending on the activation state of
T lymphocytes, on the nature of the APC and on the strength
and quality of antigenic stimulation, the IS exhibit various
three-dimensional structures and mediate different biologi-
cal functions.””®® At the IS, complex inter-cellular information
is exchanged and is traduced into versatile biological responses.
Thus, investigating the structure and dynamics of IS is indeed
important to decipher cell-cell communication.””%

We recently investigated whether a productive IS is assem-
bled at the Th cell/mast cell contact site. Co-culturing previ-
ously activated OT-II T cells with pulsed PCMC (either with
native ovalbumin or the immunodominant I-Ab binding oval-
bumin peptide) allowed the morphological assessment of IS
formation.” Using avidin-sulforhodamine 101 staining that
specifically labels mast cell granules®** we could unambigu-
ously demonstrate that OT-II T cells interact with Ag-loaded
mast cells by forming an IS at the cell interface (Fig. 3 and ref.
49). Our study shows that a significant fraction of Th cell/
PCMC conjugates, exhibit enrichment of filamentous actin and
of phosphotyrosine staining (an early marker of signaling at the
IS%). Additional early markers of productive TCR engagement,
such as TCR/CD3 complexes and p56** are also recruited to the
T- cell/PCMC contact site.”
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Figure 3. Polarization of CD4* T cells secretory machinery towards
the antigen presenting mast cells. CD4* OT-II T cells interacting with a
peptide-pulsed peritoneal cell-derived mast cell (stained with avidin-
sulforhodamine 101, red) are shown. Cells are stained for IFNy (green).
The IFNy-filled Golgi apparatus (green) of two T cells is polarized
towards the antigen presenting mast cell.

Furthermore, T cells in conjugation with cognate PCMC show
sustained PKCB recruitment at the IS and polarize their secretory
machinery towards the antigen-presenting mast (as detected by
tubulin and IFNY staining). This last observation supports the
notion that synapses formed between PCMC and Th cells are
indeed productive. It is well established that Th cell activation
results from the combination of sustained signaling (required for
T-cell cytokine production and proliferation) and the rapid T-cell
polarization response (required for dedicated help delivery).®*#
The observations that PKCB is durably recruited for a sustained
time to the IS and that the T-cell Golgi apparatus is filled with
IFNYy and polarized towards the antigen-presenting mast cells
shows that mast cells correctly trigger Th cell responses.

Similarly to in vitro differentiated PCMC, freshly isolated
peritoneal mast cells can establish productive IS with OT-II T
cells.” This result shows that the capacity to form IS is an intrin-
sic property of bona fide mast cells. Interestingly, also in the case
of cognate interactions between basophils and CD4* T cells mor-
phological evidence of IS formation has been recently provided.”®

The description of immunological synapses formed at the Th
cell/mast cell contact site highlights the central role of mast cells
in adaptive immunity. It is tempting to speculate that the forma-
tion of IS between mast cells and effector CD4* T lymphocytes
might optimize activation of both cell subsets during tissular
immune responses (Fig. 4).

For Th cells, antigen-presenting mast cells might serve as plat-
forms for re-stimulation and fine-tuning, strategically scattered
in tissues. By encountering antigen-presenting mast cells in tis-
sues, effector T cells may keep an activation state instrumental for
the efficiency of their effector function. In addition, presentation
by these versatile APC (able to influence T-cell differentiation by
releasing a variety of mediators) might favor the plasticity of Th
cell responses in tissues. For mast cells, the formation of IS with
Th cells might create an area of intimate cellular contact favor-
able to the dedicated secretion of cytokines by Th cells and to the
engagement of stimulatory receptors with their ligands. In other
words, the physical interaction of mast cells with Th cells may
allow them to be more efficiently activated by Th cell-derived
factors and, in turn, enhance their biological responses. It is
tempting to speculate that Th cell/mast cell cognate interactions
might cooperate with additional signals received by mast cells
via Fc receptors and/or PRR allowing cross-talks between innate
and adaptive immune stimuli. While these cognate interactions
can be instrumental to boost immune responses in tissues, they
might become detrimental in some inflammatory conditions.

In conclusion, an increasing number of reports on functional
cross-talk and cognate interactions between mast cell and Th
lymphocytes contributed to put forth the idea that mast cells are
central actors in adaptive immune responses. Moreover, the par-
ticipation of mast cells to adaptive immune response is not lim-
ited to their interaction with Th cell. Mast cells have been indeed
shown to interact with and present antigen also to different lym-
phocyte subsets including Treg and CD8* T lymphocytes.**

The antigen-presenting role of mast cell might be further recog-
nized in the future and is presently an active field of investigation.
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polarize their secretory machinery and form an immunological synapse. The cognate interaction allows functional cooperation between the two cells
resulting in amplification of the immune response and/or inflammation.
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