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Despite decades of intensive study. the generation of
a wide variety of imaginative hypotheses. and the
revelation of many interesting and potentially impor-
tant findings, the role of the mast cell in allergic in-
flammation is still not fully understood. This state-
ment is especially true in regard to those chinically
significant examples of allergic inflammation that
occur In man, such as allergic asthma and atopic
dermatitis. That the mast cell may have critically
important roles in such disorders is, of course. not
in question. The issue is not what mast cells might
do in these responses but what they actually do, how
theyv do 1it. and. beyond that. the relative importance
of the mast cell’s role(s) in these reactions compared
to those of other cell types that may express func-
tions that are similar to. or overlap, those of the mast
cell.

The purpose of this brief review 1s not to consider
all of the many potential roles of the mast cell and
its diverse mediators in various components of al-
lergic inflammatory responses. Instead. using asthma
as the main example, the discussion will focus pri-
marily on the possibility that mast-cell cytokine pro-
duction represents an important (and therapeutically
accessible) link between mast-cell activation and
many of the clinically significant features and con-
sequences of allergic inflammation.
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Inflammation, mast cells, and cytokines in
the pathogenesis of allergic asthma

Clinically, asthma 1s characterized by episodic re-
versible airway narrowing, with associated bronchial
hyperresponsiveness to many stimuli (26, 44). Aller-
gic asthma often begins during childhood in subjects
with a family history of atopic disorders, and is char-
acterized by allergen-dependent. frequently seasonal,
symptoms and by both positive skin tests to aller-
gens and elevated serum levels of total and allergen-
specific IgE (25. 31). Because Igk-dependent acti-
vation of mast cells via the high-affinity Igk receptor
(Fc¢ RI) can induce these cells to release a panel of
preformed or newly synthesized bronchoactive me-
diators (e.g.. histamine, tryptase, prostaglandin
(PG)D,, leukotriene (LT)C,). mast cells have long
been mmplicated in the early phase of bronchocon-
striction that follows allergen challenge in appropri-
ately sensitized individuals (21, 53).

However, it has become increasingly clear that the
clinical and pathologic features of allergic asthma
cannot be understood solely in terms of the bron-
choactive mediators that are released acutely by mast
cells activated via the Fc RI. Thus, several lines of
evidence, including morphologic and immunohis-
tochemical (IHC) analyses of endobronchial biopsy
and bronchoalveolar lavage fluid (BALF) specimens,
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support the now widely held view that allergic asthma
can be considered a disease of inflammation of the
airways (6, 21.26. 44, 69, 83, 92). Indeed, 1t has been
proposed that corticosteroids, which have little or no
ability to inhibit Igk-dependent release of mast-cell
histamine or leukotrienes, confer clinical benefit in
asthma largely because of their ability to suppress
inflammation in the respiratory tract (7. 93, 99). Yet,
despite these important changes in our thinking
about the nature and treatment of allergic asthma, a
fully coherent model of the pathogenesis of allergic
inflammation in this disorder, and, in particular, a
complete understanding of the mechanisms that ini-
tuate and perpetuate the mucosal inflammation n
this discase, have proven to be quite elusive.

This 1s not because of a lack of candidate effec-
tor cells and mediators. Indeed, if anything, there 1s
an overabundance of potential key players. In addi-
tion to the mast cell, eosinophils, basophils, T cells,
monocytes/macrophages, neutrophils, and platelets
have been put forward as critical participants in the
pathogenesis of allergic asthma (reviewed in refs. 6,
17. 26, 38, 92, 107). Clearly, since all of these cells
arc present m the affected tissues, 1t 1s possible that
cach may contribute to this disorder. Similarly. a
wide variety of mediators can be detected in BALF
obtained from patients with active disease or after
experimental provocation with allergen (6. 26). In
addition to “classical™ mast-cell-associated media-
tors such as histamine, tryptase, PGD, and LTC .
and proteins derived from cosinophil ¢evtoplasmic
granules. considerable attention is now focused on
cvtokines (20, 36, 44, 943,

Recent work by many groups has identified a po-
tentially bewildering number of evtokines, and some
of the biologic cefiects of these molecules have been
characterized. These studies indicate that the many
individual evtokine protems:

Iy gencerally are synthesized and secreted only upon
appropriate cellular stumulation

2) often can have several distinet effects in a variety
of brologic processes

3) frequently can be produced by many difterent cell
types

4) may be produced by cells upon which theyv act.
mediating autocrme effects.

Morcover, most cytokines have actions that par-
tially overlap, synergize with. or antagonize those
of other eytokines (84). While space does not permit
a detatled discussion of all of the ¢yvtokine-depen-
dent processes that have been implicated in allergic
mflammation. these mclude the upregulation of
the Igk response (e.g.. mterleukin (IL)-4, IL-3,
[1.-6. 1L-13). the enhancement or induction of ba-
sophil recruitment (e.g.. tumor necrosis factor-alpha
(TNF-x). 1L-4) or mediator production {e.g.. 11.-3,
IL-4. macrophage inflammatory protein (MIP)-1x).
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the promotion of eosinophil development survival
(e.g.. IL-5, IL-3, granulocyte, macrophage-colony
stimulating factor (GM-CSF) and recruitment (e.g.,
IL-3, IL-5, GM-CSF, lymphocyte chemotactic fac-
tor (LCF), RANTES, MIP-1%). and the recruitment
of monocytes and T cells (e.g., MIP-12, RANTES)
(15, 26, 28, 36, 60, 88, 92, 94, 96, 97, 108, 111, 114,
117, 118).

Much of the ability of certain cytokines (including
IL-1 and TNF-%) to promote allergic inflammation
is thought to reflect the ability of these agents to
enhance the recruitment of leukocytes by inducing
the increased expression of adhesion molecules, such
as P- and E-selectin, VCAM-1, and ICAM-1, on
vascular endothelial cells (11, 15, 106, 117). How-
ever, cvtokines may critically influence many other
stages i the development of allergic inflammation,
as well as regulate some of the local consequences
of these responses. For example, several cytokines
(including TNF-z and transforming growth factor
(TGF)-B) can regulate various aspects of tissue re-
modeling. mcluding the production of extracellular
matrix protetns, through etfects on fibroblasts and
other cell tvpes (66). And some cytokines, including
TNF-%, can also induce upregulation of epithelial
cell expression of tvpe 11, or inducible, nitric oxide
synthase (INOS) and thus contribute to the devel-
opment of NO-dependent damage to the airway epi-
thelium (3. 51, 90. 91).

Glucocorticoids can inhibit cytokine production
i many cell types, as can cyvclosporin A (CsA), and
these effects have been proposed as one of the im-
portant mechanisms of action of these agents in pa-
tients with asthma (3, 92, 93, 99).

Mast cells as a source of cytokines

It 1s now apparent that mast cells might influence
many mmportant aspects of the pathogenesis of al-
lergic inflammation in asthma and other allergic dis-
orders via the elaboration of multifunctional ¢vto-
Kines. Indeed. we have proposed that the production
of cvtokines represents one of the critical links be-
tween the Igk-dependent mast-cell activation that
occurs immediately after allergen challenge in atopic
subjects. the inflammation that develops during the
subsequent late-phase reactions to such provoca-
tion. and the persistent inflammation and associated
tissue changes that are characteristic of chronic
allergic disorders (36, 41, 45).

Mice

On the basis of the work of several groups. the first
cytokine bioactivity to be clearly associated with
normal mast cells was TNF-x (reviewed in refs. 435,
128). Moreover, certain mouse mast-cell populations



constitutively contain TNF-x bioactivity, and at least
some of this TNF-x is, upon cell fractionation analy-
sis, associated with the cytoplasmic granules (46, 47.
128). These findings illustrate an important point:
the biology of cytokine production by mast cells may
differ significantly from that in other cell types. In-
deed, mast cells probably represent the initial source
of TNF-x in IgE-dependent reactions. since other
cellular elements of allergic inflammation, such as
macrophages, T cells, and B cells, apparently con-
tain little or no preformed TNF-x bioactivity,
whereas mature. “resting” (nonactivated) mouse
mast cells contain preformed stores of TNF-« avail-
able for immediate release upon appropriate stimu-
lation of the cells (reviewed by Galli (36)).

However, mast cells represent a potential source
of many cytokines, in addition to TNF-«. that might
influence allergic inflammation, and the synthesis
and release of these products can be induced via
Igk-dependent mechanisms. Thus, Plaut et al. (87)
demonstrated that Igk-dependent stimulation of
long-term IL-3-dependent mouse rast-cell lines re-
sulted in increased levels of mRNA for IL-3, 1L-4,
IL-5, and IL-6 and the release of bioactivity for 1L.-3,
IL-4. and IL-6; Wodnar-Filipowicz et al. (124) re-
ported that primary cultures of IL-3-dependent
mouse mast cells stimulated with Igk and antigen
exhibited increased levels of 1L-3 and GM-CSF
mRNA and released IL-3 and GM-CSF bioactivity;
and Burd et al. (24) showed that long-term IL-3-
dependent or -independent mouse mast-cell lines ac-
tivated by IgE and antigen exhibited increased lev-
els of mRNA for IL-1%, I1L-3, IL-5, IL-6. GM-CSF.
interferon-gamma (IFN-v), and four members of the
C-C chemokine family (M1P-1«, MIP-1B,JE [MCP-
1]. and TCA3). We also showed that Igk-dependent
activation of mast-cell lines or primary cultures of
BMCMUC resulted in release of bioactivity for 1L-1.
IL-4, and IL-6 (24). Certain mouse mast-cell popu-
lations can also generate the C-C chemokine, MARC
(67). as well as 1L-9 and IL-13 (57).

Humans

In part because of the difficulty of obtaining highly
purified preparations of human mast cells, studies of
human mast-cell cvtokine production have been
rather limited. Much of this work has focused on
TNF-x. Klein et al. (65) showed that activation of
mast cells in fragments of human skin i vitro re-
sulted n increased expression of E-selectin on ad-
jacent vascular endothehal cells. E-selectin i1s one of
the adhesion molecules whose expression can be
upregulated by TNF-x (11), and Klein et al. (65)
reported that antibodies to TNF-% inhibited the aug-
mented E-selectin expression observed after mast-
cell activation. While the cellular source of TNF-«

Cytokines in inflammation

in this study was not established, the same group
later reported that TNF-x was detectable by IHC in
the cytoplasmic granules of mast cells mn normal
neonatal foreskin. adult skin. and oral mucosa, and
in mast cells purified from normal skin, but not in
any other contaminating cell type; that exposure o
morphine sulfate in virro induced dermal mast cells
to release immunoreactive TNF-x; and that TNF-x
mRNA was detectable by in sir hybridization (ISH)
in many mast cells in lesions of cutaneous delayed
hvpersensitivity (115).

Subsequently, Benyon et al. (9) demonstrated that
stimulation of purified human skin mast cells with
anti-IgE induced these cells to release TNF-x bio-
activity, and Gordon et al. (49) showed that. upon
challenge with anti-IgE. highly purified human lung
mast cells released TNF-2 bioactivity and exhibited
increased steady-state levels of TNF-x mRNA.
Ohkawara et al. (80) showed that challenge of human
lung fragments with anti-IgE antibodies in vitro 1n-
duced both lung mast cells and lung macrophages to
express higher levels of TNF-x mRNA by ISH.
While Ohkawara etal. (80) did not determine
whether the stimulation of increased levels of TNF-«
mRNA in the macrophages was a direct or indirect
effect of treatment with anti-IgE, these findings sug-
gest that resident macrophages also represent a
source of TNF-2 during lgE-dependent inflamma-
tory responses in human arrways.

Mast-cell heterogeneity

In contrast to mouse or rat peritoneal mast cells,
certain populations of normal human mast cells may
constitutively contain relatively low levels of TNF-x
(9, 80). Moreover. human skin mast cells can exhibit
decreased TNF-» immunoreactivity after activation
(115). These observations illustrate another very im-
portant point: the phenotypic characteristics of in-
dividual mast-cell populations can vary consider-
ably. both between species and among various
anatomic sites in a single species, and also in “‘rest-
ing” compared with recently activated (degranula-
ted) mast cells (14, 32, 35, 64). This ““mast-cell het-
erogeneity” can encompass significant differences in
the cells” mediator content, responses to prolifera-
tion; survival factors, and patterns of sensitivity to
agents that induce or pharmacologically modulate
degranulation and mediator release. Consequently,
to understand the relevance of mast-cell cytokine
production/secretion to a particular biologic re-
sponse (e.g., allergic inflammation in the respirztory
tract), one ideally should study those mast cells that
actually participate n that response in vivo.
Notably, both the cytokine content of mouse or
human mast cells and their ability to release cyto-
kines and other mediators in response to appropri-
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ate stimulation can themselves be regulated by cyto-
kines present in the cells” microenvironment (28, 40,
104). Several lines of evidence indicate that the c-kit
ligand, stem cell factor (SCF) (see below). may re-
present one of the most important of the factors that
regulate the phenotype and mediator content of mast
cells. and that also can influence the ability of these
cells to release cvtokines and other mediators, 1n

response to both Igk-dependent and other forms of

stumulation (reviewed in 40, 42, 76).

Mast-cell-leukocyte cytokine cascades in
allergic inflammation

Despite exhibiting heterogeneity in many other char-
acteristics, all mature mast-cell populations so far
studied 1n mice, rats, or man express the Fe RIL and
can be activated to release cvtokines and other me-

diators by stimulation with IgE and specific antigen
(8, 28,55, 62). Accordingly, we have formulated the
hypothesis that a “mast-cell-leukocyte cytokine cas-
cade” critically contributes to the initiation and per-
petuation of IgE-dependent allergic inflammation in
the airways and other sites (36, 41, 45). Specifically,
we propose that the activation of mast cells through
the Fc¢, Rl initiates the response, in part through the
release of TNF-2 and other cytokines that can in-
fluence the recruitment and function of additional
effector cells (Fig. 1). These recruited cells then in-
fluence the further progression of the inflammatory
response by providing additional sources of certain
cytokines (e.g.. TNF-%) that can also be produced
by mast cells stimulated by ongoing exposure to al-
lergen, as well as new sources of cytokines and other
mediators that may not be produced by mast cells.
Finallv, mast-cell activation may directly or indi-
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Figo o N gready semphtied diagram of the pathogenesis of allergic inflammation i asthma and some of 1ts consequences. The diagram
s himuted o the effector phase of allergie inflammation, and focuses primarily on the roles of Tgk. mast cells. and cytokines. especially
INEF-2 Inosensitized subjects, allergic inflammanon is mitiated by the responses of mast cells, monocyvtes macrophages. and perhaps
other resident cells (e T cells)y o a speettic allergen, and can then be amphified and sustained. especially in response to persistent or
repedted allergen exposure, by the actions of both resident and recruited cells. TNF-2 has effects on both resident cells (e.g.. vascular
cendothehal cells, epithehal cells, smooth-muscle cells, and fibroblusts) and recruited leukocyvtes which can contribute to several of the
climeal and pathologie features of asthima. Mast cells and resident monocytes macrophages mayv represent the most important initial
sources of TNF-v ater allergen exposure. but many other effector cells, including T cells. eosinophils. and neutrophils. may provide
addiional sources of TNFE-x during later phases of the inflammatory response. * The evtokine production associated with allergic in-
flammation i asthma can result m many changes in the phenotype. function, and. in some cases. numbers of resident cells, and some
of these chianges i turn can mfluence evtokine production by mast cells and other effector cells at these sites. Moreover. many mediators
other than eyvtokines, such as histamine (dertved from mast cells or basophils). mast-cell tryptase. and lipid mediators {from many cell
tvpest can have actions that overlap and or modulate certain cviokine-dependent effects. Note that mast cells (and mast-cell-derived
cvtokimnes) have also beeromplicated m the atferent limb of allergic responses and even in the resolution of allergic inflammation (see text).
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rectly promote the release of cytokines from certain
resident cells in the respiratory tract, such as alveo-
lar macrophages and bronchial epithelial cells. Bron-
chial epithelial cells do not bind IgE, but can express
TNF-« after anti-IgE challenge of lung in vitro (80),
findings that suggest that TNF-x expression by these
cells probably reflects an indirect consequence of
anti-IgE challenge. In contrast, recent findings with
blood monocytes (75) raise the possibility that al-
veolar macrophages can be activated directly via
Fc RI-dependent mechanisms.

The mast-cell-leukocyte cytokine cascade hypo-
thesis thus proposes that mast-cell-derived cytokines
have a critical role in the initiation of the effector
limb of IgE-dependent allergic inflammation, and
importantly contribute to the perpetuation of the re-
sponse, but that the manifestations of allergic in-
flammation, once the response is established, reflect
the contributions of the mast cell and many other
resident or recruited cell types.

TNF-o in mast-cell-leukocyte cytokine
cascades

As indicated in Fig. 1. we have been particularly
interested in TNF-2 as one of the potentially criti-
cal participants in mast-cell-leukocyte cytokine cas-
cades during allergic inflammation. This cytokine
can be produced both by mast cells and by other
cells present in allergic inflammation. including T
cells, eosinophils, monocytes/ macrophages. and neu-
trophils (reviewed in refs. 10, 29, 33, 36). TNF-x can
increase bronchial hyperresponsiveness in animal
models (63). TNF-x also has many “proinflamma-
tory” effects, including the ability to:

1) induce other cell types to produce cytokines that
promote inflammation (e.g., IL-8, refs. 10, 113)

2) upregulate four adhesion molecules involved

in leukocyte recruitment during immunologic

and nonimmunologic forms of inflammation:

P-selectin, E-selectin, VCAM-1. and ICAM-]

(12. 15, 106)

upregulate cvtotoxic effector function in eosino-

phils and other leukocvtes (113)

increase microvascular permeability (2)

upregulate epithelial cell INOS expression, espe-

cially in combination with other cvtokines such

as IL-1B or IFN-v (5, 51, 90, 91)

6) alter respiratory tract smooth-muscle function.
e.g., by increasing expression of ICAM-1 and
VCAM-1 and increasing adherence of activated
T cells (70, 82)

7) promote tissue remodeling via effects on fibro-
blasts and other cell types (66).

Moreover, TNF-x can synergize with other cyto-
kines, e.g., IL-1, in mediating many of the specific
steps in the pathogenesis of allergic inflammation,

(S)
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including the upregulation of adhesion molecules (10,
71, 113).

However, cell tvpes other than the mast cell (in-
cluding some that can produce TNF-x) can also
interact with Igk, either via the Fc¢, RI. e.g.. baso-
phils (8, 62). epidermal Langerhans’ cells (13, 116).
and at least some eosinophils (1) and monocytes
(75), or through other interactions (e.g., those me-
diated through the low-affinity Igk receptor. CD23)
(reviewed by Sutton & Gould (108)). Accordingly.
to investigate the specific contributions of mast cells
and mast-cell-derived TNF-x mn allergic inflamma-
tion, we developed a mouse model in which allergic
inflammation can be studied in vivo in the presence
or virtual absence of the mast cell.

Mast-cell-deficient W/W" (Kit" /Kit" ™)
or SI/S17 Mgf> /Mgf> ) mice and
stem cell factor (SCF)

It has long been known that WBB6F -1~ H™" mice
and WCB6F,-S//SI“ mice have similar phenotypes:
they virtually lack tissue mast cells (<1.0°, the
number present in + , + mice in the skin: none n the
respiratory tract), are anemic, lack melanocytes n
the skin. and are sterile, but contain basophils and
also exhibit normal circulating levels of other granulo-
cytes. T cells, B cells. and plateiets (reviewed in refs.
37, 39, 42. 64). However, adoptive 1.v. transfer of
bone-marrow cells of congenic + . + origin can cor-
rect the anemia, and result in the development of
tissue mast-cell populations of + + origin, in W/ 1",
but not S/'S/. mice (64).

Because of exciting recent progress, the similari-
ties and differences in the phenotypes of W1 and
S{'SI¥ mice can now be understood in molecular
terms. The mouse W locus is allelic with c-A7z, which
encodes a member of the receptor tyrosine kinase 111
family (herein designated the SCFEF receptor, or
SCFR) that is expressed on the surface of hemato-
poietic progeniter cells, mast cells, melanocytes,
germ cells, and certain other cells (reviewed by Galli
et al. (42)). whereas the mouse S/ locus encodes the
ligand for that receptor, a growth factor herein des-
ignated SCF (129), but also called mast-cell growth
factor (MGF. ref. 27), kit ligand (KL, ref. 36). or
steel factor (SL. ref. 123). Thus. mice with mutations
at the W locus (e.g., W locus (e.g., W H" mice,
which should now be designated Kirt"" /Kii'' " mice
(122)) express defects in the SCFR " cell lineages
themselves, whereas mice with mutations at the S/
locus (e.g., SIS mice. which should now be des-
ignated Mg/ /Mgf™" ¢ mice (122)) express abnor-
malities in the microenvironments necessary for the
normal survival and or development of these lin-
eages.
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“Mast-cell knock-in mice”

Although the c-kir mutations in Kir'' Kir"' * mice
result in a virtual absence of tissue mast cells, this
defect can be selecrively repaired. In collaboration
with Yukihiko Kitamura, we showed that when Kir"'
At mice wereinjected 1.d.Li.p., ori.v. with pheno-
typically immature mast cells (BMCMC, bone-
marrow-derived cultured mast cells) which had been
gencrated i virro from the bone-marrow cells of
cither the congenic + + mice or “beige”™ mice
(whose mast cells can be identified by their giant
cytoplasmic  granules). such  + +  or “beige”
BMCMC - Kir" /Kir" ' “mast-cell knock-in mice™
developed tissue mast-cell populations of doner ori-
ain whose anatomic distribution and histochemical
characteristics were similar to those of the corre-
sponding mast-cell populations in the tissues of nor-
mal mice (78).

Subscquently, we used K" Ki't U and o+ +
BMCMC A" Kir'" * mice 1o characterize and
quantfy the specific contributions of mast cells to
the expression of Igk-dependent reactions and other
biologic responses invivo, We found that mast cells
are essential for virtually all of the increases in vas-
cular permeability, tssue swelling. and leukocyte re-
cruttment at sites of Igk-dependent cutaneous reac-
tons (120, 121). arcessential for the cardiopulmonarny
changes and death assoctated with Igk-dependent
passive systemice anaphvlaxis response (109), and are
required for the mereased bronchial responsiveness
to methacholine which 1s observed 20 min after the
Ly admanistration of anu-Igk (74). Moreover. Kung
ctal. (68) used + + BMCMC A" Kil''  mice
to show that mast cells can significantly contribute
to acrosol allergen-induced cosmophil recruitment
mto BALE and lung ussuce of sensitized mice.

Mast-cell-derived TNF-o importantly
contributes to Igk-dependent cutaneous
late-phase reactions in mice

Our studies m “mast-cell knock-in mice™ showed
that mast cells were required for essentially all of the
leukocvte mtiltraton observed in the skin after chal-
lenge with Iglk and specttic antigen (121). We then
demonstrated that ~ 30" of such Igk- and mast-
cell-dependent leukocevte filtration was mhibitable
with an antibody to recombinant mouse TNF-x
(rm INF-%) (121). Morcover. mast cells accounted
for virtually all of the upregulated expression of
TNF-x mRNA obscrved within 60-90 min of anti-
gen challenge at cutancous sites that had been in-
jected with Tgk (47). More recently, we established
that Igk-dependent mouse mast-cell activation both
promotes the TNF-x-dependent recruitment of
granulocytes  which  themselves  exhibit TNF-x
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mRNA according to iz siru hybridization (Wershil &

Galli, unpublished data). and also induces, by a

mechanism that is in part TNF-x-dependent. in-

creased type I collagen production by dermal fibro-

blasts (48). Finally, we showed that either dexa-

methasone or CsA can substantially suppress:

1) the IgE-dependent secretion of TNF-% by mouse
mast cells in vitro

2) the leukocyte recruitment induced by the injec-
tion of recombinant mouse TNF-x into mouse
skin in vivo

3) the mast-cell-, Igk-, and TNF-x-dependent leu-
kocyte infiltration observed at cutaneous reaction

sites 1n muice i vivo (119).

Taken together. these findings offer direct support
for the existence of a mast-cell-leukocyte cytokine
cascade during Igk-dependent allergic cutaneous in-
flammation in mice. and demonstrate the importance
of TNF-% in the late-phase component of this re-
sponse. Moreover, antibodies to TNF-% and TGF-3
can virtually eliminate the ability of supernatants
from Igk- and antigen-stimulated mouse mast cells
to uprcgulate steady-state levels of tvpe I collagen
MRNA in dermal fibroblasts in virro (48). This find-
ing suggests one mechanism by which mast-cell-
derived TNF-7 and TGF-f may contribute to the
increased deposition of extracellular matrix proteins
that is observed in certain chronic allergic disorders,
such as that which occurs beneath the respiratory
epithelial basement membrane i allergic asthma
(20). Our findings also raise the possibility that at
least some of the therapeutic benefit of drugs such as
corticosteroids and CsA, both in asthma and in other
inflammuatory disorders, may reflect the ability of
these agents to interfere with multiple steps in the
pathogenesis of mast-cell-leukocyvte cvtokine cas-
cades. including the mast-cell-dependent production
of TNF-z and other cyvtokines {119).

TNF-a and allergic asthma

Studies in “mast-cell knock-in mice” can provide
compelling evidence of the role of mast cells and
mast-ccll-derived cvtokines in murine biologic re-
sponses. but what is the relevance of these observa-
tons to human allergic diseases? Several groups
have provided evidence that TNF-x mayv indeed
contribute to the mnitiation and perpetuation of the
inflammation associated with allergic asthma. and
that the mast cell may represent an important source
of this cyvtokine. Ying et al. (127) found that TNF-«
mRNA-expressing cells were markedly increased in
the BALF of stable atopic asthmatic subjects when
compared with controls, but the specific cell type
that expressed the TNF-x transcripts was not iden-
tified. Broide et al. (22) showed that levels of BALF
TNF-z bioactivity, but not 1L-4, were markedly in-



creased in subjects with active as opposed to in-
active atopic asthma. Bradding et al. (19) used IHC
in glycol methacrylate-embedded sections to assess
the distribution and identity of cells that expressed
IL-4, IL-5, IL-6, and TNF-x in the airways of nor-
mal individuals and subjects with mildly symptom-
atic atopic asthma. In biopsies of both the normal
and asthmatic airways. many cells stained for each
of the four cytokines, and most of these cells were
identified as mast cells according to their tryptase
content. However, there were no significant differ-
ences between the total numbers of 1L-5- or IL-6-
positive cells (mast cells plus other cell types) in the
normal or asthmatic airways, and a significant in-
crease in the number of 1L-4-positive cells in the
arrways of asthmatic individuals was detected with
only one of the two anti-1L-4 antibodies tested.

In contrast, there was a highly significant. seven-
fold mean increase in the number of cells staining for
TNF-% 1n the biopsies of asthmatic as opposed 1o
normal subjects. And approximately twice as many
mast cells were positive for TNF-x bv IHC in the
biopsies of subjects with asthma than in the biopsies
of normal subjects. Moreover, most of the TNF-» "
cells in the biopsies were mast cells, both in the
atrways of normal subjects (range = 50-100°, ) and
in the airways of subjects with asthma (range = 75~
100°,). On the basis of histologic analvsis. the au-
thors felt that most or all of the remaining TNF-x ~
cells were monocytes'macrophages. The latter result
was consistent with the findings of Ohkawara et al.
(80). as well as with earlier reports indicating that
human peripheral blood monocytes can release
TNF-z 1n an IgE-dependent manner (16). and iden-
tifying alveolar macrophages as one source of TNF-~
during late-phase reactions in asthma (50).

The THC findings of Bradding et al. (19} indicate
that TNF-z expression is upregulated in the airway
mucosa of subjects with allergic asthma and that this
expression of TNF-» occurs predominantly in mast
cells and monocytes macrophages. Remarkably, no
TNF-z immunoreactivity was localized in either T
cells or eosinophils in these specimens. From these
results, the authors suggested that the upregulation
of TNF-z expression in mast cells may be an im-
portant characteristic of allergic asthma (19). On the
other hand. it is not vet clear whether the increased
expression of TNF-x protein by mast cells and other
cells in the respiratory tract of patients with symp-
tomatic allergic asthma reflects a consequence of the
ongoing disease in these individuals or instead re-
presents a “baseline” characteristic of the mast cells
of patients with atopic asthma.

Moreover, 1t 1s not yet apparent to what extent the
mast cells of asthmatic individuals, as oppeosed to
other potential sources of TNF-x in these subjects,
such as eosinophils. T cells, or monocytes, express
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mRNA for TNF-z, as would be consistent with the
ongoing synthesis and release of newly formed c¢vto-
kine by these cells. This is an important point, since
TNF-x stored in mast-cell granules (probably ac-
counting for the TNF-x detected in these cells by
ITHC) does not mediate signals to surrounding target
cells until 1t is released by the mast cell, and since the
ability of mast cells and other cell types to synthe-
size and release TNF-2 may be reflected by upreg-
ulated expression of TNF-x mRNA under circum-
stances where the levels of immunoreactive TNF-»
protein detected in these cells by IHC does not in-
crease or may even decrcase (e.g.. due to release of
stored TNF-z). For example, Walsh et al. (115)
found that human skin mast-cell immunoreactivity
for TNF-2 decreased in association with mast-cell
activation, and Fimotto et al. (33) found that eosi-
nophils mfiltrating nasal polyps, as well as eosino-
phils secreting TNF-% in virro, exhibited little or no
TNF-z by IHC even though most of these cells were
strongly positive for TNF-x mRNA by ISH. More-
over, Ohkawara ¢t al. (80) found that rhree resident
cell populations in human lung fragments expressed
TNF-2 by IHC 4 h after anti-Igk challenge in vitro:
mast cells, tissue and alveolar macrophages, and
bronchial epithelial cells, whereas no cells exhibited
TNF-v immunoreactivity in specimens incubated
with medium alone. This work suggested that “‘nor-
mal” human [ung mast cells might exhibit low levels
of stored TNF-x, but that expression of the cytokine
can be upregulated m mast cells challenged via the
Fc¢ RI.

Do mast cells contribute to the afferent
limb of allergic responses?

While this review has focused primarily on the ef-
fector limb of the allergic response. the possibility
that mast cells might contribute to the regulation of
IgE production was suggested by observations that
mouse mast cells could release 1L-4 upon Fc¢, RI-
dependent stimulation (24, 87). More recent data.
indicating that human mast cells can express both
IL-4 (18,19, 126) and the CD40 ligand (43). provide
additional evidence that mast cells mayv have a role
in the afferent limb of the allergic response.

On the other hand, the relative importance of the
mast cell in the development of Igk responses. as
opposed to other cell types that can produce 1L-4
and or express the CD40 ligand (including the ba-
sophil) (refs. 4. 23, 43, 72, 101). remains to be de-
termined. For example, initial studies have shown
that genetically mast-cell-deficient mice apparently
have no defect in their ability to generate an Igk
response after certain forms of immunization (53,
109) and can even express slightly higher circulating
levels of IgE under “‘baseline” conditions than do the
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congenic + -+ mice (109). The extent to which the
abihty of mice that virtually lack mature mast cells
to orchestrate an Ighk response reflects the contribu-
tion of basophils, as opposed to other factors, 1s not
vet clear. Nevertheless, it 1s tempting to speculate,
much as others have (85, 95), that the mast cell
and or the basophil, upon direct, “nonimmunologic™
stimulation by an allergen (perhaps in association
with a “priming” factor such as a cytokine or ncu-
ropeptide). can generate sufficient 1L-4 or 1L-13 to
inttiate a Th2-tvpe response and thus can regulate
both the onset and the “organ specificity™ of allergic
responses. Of course, once even small amounts of
allergen-specific gk have been generated at a site of
allergen exposure. 1t i1s possible that mast cells
(and or basophils) mayv promote the further devel-
opment of the gk response via evtokine- and CD40
hegand-dependent effects on local B cells (28, 43, 98).

Conclusions

Several lines of evidence derived from anmmal mod-
els, including “must-cell knock-in mice™. indicate
that mast cells importantly contribute to the patho-
genests of both acute and more chronic components
of allergic inflammation, and that certain features of
these responses, such as the associated feukocvte
recruttment, are signihicantly influenced by TNF-%.
The results of studies in human subjects suggest that
mast-cell-derived TNE-x contributes to the devel-
opment of allergic inflammation in asthma as well.
However, it s very unlikely that TNE-% represents
the only mast-cell-derived eyvtokine that signmificantly
contributes to allergic inflammation. Nor should the
potential contributions of the many other tvpes of
mast-cell-derived mediators be overlooked.

Indecd. while this brief review has emphasized the
role of must cells and TNF-v 1 allergic ntlamma-
ton, the redundancy in the ettfector mechanisms that
potentiadly  partcipate i allergic mtlammation 1s
constderable: many cells can express Fe, RI and or
CD23, many cells can claborate TNF-2 or other
cvtokines, many evtokines have simuilar or overlap-
ping funcuon, and many mediators in addition to
cvtokines (notablv including certam addinonal mast-
cell-dertived mediators) have actions that may be very
mportant in the pathogenesis of these responses.
Morcover it s clear that some “ailergic responses™
can oceur i the virtual absence of mast cells, at least
m mice. For example. even though mast cells appear
to be essential for Igk-dependent passive systemic
anaphylaxis responses (109). mast cells are nor re-
quired for the chunges in pulmonary function (73,
1O9), or death (32, 33,39, 73, 109). associated with
certam forms of acrive anaphviaxis in mice. Whether
the persistence of fatal active anaphyvlactic responses
i eenctically mast-cell-deficient mice reflects the
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contribution of basophils, as opposed to other cell
types, has not yet been determined, but it has been
shown that a form of fatal active anaphylaxis can
also be elicited in IgE-null mice (79). Taken together.
these findings indicate that the effector mechanisms
responsible for immunologic responses that are
thought to involve IgE and mast cells can be highly
redundant. They also illustrate that the extent of
such redundancy may only become apparent in the
context of invivo “deletion experiments”, such as
those based on the use of animals which genetically
lack individual elements of these immunologic re-
sponses.

The redundancy engineered into immunologic and
inflammatory responses extends even to the level of
individual effector cells, each of which represents a
source of multipie mediators that may have overlap-
ping. svnergistic. or even antagonistic effects in al-
lergic inflammation. To cite one example. mast cells
represent a potentially unique source of tryptase (58),
which has a number of actions that can contribute
to the pathogenesis of allergic inflammation and air-
ways hvperreactivity (77, 100, 102, 105). However,
the relative importance of tryptase. as opposed to
TNF-x or other mediators. as a component of al-
lergic inflammation in human asthma (or other dis-
orders) is not vet clear. In the clinical setung, the
best current approximation of a “deletion experi-
ment” to address this 1ssue may be the use of highly
specific inhibitors of the individual candidate effec-
tor molecules. Specific inhibitors of human mast-cell
tryptase have recently been reported (110). and these
agents may help to assess the importance of trvptase
in various clinically significant examples of allergic
imflammation. Similarly, highly specific neutralizing
antibodies to human TNF-z (30, 34) may help in
efforts to probe the relative importance of TNF-% in
the pathogenesis of allergic asthma.

However. only time and appropriate studies will
determine whether. and under what circumstances.
the administration of single or multiple agents with
actions that mav be highly specific for individual
candidate mediators (e.g.. tryptase inhibitors. anti-
cvtokine antuibodies) will be useful as treatments for
asthma and other allergic disorders. It will be par-
ticularly important to compare the efficacy and safety
of such approaches to those based on the use of
agents that have broader actions (e.g.. corticoster-
oids and other immunosuppressive drugs). but which
thereby can interdict many of the diverse effector
mechanisms that may contribute to the pathogenesis
of these diseases. Similarly. it will be of interest to
determine the extent to which the clinical efficacy of
broadly “immunosuppressive” agents reflects their
actions on specific effector cells. For example. in vitro
data and animal studies indicate that both cortico-
steroids and CsA can suppress mast-cell cytokine



production (24, 54, 61, 119). While these findings
raise the possibility that effects on mast-cell cvtokine
production contribute to the clinical benefit of these
agents, at least in some disorders, they do not clarify
the relative importance of the actions of these agents
on mast cells, as opposed to other cell types.

No discussion of allergic inflammation i1s com-
plete without a brief consideration of the possibility
that some of the cells and mediators that participate
in these processes may help to downregulate the re-
sponses. Even cytokines that mediate certain “pro-
inflammatory” effects may have other actions that
are “anti-inflammatory” in nature. For example,
studies of TGF-B I-null mice indicate that the anti-
inflammatory effects of TGF- may be quite impor-
tant in vivo (103), and both mast cells (48, 86, 112)
and eosinophils (81, 125), which are recruited in
large numbers to sites of allergic inflammation, re-
present potential sources of this cytokine. 1t is thus
possible that certain “effectors™ of allergic inflam-
mation, including the mast cell and the eosmophil,
can express some actions which help to limit the
duration or intensity of the reactions. If major cel-
lular “effectors™ of allergic responses can indeed also
express functions that are “anti-inflammatory™ or
“reparative” in nature, then the identification of fac-
tors which can instruct these cells to abandon their
destructive tendencies in favor of more protective
actions would be of considerable interest.

In summary, despite much recent progress. the
“riddle of the mast cell”, that is, its actual functions
in health and disease (89), remains to be completely
solved. On the other hand, many of the experimen-
tal tools and conceptual frameworks necessary to
solve this problem are already in hand. and we can
look forward to further progress with some confi-
dence and considerable excitement.
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