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Introduction

Mast cells and basophils express the high af®nity immuno-

globulin (Ig) E receptor (FceRI) on the surface, and the

cross-linking of cell bound IgE-FceRI complex with speci®c

antigens leads to the release of in¯ammatory mediators such

as histamine and eicosanoids. These mediators induce con-

traction of smooth muscle, tissue oedema and vascular

hyperpermeability. Therefore, mast cells and basophils are

important effector cells in the early phase allergic reactions.

Recently it has become apparent that mast cells and baso-

phils are the sources of several cytokines. These cytokines

regulate functions of in¯ammatory cells, suggesting that

these cells may be involved in the pathogenesis of late phase

of allergic responses. Despite some similarities to mast

cells, human basophils are developmentally, phenotypically

and functionally most closely related to eosinophils. Mast

cells and basophils similarly derive from precursors that

originate in the bone marrow, however, the human mast

cells mature under local in¯uences following migration into

the tissue. On the other hand, basophils complete the

maturation in the bone marrow and enter the circulation as

mature granulated cells. Therefore, the pro®les of cytokine

production by these cells are different, suggesting that the

roles of mast cells and basophils may be different in the

allergic in¯ammation. In this review, the pro®le and char-

acteristics of cytokines produced by human mast cells and

basophils are examined, with an emphasis on the role of the

cytokines produced by these cells.

Evidence of human mast cell cytokine production in
human allergic diseases

Using immunocytochemistry, Bradding et al. [1±4]

reported that interleukin (IL)-4, IL-5, IL-6, and tumour

necrosis factor (TNF)-a were present within mast cells in

nasal and bronchial mucosa taken from both normal subjects

and patients with allergic perennial rhinitis, allergic seasonal

rhinitis, and allergic asthma. In both asthma and rhinitis,

cells expressing immunoreactivity for IL-4 were increased

in number. In asthmatics, there was a disease-related

increase in the number of cells expressing immunoreactivity

for TNF-a. Ying et al. [5] reported the expression of IL-4

and IL-5 mRNA and protein in bronchial mucosal mast cells

obtained from atopic and nonatopic (intrinsic) asthmatics.

Horsmanheimo et al. [6] demonstrated that in biopsies from

normal skin and those from patients with atopic dermatitis,

mast cells contain the majority of IL-4 immunoreactivity.

Pawankar et al. [7] reported that IL-13 positive cells were

detected in the nasal mucosa of perennial allergic rhinitic

patients by immunohistochemistry, and the major source of

IL-13 appeared to be mast cells and lymphocytes morpho-

logically. IL-13 mRNA expression of mast cells and lym-

phocytes was detected in the epithelial compartment of

the nasal mucosa of 18 out of 19 patients with perennial

rhinitis but it was undetected in normal subjects and

chronic infective rhinitics. IL-5 and GM-CSF were present

within mast cells of the bronchial mucosa of asthmatics [8]

and within intestinal mucosal mast cells of asthmatics [9].

Thus, these ®ndings indicate that the production of speci®c

cytokines from mast cells, including IL-4, IL-5, IL-13, GM-

CSF and TNF-a, may be up-regulated in the allergic

in¯ammation.

Mast cell phenotypes and cytokine expression

It is still not clear whether one mast cell produces several

cytokines at the same time or whether there may be

phenotypes of mast cells with regard to cytokine production.

From immunohistochemical studies, some mast cells con-

tained combinations of cytokines, and others appeared to

produce only one cytokine [4]. It is well known that mast

cells can be classi®ed based on the proteases, namely those

that express only tryptase, MC(T), and those that express

both chymase and tryptase, MC(TC). Previous studies

demonstrated that more than 90% of intraepithelial mast

cells are MC(T), whereas mast cells in the super®cial lamina

propria are comprised of MC(TC) and MC(T) [10,11]. The

relationship between mast cell protease expression and
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cytokine content was examined using immunocytochemis-

try. In the nasal and bronchial mucosal biopsy specimens,

IL-4 was distributed in both mast cell phenotypes although

predominantly the MC(TC), while IL-5 and IL-6 were

localized almost exclusively to the MC(T) [12]. It was

reported that 60% of mast cells distributed in the deep

lamina propria (mainly MC(TC)) and super®cial lamina

propria (MC(TC) and MC(T)) of the nasal mucosa

expressed IL-4, but less than 20% of mast cells in the

epithelial compartment expressed IL-4 [13]. On the other

hand, majority of IL-5, IL-6 and IL-7 expressing mast cells

were distributed in the epithelial compartment and in the

super®cial lamina propria (mainly MC(T)), but not in the

deep lamina propria. IL-8 and IL-10 expressing mast cells

were relatively more in the deep lamina propria than in the

epithelial and super®cial lamina propria compartments [13].

These observations suggest heterogenity of human mast

cells with regard to cytokine expression in addition to

protease production.

Cytokine production from human lung mast cells in vitro

We examined cytokine mRNA expression and cytokine

production from highly puri®ed human lung mast cells in

response to IgE-mediated stimulation. In our studies, human

lung mast cells were puri®ed by af®nity magnetic selection

with monoclonal antibody (mAb) YB5.B8 against kit to

achieve a ®nal mast cell purity of 93±99% [14]. Puri®ed

mast cells were precultured with human myeloma IgE for

16 h before challenge with stem cell factor (SCF) and anti-

IgE. Using RT PCR, ELISA and immunocytochemistry, we

evaluated the capacity of human lung mast cells to express

and produce various cytokines. Messenger RNA for IL-3,

IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, TNFa, GM-CSF was

expressed on human lung mast cells following IgE-depen-

dent activation [15±21]. Jaffe et al. [22,23] reported IL-5

and IL-13 production from human lung mast cells following

IgE-mediated activation. It is also reported that constitutive

synthesis of SCF mRNA was seen in human lung and skin

mast cells, but cross-linking of IgE receptor on the lung

mast cells did not alter SCF mRNA expression [24]. In our

experiments, IL-3 mRNA was expressed 2 h after stimula-

tion and waned at 8 h [15]. IL-4 mRNA expression was

detected in only six of 13 experiments and the level of its

expression peaked at 2 h after activation and lessened over

the next 12 h [18]. IL-5 mRNA was constitutively expressed

and peaked at 2±4 h and persisted for up to 48±72 h in all of

12 experiments [18]. IL-10 mRNA was constitutively

expressed, up-regulated after stimulation and peaked at 8±

12 h [20]. IL-13 mRNA was constitutively expressed, up-

regulated at 2±4 h and persisted for up to 12±24 h after

activation [21]. Constitutive expression of TNFa and GM-

CSF mRNA was observed and this peaked at 2 h after
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Fig. 1. Kinetics of cytokine release from puri®ed human lung mast

cells. Human lung mast cells were precultured with 3 mg/mL IgE for

16 h, and then washed, and challenged with SCF (50 ng/mL) and

anti-IgE (1 mg/mL). Cytokines in cell supernatants were measured

by ELISA. Because the levels of cytokine production were some-

what variable, representative data were shown in this ®gure.



stimulation and almost undetectable by 24±48 h [19].

Neither IL-2 nor IFNg mRNA was detectable in human

lung mast cells following IgE-mediated stimulation (unpub-

lished data).

Next, we performed the kinetic study of cytokine produc-

tion from human lung mast cells (Fig. 1). TNFa was

released within 2 h after stimulation and began to steady

at 4±8 h (unpublished data). GM-CSF was released 4±8 h

after stimulation and steadied at 24±48 h [19]. IL-3 and IL-5

release were observed 8 h after stimulation [15,18]. IL-10

and IL-13 release were obviously detected 4±12 h and 24 h

after stimulation, respectively [20±21]. IL-4 protein was not

detected by ELISA in our study [18]. Thus, the speci®c

cytokine production is up-regulated by IgE-dependent sti-

mulation. Human mast cells ®rst produce TNFa which is

reported to stimulate vascular endothelial cells to induce

adhesion molecules on the cell surface [25±26] and then

produce GM-CSF, IL-3 and IL-5, which mainly stimulate

granulocytes. Thereafter, IL-10 and IL-13, which are mainly

associated with lymphocyte functions, are released. These

®ndings suggest that each cytokine mRNA expression and

secretion may be regulated by distinct pathways and acti-

vated mast cells may orchestrate various in¯ammatory cells

through cytokines released at various time points (Table 1).

In parallel with IL-13, we measured IL-4 protein from

human lung mast cells by ELISA, however, IL-4 protein

was not detectable in the supernatants from four donors in

which IL-13 protein was detected at 24 h after SCF and anti-

IgE activation [21]. This is consistent with our report [18]

and that of Jaffe et al. which showed that IL-4 mRNA was

barely expressed in puri®ed human lung mast cells after

IgE-mediated stimulation [22]. It was reported that stimula-

tion of human cord blood-derived human cultured mast cells

(HCMCs) by cross-linking of the high-af®nity IgE receptor

induced the expression of IL-13 mRNA and protein, but not

IL-4. In addition, IL-13 production from HCMCs was

remarkably increased after preculture with IL-4, whereas

IL-4 protein was still undetectable [27]. These ®ndings

suggest that IL-4 production from human mast cells is

very restricted.
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Fig. 2 Biological effects of cytokines from

human mast cells (MC) and basophils

(Baso). In the early phase allergic

reactions, TNFa and IL-4 from mast cells

and IL-4 from basophils up-regulate the

expression of E-selectin, ICAM-1 and

VCAM-1 on endothelial cells (Endothel).

Basophils may induce IgE production from

B cells in the circulation. In the late phase,

IL-3 secreted by mast cells activates

basophils, and cytokines such as IL-3, IL-5

and GM-CSF stimulate eosinophils

(Eosino). IL-16 from mast cells is the

CD4�T cell chemoattractant factor.

Thereafter, IL-4 and IL-13 secreted by

basophils and mast cells together with

CD40L-CD40 physical contact induce B

cells to proliferate and to switch IgE-

producing cells in the in¯ammatory site.

Table 1. Characteristics of cytokine

mRNA expression and protein production

from puri®ed human mast cells following

IgE-mediated stimulation in our series of

examination. Kinetics of release means

kinetics of cytokine release after IgE-

mediated stimulation.

mRNA expression Immunostaining Protein release Kinetics of release

IL-3 Yes Yes Yes After 8 h

IL-4 Yes Yes Not detectable Not detectable

IL-5 Yes Yes Yes After 8 h

IL-6 Yes Yes Not done Not done

IL-10 Yes Yes Yes After 4±12 h

IL-13 Yes Yes Yes After 24 h

GM-CSF Yes Yes Yes After 4 h

TNFa Yes Yes Yes Within 2 h



The interaction between mast cells and endothelial cells

The expression of adhesion molecules on endothelial cells is

known to mediate the in®ltration of in¯ammatory cells at

the site of in¯ammation. Some studies focused on the

regulation of adhesion molecules by cytokines from mast

cells. Walsh et al. [25] found that human skin mast cells

contained TNFa as a preformed mediator within granules

and released TNFa was capable of endothelial leucocyte

adhesion molecule 1 (ELAM-1 or E-selectin) expression on

endothelial cells. Meng et al. [26] reported that activated

mast cells or supernatant from activated mast cells up-

regulated intercellular and vascular cell adhesion molecules

(ICAM-1 and VCAM-1) expression on human dermal

microvascular endothelial cells and human umbilical vein

endothelial cells. The ICAM-1 up-regulation was almost

completely neutralized by anti-TNFa antibody, while

VCAM-1 expression was partly neutralized by anti-TNFa

antibody. In addition, it is reported that IL-4 [28] and

IL-13 [29] selectively induced endothelial cell expression

of VCAM-1 which binds to eosinophil and basophil VLA-

4, although these two cytokines did not affect the expres-

sion of E-selectin and ICAM-1. These ®ndings suggest

that mast cell cytokines such as TNFa, IL-4 and IL-13

may participate in the regulation of in¯ammatory cell

recruitment.

The interaction between mast cells and eosinophils

An association between activated eosinophils and mast cells

have been described in the pathology of bronchial asthma

and urticaria [30±31]. Morphological features of mast cells

and eosinophil degranulation were observed in asthmatics

by electron microscopy [32]. We evaluated the effects of

cytokines from human lung mast cells on eosinophil func-

tions. Highly puri®ed human lung mast cells were precul-

tured with SCF (50 ng/mL) and anti-IgE (1 mg/mL) for 24 h.

Next, highly puri®ed peripheral blood eosinophils were

incubated with various concentrations of the culture super-

natant of mast cells. Then, eosinophil cationic protein

(ECP), which was released from activated eosinophils,

was measured by RIA. The supernatant caused a dose-

dependent release of ECP from eosinophils and anti-IL-5

neutralizing mAb, anti-TNFa neutralizing mAb, and anti-

GM-CSF neutralizing mAb signi®cantly inhibited the

supernatant-induced ECP release. The combination of

anti-TNFa and anti-GM-CSF mAb did not enhance the

inhibitory effect of any mAb, whereas the combination of

anti-TNFa and anti-IL-5 mAb slightly enhanced the inhi-

bitory effect. These results indicate that cytokines released

from activated mast cells such as IL-5, TNFa and GM-CSF

synergistically induce the eosinophil degranulation [33].

Note that IL-3, IL-5, and GM-CSF are reported to support

the survival of eosinophils [34]. Indeed, Tachimoto et al.

[35] reported that the supernatant from activated human

cord blood-derived mast cells enhanced eosinophil survival

and the effect was blocked by anti-GM-CSF neutralizing

mAb.

The interaction between mast cells and B lymphocytes

Gauchat et al. [36] ®rst reported that human mast cell lines

(HMC-1) and freshly isolated puri®ed human mast cells can

provide the cell contact signals, CD40 ligand that are

required for IgE synthesis. Pawankar et al. [37] demon-

strated that nasal mast cells from patients with perennial

allergic rhinitis expressed signi®cantly greater levels of IL-

4, IL-13 and CD40 ligand when compared with those from

patients with chronic infective rhinitis. Indeed, nasal mast

cells from patients with perennial allergic rhinitis induced

IgE synthesis by puri®ed B cells in the presence of mite

antigen, even without the addition of exogenous IL-4 or IL-

13. Furthermore, this IgE induction by mast cells was

partially inhibited by anti-IL-4 mAb, whereas the anti-

IL-13 mAb completely inhibited the synthesis of IgE [37].

These observations indicate that mast cells can directly

induce IgE production from B cells independently of

T cells and IL-13 from mast cells may play a more important

role in the maintenance of IgE synthesis.

The interaction between mast cells and T lymphocyte

Bone marrow-derived cultured mast cells (BMMC) have

shown to be the antigen-presenting cell to CD4�T cells

through expressing human major histocompatibility antigen

(MHC) class II [38]. Frandji et al. [39] reported that antigen

presentation of BMMC to T cells was performed through

CD80 and CD86. Rumsaeng et al. [40] demonstrated that

BMMC and HMC-1 produce IL-16, a CD4�T cell chemo-

attractant cytokine, and using immunohistochemistry,

human lung mast cells were shown to be a source of IL-

16. The capacity of human mast cells to synthesize and

release biologically active IL-16 provides a possible link

between mast cell activation and the accumulation of T

cells. In other in vitro studies, histamine has been shown to

cause IL-16 release from CD8�T cells and bronchial

epithelial cells [41,42]. Therefore, the release of histamine

from activated mast cells may cause further IL-16 release

from other sources in the tissue microenvironment.

Cytokine production from human basophils

Basophils are circulating leucocytes and rarely seen in the

tissues, but they were found in bronchial submucosa and

lumen of fatal asthmatic patients [43]. Furthermore, it was
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reported that the number of basophils in the allergic in¯am-

matory sites correlated with the severity of the disease [44].

Thererfore, basophils play an important role in allergic

in¯ammation. The recent evidence indicated that peripheral

basophils isolated from normal individuals have the capa-

city to produce of IL-4 [45±48] and IL-13 [49±51] in

response to IgE-dependent or IgE-independent activation.

Human bone marrow-derived cultured basophils also pro-

duce IL-4 and IL-13 [52]. It was reported that CXC

chemokine IL-8 mRNA was expressed in human basophils

[53]. In addition, Li et al. [54] reported that basophils

produced macrophage in¯ammatory protein-1a (MIP-1a),

a chemotactic cytokine belonging to the CC chemokine

family, in response to IgE-dependent activation.

Gibbs et al. [51] demonstrated that IL-4 release from

human basophis activated by anti-IgE was biphasic, namely,

preformed IL-4 was released within 5±10 min and IL-4

generated de novo was released 4 h after stimulation. On

the other hand, IL-13 secretion was generally more sus-

tained than IL-4, and detected within 24 h following stimu-

lation [49±51]. With regard to gene expression, IL-4 mRNA

was constitutively expressed [47] and IL-13 mRNA was

expressed at lower levels than IL-4 mRNA in unstimulated

puri®ed human basophils, however, they were upregulated

similarly after anti-IgE activation [50]. In addition to IgE-

mediated activation, IL-3 alone was capable of inducing IL-13

[49,50,55], and enhanced anti-IgE mediated IL-4 [45±

48,50] and IL-13 production [49,50]. Ochensberger et al.

[56] demonstrated that basophils produced neither Th1-type

cytokines, such as IL-2 and IFNg, nor Th2-type cytokines,

such as IL-3, IL-5, IL-10, and GM-CSF. While mast cells

have the ability to produce various Th2-type cytokines,

basophils express a very restricted cytokine pro®le.

It is very interesting to see how the difference between

atopic and nonatopic patient concerning basophil cytokine

production. Ochi et al. [57] examined the capacity of IL-4

production from lymphocytes and basophils after stimu-

lation with mite extract. Lymphocytes and basophils from

patients with elevated serum IgE speci®c to mite allergen

could produce detectable levels of IL-4, whereas those

from patients with low RAST score and normal volunteers

could not. In mite-sensitive atopic asthmatics, more IL-4

and IL-13 were produced by basophils in response to mite

antigens in proportion to the concentration of mite-speci®c

IgE [58].

Induction of IgE synthesis by basophils

When human blood basophils activated by phorbol myris-

tate acetate (PMA) and ionomycin incubated with B cells,

IgE was produced even in the absence of exogenous IL-4.

Further immunocytochemical examination con®rmed the

expression of CD40 ligand on human basophils [36].

When cord blood-derived cultured basophils were stimu-

lated with anti-IgE, signi®cant amount of immunoreactive

IL-4 and IL-13 was secreted, and CD40 ligand was

expressed. The induction of IgE synthesis by activated

cultured basophils was completely abrogated by two neu-

tralizing mAb against IL-4 and IL-13 and by a soluble form

of CD40 [52]. These ®ndings suggest that like mast cells,

basopils may induce B cells to proliferate and to switch IgE-

producing cells.

Regulation of cytokine production by human basophils

The intracellular mechanisms of the generation of cytokines

from basophils are not apparent yet. PMA, an activator of

protein kinase C, was a potent stimulator for IL-13 secretion

from basophils, however, it induced little to no IL-4 secre-

tion, despite being a potent secretagogue of histamine from

basophils [55]. In fact, the secretion of IL-4 by basophils

stimulated with ionomycin alone was down-regulated with

simultaneous addition of PMA [59]. FK506, an immuno-

suppressant, had no effect on the generation of IL-13 in

response to both IL-3 and anti-IgE, while strikingly inhibit-

ing the accumulation of IL-4 mRNA and protein secretion.

When basophils were activated with anti-IgE alone, FK506

inhibited the secretion of both IL-4 and IL-13 [55]. These

data suggest that IL-4 and IL-13 secretion from basophils

may be regulated by differential intracellular mechanisms.

Summary

The speci®c cytokines from human mast cells and basophils

are up-regulated in human allergic diseases. Mast cells

produce a broad range of cytokines, mainly Th2 type,

following IgE-mediated stimulation. The production of

speci®c cytokines from mast cells including IL-4, IL-5,

IL-13, GM-CSF and TNFa is up-regulated in the allergic

in¯ammation. There may be heterogeneity of human mast

cells with regard to cytokine expression. We con®rmed in

vitro that the production of IL-3, IL-5, IL-10, IL-13, GM-

CSF and TNFa was up-regulated by aggregation of FceRI.

Cytokine release from human mast cells activated by anti-

IgE was triphasic and each cytokine produced by mast cells

may play important roles such as up-regulation of adhesion

molecules on endothelial cells, leucocyte recruitment, eosi-

nophil activation, and local IgE synthesis in the allergic

in¯ammation (Fig. 2). On the other hand, the cytokine

pro®le of basophils is restricted to IL-4, IL-8, IL-13 and

MIP-1a. IL-4 and IL-13 produced by basophils induce local

IgE synthesis by the interaction with B cells. The release of

IL-4 from basophils is very rapid, within 5±10 min follow-

ing IgE-dependent activation, suggesting that IL-4 from

basophils induce IgE class switching in the circulation

(Fig. 2). These ®ndings indicate that basophils and mast
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cells may regulate various in¯ammatory cells through

cytokine production at various time points in allergic

in¯ammation.
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