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In addition to being a major effector cell in the icitation of
allergic inflammation, mast cells have been found to be activat-
ed in variousT cell-mediated inflammatory processes and to
residein close physical proximity to T cells. Such observations
and the wide spectrum of mediators produced and secreted by
mast cells have led investigator s to propose a functional rela-
tionship between these 2 cell populations. Indeed, mast cell
activation has been reported to induce T-cell migration either
directly by the release of chemotactic factors, such aslympho-
tactin or 1L-16, or indirectly by the induction of adhesion mol-
ecule expression on endothelial cells. Mast cells are also able to
present antigensto T cells, resulting in their activation in
either an MHC class|—or class |1—restricted and costimulato-
ry molecule-dependent fashion. Adhesion molecule-dependent
intercellular contact or MHC class || cognateinteractions
between T cells and mast cellsresult in the release of both
granule-associated mediators and cytokines from the latter.
Also, T cell-derived mediators, such as 3-chemokines, directly
induce mast cell degranulation. On the other hand, mast
cell-derived cytokines, such as IL-4, have been found to polar-
izeT cellsto preferentially differentiateinto the T ,, subset.
ThusT cell-mast cell interactions are bidirectional, fulfilling
regulatory and/or modulatory roles affecting various aspects of
theimmune response. (J Allergy Clin Immunol 1999;104:517-
23.)
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Mast cells are known to be essential resident effector
cellsin the elicitation of the allergic response. IgE-sensi-
tized mast cells, on encounter with specific antigen that
is recognized by surface receptor (FceRI)-bound IgE,
secrete and generate bioactive mediators that facilitate
the development of allergic inflammation.! Apart from
activation by means of FceRI, mast cells are also activat-
ed by cross-linking of surface FcyRIIl molecules?; ana-
phylatoxins; a range of small peptides, including sub-
stance P and calcitonin gene—related peptide3; and B-
chemokines, such as macrophage inflammatory protein
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Abbreviations used
CTL: Cytotoxic T cell
DTH: Delayed-type hypersensitivity
ICAM: Intercellular adhesion molecule
MCP-1: Monocyte chemoattractant peptide-1
MIP-1: Macrophage inflammatory protein-1
PAF: Platelet-activating factor
VCAM: Vascular cell adhesion molecule

(MIP)-1la and monocyte chemoattractant peptide
(MCP)-1.45

In addition to classical IgE-mediated allergic respons-
es, mast cells have been found to have arole in arange
of other inflammatory reactions. For example, mast cdllsor
their products have been shown to be pivota in mediating
leukocyte recruitment in vivo,58 to play arole in defense
againgt bacterial infections,®10 to exert immunoregulatory
roles by interacting directly with cells of the adaptive
immune system,11 and to present exogenous antigen to T
lymphocytes in vitro.12 These effects may be attributed to
the wide range of cytokines, vasoactive amines, and other
mediators released from mast cells, aswell asto direct con-
tact with other immune cells.

Morphologic studies have documented an increase in
the local density of mast cells and their activation during
T cell-mediated inflammatory processes as observed in
helminth infection, cutaneous delayed-type hypersensi-
tivity (DTH), graft-versus-host reactions, sarcoidosis,
and rheumatoid arthritis.13 Furthermore, morphologic
studies have also revealed that mast cells reside in close
physical proximity to T cellsin inflamed allergic tissues
and at sites of parasitic infections.14.15 This close apposi-
tion between T cells and mast cells has led investigators
to propose a functional relationship between these 2 cell
populations that might facilitate the elicitation of the
immune response.12 Consistent with this hypothesis, and
using mast cell-deficient and reconstituted mice, it has
been demonstrated that the mononuclear cell infiltration
in the late allergic response is mast cell dependent.8

It has aso been proposed that mast cell activation and
degranulation may be an essential prerequisite for the
induction and elicitation of cutaneous delayed hypersen-
sitivity reactions.16.17 A T-cell regulation of mast cell
proliferation and function has been argued for in this set-
ting. Thus T cell-derived IL-3 induces mast cell prolifer-
ation in certain types of host responses to parasitic infec-
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tions,18 and histamine rel ease from activated mast cellsis
significantly lower in athymic rats than in normal con-
trols.19 In contrast, transforming growth factor- was
found to inhibit mast cell proliferation and induce apop-
tosis.20 Taken together, these observations suggest a T
cell-mast cell interaction that is bidirectional, fulfilling
regulatory and/or modulatory roles affecting various
aspects of the immune response.

MAST CELLS AND T-CELL RECRUITMENT

CD4* T lymphocytes accumulate in tissues at sites of
mast cell activation, where they are believed to play a
critical role in the genesis of subsequent cellular events,
such as those observed in the late-phase allergic
response?L or in DTH responses.16.17 Several lines of evi-
dence clearly document the important contribution of
these T lymphocytes in chronic asthma and atopic der-
matitis. Studies of bronchoalveolar lavage fluid or tissue
biopsy specimens from asthmatic patients and studies
with the ovalbumin-sensitized mouse model of asthma
have consistently demonstrated significant infiltration of
lymphocytes, which is usualy maximal between 18 and
72 hours after antigen challenge.22.23 Marked accumula-
tion of CD4*+ T cells has been observed in the dermal
eczematous lesions of patients with atopic dermatitis.23
Mast cell activation in the skin and migration to lymph
nodes is associated with the induction of contact sensi-
tivity, a prototype T cell-mediated (DTH) immune
response.L” Thus T cell-specific factor(s) generated by
mast cells may be one mechanism by which mast cells
initiate and contribute to late-phase events. Mast cells
may affect T-cell recruitment to sites of inflammation by
several mechanisms: direct release of chemotactic mole-
cules, regulation of expression of adhesion molecules,
and induction of cytokine release by endothelia cells.

No longer regarded simply as a passive barrier sepa-
rating the blood and the surrounding tissues, endothelial
cells are now recognized as being involved directly in the
process of inflammation.24 Activation of the endothelium
by proinflammatory mediators stimulates the upregula-
tion of cell surface adhesion molecules. This promotes
the adherence of inflammatory cells to the vessel wall
before migration into the inflammatory site.2> Several
families of adhesion molecules orchestrate the penetra-
tion of leukocytes into tissues. The group referred to as
selectins precipitate initial slowing and rolling of leuko-
cytes along the vessel wall.25 These cells then tightly
adhere to activated endothelium by interactions with
immunoglobulin-like molecules, such as intercellular
adhesion molecule (ICAM)-1 and vascular cell adhesion
molecule (VCAM)-1.26

Mast cells are strategically poised at perivascular sites
to regulate inflammatory responses. The contribution of
mast cells to neutrophil and mononuclear cell recruit-
ment in IgE-induced late allergic responses has been ver-
ified by the use of mast cell-deficient mice.827 Unlikein
normal mice, application of IgE-mediated stimuli in mast
cell—-deficient mice was not associated with a significant
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cellular infiltration. This datais consistent with evidence
that mast cell products released and generated during
degranulation, including TNF-a, IL-1, IL-4, IL-6, IL-8,
IL-13, platelet-activating factor (PAF), and leukotriene
C4, are variously capable of affecting endothelia cells.
Indeed, the antigen-dependent, IgE-mediated, mast
cell-induced, late-phase cutaneous response, which
includes a profound leukocyte influx into the skin 6 to 12
hours after degranulation, is significantly reduced by anti
TNF-a antibody in a mouse model. This suggests that
TNF-a contributes significantly to the delayed cellular
infiltration in this response.2?

The capacity of mast cellsto modulate endothelial cell
function in vivo has also been supported by reports of
increased E-selectin expression after dermal mast cell
stimulation mediated largely by TNF-0.28 Marked
expression of both ICAM-1 and VCAM-1 is similarly
observed 6 hours after intradermal alergen challenge in
atopic individuals.2® Increased bronchial ICAM-1
expression after allergen inhalation in a sensitized animal
relates to cellular infiltration and bronchial hyperreactiv-
ity.30 Also, allergen nasal challenge in alergic patients
results in increased expression of VCAM-1 and E-
selectin in the nasal mucosa.3!

More recently, severa studies have demonstrated that
activated mast cells or their conditioned medium were
capable of inducing T-cell adhesion to human endothelial
cells or fibroblasts.29:32 This effect was associated with a
significant increasein VCAM-1 and ICAM-1 expression,
which was noted as early as 4 hours and which peaked 16
hours after exposure to mast cell degranulation products.
The role of VCAM-1 and ICAM-1 in T-cell binding to
endothelial cells was confirmed by the use of blocking
antibodies. Antibodies to ICAM-1 or VCAM-1 both sig-
nificantly reduced adherence, suggesting that lympho-
cytes required both receptors for maximal adherence.
The ICAM-1 upregulation by mast cell—derived media-
tors was almost completely (>90%) neutralized by anti-
body to TNF-a, whereas the expression of VCAM-1 was
only partialy (70%) neutralized by this antibody. These
data implicate mast cell-derived TNF-a as having an
important role in mediating |CAM-1-induced inflamma-
tory processes. Other mast cell-derived mediators, such
as IL-4 and IL-13, may further contribute, in a synergis-
tic manner with TNF-a, to the stimulation of VCAM-1
expression.33

Mast cell-derived cytokine-induced expression of
adhesion molecules should be a relatively slow process,
requiring protein synthesis for detectable expression.
However, mast cell-dependent rolling and adhesion have
been observed as early as 10 minutes after reperfusion of
postischemic intestine, invoking a role for early mast
cell-associated leukocyte recruitment in this inflamma-
tory process.® Indeed, it has been shown that mast cell
degranulation induced leukocyte rolling on and adhesion
to mesenteric venule endothelium within 30 minutes.
The increase in leukocyte flux was blocked with the H1
blocker diphenhydramine and an anti-P-selectin anti-
body. Adhesion, but not leukocyte flux, was decreased by
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FIG 1. Mast cell-T cell interactions. Mast cells present antigen to T cells in either an MHC class I- or MHC class
ll-restricted and costimulatory molecule-dependent fashion. This results in T-cell activation, which in turn acti-
vates mast cells through cell-to-cell contact, leading to both degranulation and cytokine release. Certain T
cells also produce and release IL-3 and transforming growth factor-f (TGF-), which augment or inhibit mast
cell proliferation, respectively. Mast cell degranulation products induce T-cell migration to sites of antigen
challenge either directly through chemotactic molecules, such as IL-16 or lymphotactin, or indirectly by induc-
ing the expression of adhesion molecules on endothelial cells. The expression of CD40 ligand (CD40L) on
mast cells and their ability to release IL-4 and IL-13 contribute to IgE synthesis by proximal B cells. IL-4
released from mast cells polarizes T cells to preferentially differentiate into the T,, subset, which in turn pro-
motes allergic inflammation. TCR, T-cell receptor; LTC4, leukotriene C4.

a PAF antagonist and an anti-CD18 (aligand of ICAM-
1) antibody. It has therefore been suggested that mast
cells at perivascular sites have the capacity to initiate the
early multistep process of leukocyte recruitment. This
includes histamine-induced P-sel ectin—dependent leuko-
cyte rolling and PAF-associated CD18-dependent leuko-
cyte adhesion. Thus a proposed scenario may be that
mast cell activation by a variety of secretagogues stimu-
lates the leukocyte-endothelial interaction by the produc-
tion and release of proinflammatory mediators. This in
turn upregulates the expression of adhesion molecules
necessary for cell migration from the intravascular com-
partment into sites of antigen challenge (Fig 1).

T-cell recruitment to sites of inflammation after
encountering activated endothelial cells is further influ-
enced by specific chemoattractants rel eased by neighbor-
ing cells. Although mast cells clearly participate in this
lymphocyte-recruiting process, and supernatants of acti-
vated mast cells are known to have lymphocytic chemo-
tactic activity,34 little has been known until recently of
the specific molecules released by mast cells that are
chemotactic for lymphocytes. Such studies have now
demonstrated that activated human leukemic mast cells
release IL-8, a chemokine reported to have some lym-
photactic activity.35 Mast cell-derived tryptase is known
to similarly induce both messenger (m)RNA expression

and secretion of IL-8 from human umbilical vein
endothelial cells.36 Activated murine mast cells also
release lymphotactin, a lymphocytic chemokine with
preferential activity for CD8* T cells.3” More recently, it
has been shown that human bone marrow—derived mast
cellsand human lung mast cellsare asource of IL-16. On
treatment with phorbol myristate acetate or the anaphy-
latoxin Cb5a, IL-16 mRNA levels increase. This is fol-
lowed by the release of I1L-16 protein. The secreted IL-16
is biologically active and is a chemoattractant for CD4*
T cells.38 In other in vitro studies, histamine has been
shown to cause IL-16 release from CD8* T cells and
bronchial epithelial cells.3%40 |L-16 was also detected in
vivo in bronchoalveolar lavage fluid from asthmatic
patients after antigen challenge.#! The release of hista-
mine from activated mast cells may thus cause further
IL-16 secretion from other sources in the tissue microen-
vironment. This complex interaction offers one explana-
tion for the persistence of CD4+ T-cell infiltration at
dlergic sites.

T-cell adhesion to the extracellular matrix or to its gly-
coprotein components fibronectin and laminin is inhibit-
ed by supernatants obtained from activated mast cells.
Histamine was shown to induce this inhibitory effect by
increasing intracellular cyclic adenosine monophosphate
and decreasing the calcium influx in T cells through the
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H,, receptor.42 Thus mast cell activation may also inter-
fere with the later mobilization or migration of T cells
from inflammatory sites.

During the sensitization phase of contact sensitivity
and after application of the sensitizing hapten dinitrofluo-
robenzene in the mouse, mast cells migrate to peripheral
lymph nodes. These mast cells serve as the predominant
source of the chemokine MIP-1(3. Neutraization of MIP-
1B then partialy inhibits T-lymphocyte recruitment.1?

T cells, on the other hand, may similarly induce mast
cell chemotaxis. However, the mechanisms responsible
for such mast cell migration are poorly understood. Of
the various molecules studied, the chemokines MCP-1,
RANTES, platelet factor-4, and MIP-1a43; the comple-
ment components C1q, C3a, and C5a*; the angiogenic
factors platelet-derived growth factor, vascular endothe-
liad growth factor, and basic fibroblast growth factor4s;
and the cytokines | L-3,46 transforming growth factor-3,47
and c-kit ligand4® have all been reported to be chemotac-
tic for mast cellsin vitro.

MAST CELL-INDUCED T-CELL ACTIVATION

Mast cells secrete cytokines in response to both
immunologic and nonimmunologic stimulation. These
include cytokines that influence both T-cell and B-cell
development and function, including IL-3, IL-4, IL-5,
IL-6, IL-10, IL-13, IL-16, TNF-a, and certain
chemokines.4® Both IL-16 and TNF-a can be released
rapidly from preformed stores. With more prolonged
kinetics, additional cytokines are produced from tran-
scripts expressed in response to appropriate activation of
the cell.3849 The physiologic significance of this unique
property may include a pivotal role for mast cellsin host
defense against bacterial infections, as has been recently
reported.®10 The hypothesis is that mast cells represent a
central component of host defense against bacterial
infection. It has been shown that mast cell- and TNF-
a—dependent recruitment of circulating leukocytes with
bactericidal properties is crucia to a full response. The
TNF-a released by mast cellsis apparently in responseto
contact with a bacterial component, serving an important
role in the generation of the associated influx of neu-
trophils to the site of infection and resulting in bacterial
clearance.

Another potentially important observation is that mast
cells are able to present antigens to T cells in either an
MHC class |- or class ll—restricted and costimulatory
molecul e-dependent fashion.1250 Both rodent and human
mast cells have been reported to express MHC class |l
molecules and process and present immunogenic peptides
to CD4* cells, inducing proliferation and cytokine pro-
duction of the latter.51-53 In addition, murine bone mar-
row—derived cultured mast cells and human mast cells
were found to express B7-1, B7-2, and ICAM-1 mole-
cules. These surface components are known to serve as
accessory molecules in the costimulation of normal spe-
cific T cells.52-54 Thus mast cells may express character-
istics that allow them to function as efficient antigen-pre-
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senting cells and promote clonal expansion of T cells.
These features include internalization and degradation of
protein antigens into immunogenic peptides, expression
of peptide-MHC class complexes on the cell surface, and
delivery of costimulatory signasto T cells.12

Mast cells are also capable of processing antigens
after phagocytosis of a number of pathogenic gram-neg-
ative enterobacteria for class | MHC presentation to
CD8* T cells.%0 Thisfinding, and the ability of mast cells
to produce IL-4, is of particular interest in the context of
class | MHC-restricted presentation to cytotoxic T cells
(CTLS). IL-4 has been shown to stimulate both prolifer-
ation and differentiation of CTL precursors and to
enhancethe CTL response to alloantigen in amixed lym-
phocyte reaction.5® Thus mast cells may be involved in
the generation of CTL responses to bacterial antigensin
vivo.

MAST CELL ACTIVATION BY T CELLS

Both T cell-derived cytokines and heterotypic adhesion
involving direct contact between mast cells and T cells
have been demonstrated to affect mast cell activation and
mediator release. Cytokinesinfluence mast cell degranula
tion by means of 2 different mechanisms. First, mediators,
such as the B-chemokines MCP-1 and MIP-1a, may
directly induce degranulation of mouse or rat mast cellsin
vitro or in vivo.4517 Electron microscopic examination of
skin injected with these 2 chemokines thus reveal ed exten-
sive mast cell degranulation by MIP-1a and, to a lesser
extent, by MCP-1.5 Human skin mast cells were, however,
unresponsive to these 2 chemokines.56 Second, by priming
mast cells, cytokines may potentiate the effect of, and thus
operate synergistically with, “classical” secretagogues,
such as antigen, anti-IgE, or complement components.5?

More recently, we have reported that both human and
murine mast cells areinduced to release mediators on cell-
to-cell contact with activated, but not resting, T cells.5859
Coculture of murine (bone marrow cultured) or human
(leukemic or primary cultured) mast cellswith activated T
cells resulted in significant histamine and TNF-a release.
Also, FceRI aggregation-induced degranulation was aug-
mented when bone marrow—derived cultured mast cells
were cocultured with activated T cells. Supernatants of
activated T cells failed to exert the stimulatory effect,
whereas separation of the 2 cell populations prevented
degranulation. These observations indicate that mast cell
activation was aggregation dependent. Indeed, the kinetics
of histamine release paralleled the kinetics of the forma-
tion of heterotypic aggregates starting at 4 hours and peak-
ing at 16 hours of coculture. This mast cell-T cell interac-
tion was mediated, at least in part, by the adhesion mole-
cules ICAM-1 and its ligand leukocyte function—associat-
ed antigen-1 because the addition of antibodies directed
against these 2 molecules inhibited the adhesion-induced
mast cell degranulation.58

Other examples of heterotypic adhesion-induced mast
cell activation have also been studied. Thus intercellular
contact between mast cells and activated T cells has been
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found to induce promoter activity of the (chemokine)
TCA3 gene in mast cells.89 Similarly, it has been report-
ed that incubation of human mast cell leukemia-1 cells
with membranes purified from anti-CD3-activated T
cells resulted in induction of 1L-8 transcripts.61 Another
pathway of IgE-independent mast cell activation has
recently been described, which involves cognate interac-
tion with CD4* T cells.62 Thisis a T cell-dependent
MHC class Il-mediated mast cell activation resulting in
IL-4 transcription and protein release.

The relatively slow kinetics of heterotypic adhesion-
induced mast cell activation, as compared with rapid ana
phylactic degranulation, may indicate that this pathway of
activation involvesinduction of new proteinsor other medi-
ators that, in turn, generate a series of signals leading to
meast cell activation and mediator release. It has also been
shown that costimulation provided for anti-CD3-mediated
proliferation of T cells involves an extended |leukocyte
function—associated antigen-1/ICAM-1 interaction, leading
to signal transduction events that result in prolonged (>4
hours) inositol phospholipid hydrolysis and a sustained
increase in free cytosolic calcium level .83 This observation
may be relevant to the relatively dow onset of the effects of
T-cell contact on mast cell activation and mediator release
observed in the above studies. Taken together with the mor-
phologic studies showing mast cellsin close physical prox-
imity to T cells, these observations suggest a pathway
through which mast cells are activated to release granule-
associated mediators and produce cytokines when involved
in T cell-mediated inflammation.

MAST CELL EFFECT ON T-CELL
POLARIZATION

In addition to being potent effector cells, recent data
suggests that mast cells may have important regulatory
functions in the immune system. Relevant to the allergic
response, mast cells have been shown to induce IgE syn-
thesis by B cells and to affect T-cell differentiation
toward the T, phenotype. Human mast cells also express
CDA40 ligand. This ligand for CD40 on B cells is an
important cell surface antigen expressed by T cells and
critically involved in T-B cell interactions that lead to
immunoglobulin synthesis on stimulation with certain
cytokines. Thus in the presence of IL-4, mast cells
induced IgE synthesis by B cells, which was mediated by
CD40 ligand.1! This observation has recently been
extended by using mast cells from alergic inflamed tis-
sues.54 Mast cells obtained from the nasal mucosa of
allergic patients were found to contain both IL-4 and IL-
13 and to secrete these cytokines when activated by the
specific alergens. Moreover, these mast cells were able
toinduce IgE synthesis by purified tonsillar B cellsin the
presence of the specific allergen (Der f 2). In contrast,
mast cells obtained from nonallergic tissues failed to
induce IgE production. This study has also demonstrated
that IgE production was mediated by the secreted IL-4
and especially by 1L-13.64 Thus mast cells, in addition to
their effector role, may contribute to the alergic reaction
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by promoting IgE synthesis within the local microenvi-
ronment.

Mast cells may be able to exert influenceson T cells
in addition to directing B-cell function. Mast cells are a
major source of cytokines (eg, IL-4, IL-10, and IL-13),
which can presumably signal naive memory T cells to
preferentially differentiate into the T,,, subset. The early
presence of IL-4 is the most potent stimulus for T, dif-
ferentiation, whereas |L-12 and IFNs favor T,,; develop-
ment.®5 Indeed, coculturing T cells with activated mast
cells led to the development of IL-4—producing T,
cells.86 Anti-IL-4 antibody, when introduced to this sys-
tem, abolished the mast cell-mediated T,,, development,
indicating the role of this cytokine in skewing T cells
toward the T,,, phenotype. This finding and the ability of
mast cells to serve as antigen-presenting cells may indi-
cate that through presenting antigen to T cells, mast cells
can direct T cells into becoming polarized T,, popula-
tions. In support of this argument, it has recently been
reported that during antigen presentation by mast cells,
activated T cellsin turn induce MHC class |1-dependent
mast cell activation, resulting in IL-4 release.62 This mast
cell-T cell interaction may perpetuate and augment aller-
gic inflammation in that IL-4 may directly influence the
polarization of alergen-reactive T cells toward the T,
pathway. Thisin turn would lead to the local production
of proinflammatory cytokines, which are involved in
processes that promote IgE production and eosinophil
recruitment and survival (eg, IL-4/1L-13 and IL-5,
respectively (Fig 1). Interestingly, it has been shown that
up to 90% of IL-4—secreting cells in normal or atopic
nasal mucosa are mast cells.5” The overall effect would
thus be an increase in the immediate hypersensitivity
response.

In summary, there is ample evidence for complex
interactions between mast cells and lymphocytes within
lymphoid tissues and at sites of inflammation. Such
interactions are mediated by cytokines or by heterotypic
aggregation. The end result appears to be a cooperative
enhancement that potentiatesthe role of both cellsin host
defense and in the regulation of the inflammatory
response.

We thank Dana Baram, MS, for helpful discussions and techni-
cal assistance.
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