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Abstract The allergic inflammatory response is composed

of two main phases—the early and the late. The early phase

initiates when an allergen activates the tissue resident mast

cell, triggering the release of a variety of granule-stored and

newly formed mediators. As the inflammatory response pro-

gresses, blood borne inflammatory cells—in particular,

eosinophils—are recruited into the inflamed tissue. Eosino-

phil activation and consequent release and production of

several pro-inflammatory mediators results in the late phase

reaction. A chronic allergic inflammation always features

prominent tissue eosinophilia. In this review, we will discuss

the possible channels of communication, both soluble and

physical, between mast cells and eosinophils that can occur in

the late and chronic stages of allergy. Such interactions, that

we have termed ‘‘the allergic effector unit’’, may modulate the

severity and/or duration of the allergic inflammatory reaction.
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Abbreviations

Ig Immunoglobulin

SCF Stem cell factor

PG Prostaglandin

LT leukotriene

IL Interleukin

GM-CSF Granulocyte-macrophage colony-stimulating

factor

TNF-a Tumor necrosis factor alpha

TGF-b Transforming growth factor-b
FGF Fibroblast growth factor

VEGF Vascular endothelial growth factor

NGF Nerve growth factor

EPO Eosinophil peroxidase

MBP Major basic protein

ECP Eosinophil cationic protein

EDN Eosinophil derived neurotoxin

PAF Platelet activating factor

IFN-c Interferon-gamma

MAPK Mitogen-activated protein kinase

PAR2 Proteinase-activated receptor 2

AP-1 Activator protein-1

MMPs Metalloproteinases

DNAM-1 DNAX accessory molecule 1

PVR Poliovirus receptor

LFA-1 Leukocyte function-associated antigen 1

ICAM-1 Intercellular adhesion molecule 1

Allergic inflammation

Allergy is one of the most widespread diseases in the

Western world, and its incidence—which seems to be

connected to the industrial and ‘‘hygienic’’ modern way of
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life—is estimated to increase every year. It comprises

several pathologies such as asthma, conjunctivitis, rhini-

tis, eczema, etc. The tendency to develop an allergy is

known as atopia and is linked to both genetic and envi-

ronmental factors [1, 2]. Allergic inflammation is a

multifactorial response that evolves as a reaction to an

innocuous substance, an allergen, which first leads to the

production of specific IgE, and then to the aggregation of

IgE occupied high-affinity receptors (FceRI) expressed on

the mast cell surface. The ensuing cascade of intracellular

events results in mast cell activation and degranulation

leading to the release of specific pro-inflammatory

mediators, which orchestrate the immediate, early-phase

of the allergic process within minutes of allergen expo-

sure [3]. This phase, named the ‘‘early phase’’ of allergy,

is characterized by vasodilation, increased vascular per-

meability, vascular leakage and oedema. Concomitantly,

the recruitment of inflammatory cells, i.e., macrophages,

T cells, eosinophils, basophils, and perhaps invariant

natural killer T cells takes place [4]. These cells and

mainly the eosinophils cause the onset of the late phase

that usually occurs a few hours after the early phase

[5–7]. When the allergic stimulus is continuously present,

or other noxious stimuli appear in the patient environ-

ment, the allergic inflammation process may become

chronic [4, 8, 9]. A common feature of chronic allergic

inflammation is tissue remodeling. In asthma this is

caused by subepithelial fibrosis, goblet cell hyperplasia,

myofibroblast hyperplasia, smooth muscle cell hyperpla-

sia and hypertrophy, which finally results in thickening of

the airway wall [4, 10].

Although the allergic response involves many inflam-

matory cells, the two main effector cells operating this

complex response are the mast cells and the eosinophils.

Despite the fact that these cells are characteristic respec-

tively of the early and late phases of this process, it is also

evident that they can co-exist in the tissues during the late

and chronic stages of allergic inflammation. Earlier

observations have suggested that these two cells are

capable of communicating via soluble mediators. More

recently we have put forward the hypothesis that they can

also interact via actual physical contact.

In this article, we discuss the possibility that allergic

inflammation is modulated and maintained primarily by the

complex interactions between mast cells and eosinophils,

that we have termed ‘‘the allergic effector unit’’.

Mast cells and eosinophils in allergic inflammation

Mast cells are highly granulated FceRI bearing tissue-

dwelling cells, which develop from myeloid progenitors

expressing CD34, CD117 (c-kit) and CD13, under the

influence of stem cell factor (SCF). They are widely dis-

tributed in connective tissues and mucosal surfaces [5, 6,

11, 12]. In humans at least two main kinds of mast cell

phenotypes exist, the first contains tryptase and the second

stores tryptase, chymase carboxypeptidase A and cathep-

sin-G [13].

Their activation through the high affinity receptor

FceRI initiates the immediate secretion of various gran-

ular preformed mediators (such as tryptase, chymase,

histamine and proteoglycans) as well as of newly-syn-

thesized mediators such as arachidonic acid metabolites

(e.g., PGD2, LTB4, LTC4) [4], and the later production of

many cytokines, chemokines and growth factors (e.g.,

IL-1, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-11, IL-13,

GM-CSF, TNF-a, TGF-b, b-FGF, VEGF, NGF) [5, 11,

14]. IgE-dependent activation is mediated through signal

transduction initiated by Lyn, Syk and Fyn kinases from

the Src family [15]. Mast cells homeostasis is regulated

by IgE and the Th2-associated cytokines IL-4, IL-10, and

TGF-b1, which down regulate important effector proteins

(e.g., c-Kit, FceRI) in long-term mast-cells cultures

[16, 17]. Among the released mast cell mediators, hista-

mine as well as the lipid mediators have an important role

in the recruitment of Th2 lymphocytes and of eosinophils

to the inflammatory site, and in maintaining the allergic

process [18].

Eosinophils are bone marrow-derived granulocytes

recruited from the peripheral blood to the inflamed tis-

sue. Their presence or that of their specific basic

mediators (see below) usually correlates with allergic

symptoms [5, 19–21]. Eosinophils differentiate and

undergo trafficking under the regulation of the tran-

scription factors GATA-1&2, and c/EBP, the chemokine

eotaxin, and the CD4? Th2 cell-derived survival cyto-

kines IL-3, IL-5 and GM-CSF [5, 14, 21–26]. They

contain highly specific basic granule mediators, e.g.,

eosinophil peroxidase (EPO), major basic protein (MBP),

eosinophil cationic protein (ECP) and eosinophil derived

neurotoxin (EDN) which altogether seem to be toxic to

respiratory epithelial cells, may alter smooth muscle

contraction responses, and are capable of promoting

oxidative stress. In addition, eosinophils secrete pre-

formed and de novo synthesized cytokines, chemokines

and growth factors (e.g., IL-4, IL-6, IL-8, IL-10, IL-13,

GM-CSF, SCF, NGF, TGF-b) as well as lipid mediators

upon activation (e.g., PAF, LTC4, and PGE2) [5, 14, 19,

21, 27, 28]. Receptors for the pro-inflammatory media-

tors C5a and PAF, the cytokines IL-2, IL-3, IL-5, IFN-c,

and GM-CSF, the immunoglobulins IgG and IgA, the

chemokine CCR3, and other receptors are expressed on

the eosinophils [5, 20–22, 29].
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Mast cells and eosinophils, the two components

of ‘‘the allergic effector unit’’: soluble interactions

The proximity of mast cells and eosinophils in allergic

inflammation and the fact that they can stimulate each

other even in the absence of an exogenously added acti-

vator [30–32] has generated several hypotheses on a cross-

talk between the two cells. In fact, some in vitro studies

have suggested possible pathways of soluble cross-talk

between these cells [33–38]. Data accumulated over the

years have indicated that eosinophils and mast cells can

affect each other’s viability, functionality, trafficking and

activation (Fig. 1).

Eosinophils produce SCF [33], the major cytokine

regulating activation, differentiation, maturation and

survival of mast cells [39–41]. Similarly, eosinophil-

derived NGF can influence mast cell survival via its trkA

receptor [42, 43]. In addition, early observations showed

that the basic proteins stored in eosinophils granules

activate mast cells [34]. Eosinophil MBP was found to

activate rat peritoneal and human lung mast cells during

co-culture with fibroblasts and to release histamine

through a mechanism involving the fibroblast-derived

membrane form of SCF. This form of SCF induced

responsiveness to MBP is a non-IgE-dependent activa-

tion, that is similar to the one caused by other basic

secretagogues [35, 36, 44]. In another study, it has been

shown that human heart mast cells but not human lung

and skin mast cells in suspension released histamine,

tryptase and PGD2 when incubated with ECP and MBP

[44, 45]. An additional possible mast cell–eosinophil

interaction can take place between the major eosinophil

chemokine, eotaxin which binds selectively to heparin, a

mediator abundantly released from mast cell granules

[46]. Last but not least, eosinophils MBP binds hepa-

ranase, produced by both mast cells and eosinophils, and

inhibits its activity [47].

Mast cells produce and secrete several cytokines that

are known to modulate eosinophil biology [38]. Mast

cells produce GM-CSF, IL-3 and IL-5 which represent the

main cytokines involved in eosinophil growth, differen-

tiation, chemotaxis, survival and activation [38, 48]. In

addition, mast cells synthesize and release TNF-a and

IL-2 which promote eosinophil survival, activation, and

chemotaxis [48–51]. Interestingly, the enhanced viability

of eosinophils incubated with mast cell sonicates was

found to relate to TNF-a, which increased the expression

of GM-CSF [48]. This effect was inhibited by blocking

TNF-a receptors and/or GM-CSF [50]. As mentioned

above, TNF-a can modulate eosinophil chemotaxis by

inducing eotaxin expression from epithelial and endo-

thelial cells. It also activates the MAPK pathway in

eosinophils [38, 50]. TNF-a secreted during the acute

phase is also responsible for the capability of eosinophils

to produce both Th1- and Th2-associated chemokines

[52]. In fact, TNF-a is a very important player in the mast

cell–eosinophil interaction, as mast cells are the only

cells known to store and release it immediately upon

activation [53].

Chymase, a mast cell-specific protease, and PAF can

also regulate eosinophil infiltration, activation and

degranulation [54, 55]. Tryptase, the other mast cell pre-

formed neutral protease, is capable as well of activating

and degranulating eosinophils through binding to the pro-

tease-activated receptor PAR2 on eosinophils [28, 56].

Incubation of freshly isolated human peripheral eosinophils

with rat and human mast cell sonicate caused a tryptase-

mediated synthesis and release of the two pro-inflamma-

tory cytokines IL-6 and IL-8 by eosinophils through

activation of the MAPK/AP-1 pathway [28, 47]. Further-

more, histamine can elevate the expression of adhesion

molecules and increase pro-inflammatory cytokine pro-

duction by eosinophils [18]. Activated mast cells and

eosinophils produce and secrete arachidonic acid-derived

metabolites [4, 57]. For example, mast cells secrete PGD2,

LTB4, LTC4 and LTE4 which may act as a potent che-

moattractant for eosinophils or neutrophils, induce the

recruitment of these cells to the bronchial mucosa of

human asthmatic patients, influence eosinophil adhesion

and induce IL-8 secretion from eosinophils [4, 19, 58–61].

Eosinophils also represent a major source of LTC4, LTD4

and LTE4 [62–64] which are capable of promoting mast

cells degranulation [65]. Since both cells express receptors

for these metabolites [57, 66], this implies autocrine sig-

naling functions as well.

Fig. 1 Mast cell–eosinophil soluble interactions: some of the soluble

mediators secreted by mast cells or eosinophils modulating the

reciprocal interactions between these two cells in ‘‘the allergic

effector unit’’
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Mast cells and eosinophils, the two components

of ‘‘the allergic effector unit’’: physical interactions

Physical contact communication is considered highly

important in modulating interactions and transferring

information between cells as well as regulating activities at

the whole organ level. This kind of communication is

considered more efficient, accurate and reliable than par-

acrine-mediated systems. Previous immunology studies,

concerning T lymphocytes and antigen-presenting cells,

have pointed out the indispensable role of direct cell–cell

contact as a significant communication route capable of

influencing major features such as cell activation, regula-

tion and function [67, 68]. Cell–cell interaction increases T

cells proliferation through molecules engaged specifically

when the cells touch each other, and not due to diffusible

factors [69, 70]. In most cases, contact-dependent com-

munication, through receptor–ligand pairs, constitutes a

highly precise method of interaction for the efficient and

simultaneous distribution of multiple signals, activating,

co-activating or inhibiting. Some information has been

accumulated over the years on contact-dependent com-

munications between cells in the inflammatory process. In

chronic allergic inflammation, the physical interactions

between cells have been shown to significantly influence

the severity of the disease. For example, it was shown that

the outcome of the cross-talk between stimulated T lym-

phocytes and monocytes or macrophages is the production

of proinflammatory cytokines such as IL-1 and TNF-a [71].

These cytokines, produced by stimulated monocytes and

macrophages, play a role in inducing connective tissue

cells to produce large amounts of matrix metallo-protein-

ases (MMPs), which in turn degrade extracellular matrix

components (e.g., collagens and proteoglycans) [71]. In

addition, in co-cultures with activated T lymphocytes [72],

there was an increase in mast cell IgE-dependent activa-

tion, most likely through contact-mediated effects [73].

The close proximity in the co-culture with activated

T cells, caused mast cells to degranulate and release IL-4,

IL-6, IL-8, oncostatin M and TNF-a, probably through

receptor–ligand interactions [74–77].

These studies led us to hypothesize that physical contact

between mast cells and eosinophils can take place and

might be active in allergy, and various other inflammatory

conditions in which both of these two cells have a role.

Interestingly, two recent studies by Caruso et al. [78] and

by Piazuelo et al. [79] demonstrated the formation of mast

cell–eosinophil couples in gastric carcinomas and chronic

gastritis, respectively, showing a clear cut interface. In

addition, the cross-talk between mast cells and eosinophils

was also proven in Crohn’s disease and Ascaris infection

[80]. Yet a direct communication between mast cells and

eosinophils has not been documented in the context of

allergic inflammation, despite their close proximity in

allergic tissues.

Concerning allergic inflammation we found that human

tissue sections taken from chronic allergic inflammatory

diseases such as atopic dermatitis and allergic rhinitis often

show well-defined mast cell–eosinophil couples. Moreover,

preliminary observations in vitro by our group, using both

light and electron microscopy, have established the for-

mation of well-defined mast cell–eosinophil couples when

these cells are co-cultured (Minai-Fleminger and Levi-

Schaffer, unpublished data). Interestingly, we have shown

that these couples exhibit a close interface in contrast to

arbitrarily adjacent cells. Moreover, analysis of live

imaging shows mast cells actively moving towards eosin-

ophils using pseudopod or nanotube-like structures

(Elishmereni and Levi-Schaffer, unpublished data).

Studies conducted in our laboratory have established

several lines of evidence for mast cell–eosinophil cross-

talk through a ligand–receptor interface (Fig. 2). One

example of such a ligand–receptor interface is the rela-

tionship between DNAM-1 and Nectin-2 [81]. DNAM-1

(DNAX Accessory Molecule 1, CD226) is an adhesion

molecule expressed on mast cells, regulating its activity

state and as a consequence its degranulation [82] and also

on T lymphocytes as a co-stimulatory molecule important

for antitumor activity [83]. One molecule identified as a

functional ligand of DNAM-1 is Nectin-2 (CD112) [84],

which was found to be highly expressed on both mast cells

and eosinophils and to mediate the augmented IgE-

dependent activation observed in a mast cell–eosinophil

co-culture [81]. DNAM-1 is also expressed on human NK

cells and upon binding to its ligand PVR or Nectin-2 will

initiate a reaction of cell cytotoxicity [85]. We found that

mast cell activation induced by FceRI was enhanced in co-

culture with eosinophils as a response to the physical cross-

talk mediated by the CD226/CD112 interactions [81].

Further exploring the possibility of contact-based com-

munication, we also found an interaction between the CD2

family receptor 2B4 (CD244) expressed on eosinophils,

which functions as an activation molecule [86], and its high

affinity ligand CD48 molecule, which is expressed by mast

Fig. 2 Mast cell–eosinophil physical interactions: some of the

possible receptor–ligand couples between human mast cells and

eosinophils that we have been investigating
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cells [72]. Through this pathway, CD48 can bind 2B4 and

activate eosinophils to release EPO, IFN-c and IL-4 [86].

On the other hand, eosinophils also express the CD48

receptor. This expression was shown to be up-regulated by

IL-3 in atopic asthmatic patients or by allergen challenge in

a murine model of experimental asthma. In addition, cross-

linking of CD48 on human eosinophils initiated activation

cascade and enhanced release of eosinophil granule pro-

teins [87]. However, it has not yet been established whether

there is a specific receptor on mast cells for this molecule.

Other ligand–receptor interactions between mast cells

and eosinophils may be mediated through LFA-1 (leuko-

cyte function-associated antigen 1, also known as aLb2

integrin), a molecule expressed by eosinophils which also

co-stimulates IgE-mediated activation [74, 88], and repre-

sents a ligand for ICAM-1 (intercellular adhesion molecule

1, CD54) receptor expressed on murine peritoneal and

human uterine mast cells [74, 88–90]. This pathway can be

activated after mast cell degranulation and will result in the

recruitment of eosinophils to the site of inflammation. The

same process of ligand–receptor interaction can also occur

between mast cells and T cells which similarly express the

LFA-1 molecule on their surface [74].

Finally, mast cells and eosinophils express an array of

inhibitory receptors. We have recently found that both cells

express the inhibitory receptor CD300a [82, 91] whose

ligand is still unknown and could potentially be expressed

in an autocrine or paracrine fashion on these cells [81, 82].

In addition, eosinophils express the integrin aVb3 [92],

which is a cognate ligand of the inhibitory receptor gp49B1

on murine mast cells [93]. Furthermore, a recent study by

our group suggests another mast cell–eosinophil interaction

through TRAIL and TRAIL-R. Eosinophils were shown to

express TRAIL-R on their cell surface [94] as pro-survival

molecules [95, 96]. Mast cells are known to express

TRAIL-R on their cell surface that transduces a pro-

apoptotic signal [95, 96]. Mast cell TRAIL was found in

their cytoplasm (Berent-Maoz and Levi-Schaffer, unpub-

lished data). The complete significance of both the pro-

apoptotic and the pro-survival TRAIL-mediated pathways

in allergic responses is not fully understood.

Altogether, these findings might suggest the feasibility

of a physical contact between mast cells and eosinophils,

which might contribute to the modulation of allergic

reactions.

Conclusions

Throughout the course of allergic inflammation, ‘‘the

allergic effector unit’’, the functional interface between

mast cells and eosinophils, represents a central functional

entity. Mast cells and eosinophils reside in a ‘‘niche’’ in the

late and chronic phases of the inflammatory process, which

enables the close proximity and tight interactions between the

two cell types. These interactions, which can be mediated

through soluble and physical pathways of communication, are

possibly involved in modulating the severity and/or duration

of the allergic response.

Additional in vivo studies should be conducted in order

to better understand the importance of ‘‘the allergic effector

unit’’, and perhaps to define better a new target for treating

allergic inflammation.
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