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IgE, mast cells, basophils, and eosinophils constitute essential
elements in allergic inflammation. Allergen-specific IgE, syn-
thesized in response to allergens in the environment and in
susceptible individuals, becomes fixed to high-affinity recep-
tors on cellular membranes, especially of mast cells and
basophils. If these receptor-bound IgE molecules are aggregat-
ed on reexposure to specific allergen, these mast cells and
basophils produce mediators that result in the allergic
response. Principal among the cells drawn to sites of mediator
release is the eosinophil. (J Allergy Clin Immunol
2003;111:S486-94.)
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IGE

IgE (immunoglobulin E) reaginic antibody has an
approximate molecular weight of 190 kd, shows no
transplacental transfer, and, unlike other immunoglobu-
lins, does not activate complement by the classic path-
way. IgE is thermolabile and will not sensitize after it has
been heated to 56°C for several hours. IgE is principally
known for its ability to bind with high-affinity to its spe-
cific receptor (R) FceRI, found in its complete form
(0By,) on the membranes of mast cells and basophils.!

The concentration of IgE in serum is the lowest of the
five human immunoglobulin isotypes (0-0.0001 g/L, con-
stituting 0.004% of total serum immunoglobulin) and is
highly age dependent. Serum IgE concentration is low in
cord serum (<2 kIU/L, <4.8 mg/L) and rises with age
until a person is 10 to 15 years old. Those with an aller-
gic predisposition show an earlier and steeper rise. Total
serum IgE levels decline from the second to the eighth
decades of life. Approximately 50% of total body IgE is
estimated to exist in the intravascular compartment. IgE
has a half-life of 1 to 5 days in peripheral blood.!:2

IgE synthesis

B cells initially produce IgM antibodies but after
appropriate stimuli alter the isotype of the antibody pro-
duced while retaining antigenic specificity through shar-
ing of the same variable (VDJ) region. This “isotype
switching” is efficient, in that it allows a single B-cell
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Abbreviations used
CD40L: CD40 ligand
EDN: Eosinophil-derived neurotoxin
GM-CSF: Granulocyte-macrophage colony-stimulating factor
IFN: Interferon
Ig: Immunoglobulin
IL: Interleukin
ITAM: Immunoreceptor tyrosine-based activation motif
LT: Leukotriene
MBP: Major basic protein
MCr: Mast cell (tryptase containing)
MCqc: Mast cell (tryptase and chymase containing)
PGD,: Prostaglandin D,
R: Receptor
SCF: Stem cell factor
STAT-6: Signal transducer and activator of transcription 6
TNF: Tumor necrosis factor
VCAM: Vascular cell adhesion molecule
VLA: Very late antigen

clone to produce antibodies of the same specificity but
distinct effector functions residing in the constant part of
the heavy chain. This process consists of splicing and
rejoining of genomic DNA to juxtapose VDI elements to
C-region exons that encode, in the case of IgE, the €
chain determining the IgE isotype.

For IgE synthesis, two signal types are required. Sig-
nal 1 is provided by the cytokines interleukin (IL)-4 and
IL-13, which activate transcription at a specific
immunoglobulin locus. The second signal is provided by
ligation of CD40 on B cells, which in turn activates DNA
switch recombination. Both signals are presented to B
cells by T cells.34

The process is initiated when an allergen binds to aller-
gen-specific IgM on a B cell, which then processes the
allergen. When the B cell next presents fragments of this
allergen in the context of MHC class II molecules to the T-
cell receptor-CD3 complex on a T2 cell, the T cell rapid-
ly expresses IL-4 and CD40 ligand (CD40L, CD154).
CD40L engages CD40 expressed on the B cell. This inter-
action results in expression of B7 on B cells, which binds
to CD28 on the T cell, resulting in upregulation of T
cell—derived IL-4 (Fig 1). IL-4, in turn, binds to the 1L-4
receptor (IL-4R) on the B cell, triggering e-germline tran-
scription. The CD40-CD40L interaction activates DNA
recombination at the targeted e-switch region, which is
followed by secretion of allergen-specific IgE.3-5

IL-4 activation of e-germline transcription is initiated
when it binds to B cell IL-4R, a heterodimer of an o and
ay chains, where the Y chain is common to IL-2, IL-7, IL-
9, and IL-15. Dimerization of IL-4R by IL-4 leads to
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activation of Janus kinase 1, attached to the o chain, and
Janus kinase 3, attached to the y chain. The o chain is
then phosphorylated to generate docking sites for signal
transducer and activator of transcription 6 (STAT-6).
Tyrosine phosphorylation induces STAT-6 homodimer-
ization, which then results in translocation of STAT-6 to
the nucleus, where it binds to IL-4-responsive promoter
elements and activates transcription.> Germline tran-
scription and IgE class switching are markedly impaired
in STAT-6-deficient mice.# In addition to STAT-6,
nuclear factor kB and B-cell-specific activator protein
elements must be present and functional in the e-promot-
er, where nuclear factor kB activation follows ligation of
CD40. BCL-6, a POZ/zinc-finger transcription factor,
can repress €-germline transcription. BCL-6—deficient
mice have increased IgE isotype switching.4 Polymor-
phisms in the gene for BCL-6 have been associated with
atopy.o

In addition to IL-4, IL-13 induces e-germline gene tran-
scription in human B cells.” In human B cells, IL-13 signals
through the type II IL-4 receptor, which consists of the IL-
4R o chain and a unique ligand-binding IL-13R o1-chain.

A critical role for CD40-CD40L interactions in IgE
synthesis and in isotype switching in general is shown by
patients with the X-linked hyper-IgM syndrome.3# These
patients are deficient in CD40L. As a consequence, their
B cells are unable to produce IgA, IgG, or IgE.

Human mast cells and basophils have been variously
reported to secrete IL-4, IL-13, or both, and to express
some CD40L. These observations thus suggest that these
cells may interact with B cells to provide signals for IgE
synthesis or amplification. Because basophil and mast
cell IL-4 or IL-13 production depends on the aggregation
of FceRI through antigen-specific IgE, this mechanism is
more attractive for amplification of IgE synthesis. This
mechanism would not appear to be allergen specific, but
rather to induce a polyclonal response.3 This hypothesis
is consistent with the observation that the IgE response in
hyper-IgE states is polyclonal.

IgE receptors

There are two distinct receptors for IgE, the low-affinity
IgE receptor (FceRII; CD23) present on B cells and the
high-affinity IgE receptor (FceRI). FceRI on mast cells and
basophils is a tetramer (cfy,), whereas it is expressed in a
trimeric form (ovy,) on antigen-presenting cells, such as
monocytes, Langerhans cells, and peripheral blood dendrit-
ic cells. The density of human basophil FceRI o expression
correlates with serum levels of IgE,8 because binding of IgE
to FceRI stabilizes the receptor at the cell surface. FceRI-
IgE interactions may also promote mast cell survival.

The Fc fragment of IgE binds to the o chain of FceRI.
The single FceRI B chain, which has two immunorecep-
tor tyrosine-based activation motifs (ITAMs), amplifies
the signaling of this receptor and is associated with lyn.
Two disulfide-linked y chains each contain two ITAMs,
which are phosphorylated after aggregation of receptor-
bound IgE. Syk kinase then binds to the y chain ITAM,
leading to its activation.? Protein levels of syk are unde-
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FIG 1. Molecular interactions between Ty2 cells and B cells
required for IgE synthesis. APC, Antigen-presenting cell; TCR, T-
cell receptor.

tectable in “nonreleaser” basophils that do not degranu-
late in response to FceRI cross-linking.!0 Nonreleaser
basophils are rescued by IL-3, which causes syk to be
expressed. Lyn bound to the 3 ITAM is also phosphory-
lated after FceRI aggregation.

The lyn-syk—dependent signaling cascade involves
phosphorylation of multiple substrates. These include
adaptor molecules such as src homology collagen-like
protein, vav, and linker for activation of T cells; phos-
pholipases such as PLCy,;, and PLCY,; tyrosine kinases
such as focal adhesion kinase and Bruton tyrosine
kinase; and protein or inositol phosphatases such as
SHP1, SHP2, and SHIP. Coligation of inhibitory recep-
tors, such as FcyRIIb with FceRI, results in downregula-
tion of secretory responses in human basophils.!!

Measurements of total and specific IgE

Total IgE levels are influenced by age, genetic predis-
position, ethnicity, immune status, season of the year, and
some disease processes (see also Chapter 23). Increased
IgE levels are found in parasitic diseases, such as schisto-
somiasis and hookworm; infections, such as allergic bron-
chopulmonary aspergillosis and Epstein-Barr virus
mononucleosis; cutaneous diseases, such as bullous pem-
phigoid; neoplastic diseases, such as Hodgkin disease and
IgE myeloma; immunodeficiency diseases, such as
Wiskott-Aldrich syndrome, hyperimmunoglobulinemia E
syndrome, thymic hypoplasia (Di George syndrome), and
cellular immunodeficiency with immunoglobulins
(Nezelof syndrome); and several other diseases, such as
nephrotic syndrome, cystic fibrosis, Kawasaki disease, and
infantile polyarteritis nodosa.2 Collectively such informa-
tion dictates that measurement of total serum IgE level is
of limited value as a screening test for allergic disease.

Total IgE is usually measured with a two-site non-
competitive immunometric assay. Here a solid-phase
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anti-IgE is used in molar excess to capture IgE from
serum. A different antihuman IgE labeled with enzyme,
fluorophor, or radionuclide is added in molar excess to
detect bound IgE (see Chapter 23).

Antigen-specific IgE is usually measured by skin test-
ing or through the use of allergen-specific IgE measure-
ments in serum. Administration of allergen extract to
skin uses either prick-puncture or intradermal injection.
Prick-puncture skin testing involves placing a drop of
allergen extract on the skin, followed by needle prick-
puncture to introduce the allergen into the dermis. An
immediate wheal and erythema reaction is read at 15 to
20 minutes. An intradermal skin test involves injection of
0.02 mL of diluted antigen intracutaneously through a
syringe with a 26- to 27-gauge needle. The skin reaction
is then read at 15 to 20 minutes (see Chapter 23).

A number of commercial assays are available to detect
allergen-specific IgE antibody in serum. Such assays are
particularly useful when skin testing cannot be used
because of extensive skin disease, current medical thera-
py, significant dermatographism, or use of an extract
believed to have a high probability of inducing a sys-
temic reaction in the subject to be tested.

Allergen-specific IgE levels in a given individual
depend on the degree and duration of exposure to both the
allergen in question and to cross-reactive allergens. Aller-
gen-specific IgE levels, as a rule, peak about 4 weeks into
seasonal pollen exposure and gradually fall until the next
pollen season. IgE levels also usually decline during
immunotherapy. It should be remembered that many indi-
viduals have positive responses to tests for allergens but
show no clinical reactivity to these allergens.

MAST CELLS

The mast cell is a tissue-based inflammatory cell of
bone marrow origin that responds to danger signals of
innate and acquired immunity with immediate and
delayed release of inflammatory mediators.!2 Mast cells
have long been implicated in the pathology and mortali-
ty of anaphylaxis and other allergic disorders by virtue of
their ability to be activated through FceRI-bound anti-
gen-specific IgE and their concentration at surfaces that
interface with the external environment.

The human mast cell is generally ovoid or irregularly
elongated in tissue. The characteristic feature of the mast
cell is the presence of dense cytoplasmic granules that occu-
py the cytoplasm. In human beings, these granules contain
lattice or scroll-like structures. The nucleus of the mast cell
is reminiscent of the plasma cell. Granules exhibit
metachromasia when stained with toluidine blue, appearing
reddish blue. Mast cells are relatively abundant in skin, thy-
mus, lymphoid tissue, lung, nasal mucosa, conjunctiva,
uterus, urinary bladder, tongue, synovia, and mesentery;
around large and small blood vessels; and in the subserosal
and submucosal layers of the digestive tract. Mast cells
occur chiefly in the loose connective tissue surrounding
blood vessels, nerves, and glandular ducts and under epithe-
lial, serous, and synovial membranes. In general, mast cells
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are scant in parenchymous tissues. In the lungs, mast cells
are found both in bronchial airway connective tissues and in
peripheral intra-alveolar spaces. In the skin, mast cells
appear in greatest number near blood vessels, hair follicles,
sebaceous glands, and sweat glands. Human skin contains
approximately 10,000 mast cells per cubic millimeter.!3

Mast cells in human tissues are divided into two major
subtypes according to the secretory protease content, des-
ignated as MCr or MCrc according to the presence of
tryptase with or without chymase. MCr cells thus contain
tryptase and chymase, as well as carboxypeptidase and
cathepsin G. MCr cells contain only tryptase. Tryptase
staining thus identifies all mast cells in tissues and has
become the principal method of visualizing mast cells.
MCr cells predominate in skin and small bowel submu-
cosa. MCr cells predominate in normal airway and small
bowel mucosa. MCr cells appear selectively attenuated in
the small bowel of patients with end-stage immunodefi-
ciency diseases.!4 Human mast cells are characterized as
Kit* (positive for receptor for stem cell factor [SCF]) and
FceRI*. They express a variety of membrane receptors,
depending on their tissue source, state of differentiation,
and conditions of culture. Human resting mast cells express
the high-affinity IgE receptor (FceRI) and FcyRIIb (CD32).
After exposure to interferon (IFN)-y in vitro, they express
the high-affinity receptor for IgG (FcyRI, CD64). Mast
cells may also express C3a and C5a receptors. They may be
similarly positively staining for cytokine receptors (IL-3R,
IL-4R, IL-5R, IL-9R, IL-10R, granulocyte-macrophage
colony-stimulating  factor [GM-CSF]R, IFN-yR),
chemokine receptors (CCR3, CCR5, CXCR,, CXCR4),!5
and nerve growth factor receptors, among others.

Development

Human mast cells develop from CD34+ pluripotent stem
cells, which are Kit*. Mast-cell precursors circulate in the
blood and lymphatics and home to tissues. There they sur-
vive and mature under the influence of SCF produced
locally by stromal cells, including fibroblasts and endothe-
lial cells. SCF occurs in both membrane-bound and soluble
forms, both of which are active. Mast cells in tissues may
have their survival, maturation, and biologic expression
influenced by such cytokines as IL-4, IL-5, and IFN-y. IL-
5 promotes mast-cell proliferation in the presence of SCF,
whereas IFN-y exposure upregulates FcyRI on the mast cell
membrane. IL-4 has been reported both to enhance mast-
cell proliferation and to induce apoptosis, depending on the
presence of other cytokines, such as IL-6.

Mast cells increase in number severalfold in associa-
tion with IgE-dependent immediate hypersensitivity
reactions, including rhinitis, urticaria, and asthma. Small
increases in mast cell number have been noted in associ-
ation with connective tissue disorders, such as rheuma-
toid arthritis and scleroderma, infectious diseases, such
as tuberculosis and syphilis, neoplastic diseases, such as
lymphoma and leukemias, and osteoporosis, chronic
liver disease, and chronic renal disease.!® The most strik-
ing increase in mast cells (more than severalfold) occurs
in association with mastocytosis.
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Activation

Mast cells express a complete and functional FceRI
receptor (afy,), aggregation of which leads to mast-cell
activation, granule exocytosis, and mediator release. Mast
cells may also be activated by C3a and C5a through C3aR
and C5aR (CD88),!7 nerve growth factor through TRKA, 18
and IgG through FcyRL19 Activation through any of these
receptors leads to histamine release, eicosanoid synthesis,
and cytokine gene expression (Fig 2). The extent and pat-
tern of mediators released depends on the signal, its inten-
sity, and the cytokine milieu in which the activation takes
place. For instance, mediator release and generation are
enhanced in the presence of SCF.

Mediators

Mediators produced by human mast cells have classi-
cally been divided into three categories: preformed medi-
ators, newly synthesized lipid mediators, and cytokines.
These categories are not absolutely exclusive, with at
least one cytokine, tumor necrosis factor (TNF)-o., occur-
ring both preformed and as a newly synthesized molecule.

Preformed mediators are packaged within secretory
granules. At activation, granule contents are released into
the extracellular environment within minutes. Principal
granule constituents include histamine, serine proteases,
carboxypeptidase A, and proteoglycans (heparin and
chondroitin sulfate E). Human mast cells contain approxi-
mately 2 to 5 pg of histamine per cell. Histamine in gran-
ules is found in ionic association with acidic residues of
the glycosaminoglycan side chains of heparin and chon-
droitin sulfate E, and it dissociates from these gly-
cosaminoglycans in extracellular fluids by exchanging
with sodium ions.20 Histamine has effects on smooth mus-
cle (contraction), endothelial cells, nerve endings, and
mucous secretion. It is rapidly degraded to N-methyl his-
tamine, methylimidazole acetic acid, and imidazole acetic
acid. Heparin and chondroitin sulfate proteoglycans are
believed to aid in storage of preformed molecules, which
dissociate from these proteoglycans at variable rates in
physiologic buffer solution. Heparin itself is capable of
anticoagulation through binding to antithrombin 3.

Most of the protein in mast cell granules is made up
of four neutral proteases: tryptase, chymase, car-
boxypeptidase, and cathepsin G. Tryptase, a tetramer
with a molec-ular weight of 116 to 130 kd with subunits
of 29 to 36 kd (the heterogeneity is due primarily to dif-
ferential glycosylation), is stabilized by its association
with heparin and other proteoglycans. The function of
tryptase in vivo is unknown, but in vitro it can cleave C3
and C3a, activate fibroblasts, and promote accumulation
of inflammatory cells. Both o and [ tryptases have been
described, and it has been said that the o form is consti-
tutively secreted, whereas the B form is released during
degranulation. The accuracy of this conclusion remains
to be conclusively demonstrated.

The major lipid mediators synthesized by mast cells
include prostaglandin D, (PGD,), the major cyclooxygen-
ase product, and the lipoxygenase product leukotriene (LT)
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C,. Extracellular peptidolytic processing of LTC, yields the
active metabolites LTD, and LTE,. Skin mast cells produce
more PGD, than LTC,, whereas the opposite is true of mast
cells from the lung. PGD, and LTC,, LTD,, and LTE, are
all bronchoconstrictors. LTC4, LTD,, and LTE, also
enhance vascular permeability.” PGD, is also a neutrophil
chemoattractant.

Human mast cells are capable of synthesizing and
secreting an array of cytokines. The cytokines appear to
vary on conditions of culture, type of disease, and degree
and type of stimulus. There are, however, a few general-
izations that can be drawn. TNF-q,, according to all stud-
ies, appears to be a major cytokine produced by human
mast cells. It appears to be both stored and synthesized
after mast-cell activation. TNF-o. upregulates endothelial
and epithelial adhesion molecules, increases bronchial
responsiveness, and exerts antitumor effects. Other
cytokines reported to be produced by human mast cells
include IL-4, associated with T, ;2 cell differentiation and
IgE synthesis; IL-3, GM-CSF, and IL-5, critical for
eosinophil development and survival; and IL-6, IL-8, and
IL-16.1320 Human mast cells are also documented to
produce chemokines, such as macrophage inflammatory
protein-1o.

Roles in health and disease

Mast-cell activation through IgE-dependent mecha-
nisms initiates a cascade of events, resulting in an imme-
diate hypersensitivity reaction, as well as a late-phase
reaction (Fig 2). The immediate reaction is reflected in the
skin as erythema, edema, and itch; in the upper airways as
sneezing, rhinorrhea, and mucous secretion; in the lungs
as cough, bronchospasm, edema, and mucous secretion,
and in the gastrointestinal tract as nausea, vomiting, diar-
rhea, and cramping. It is coincident with histamine liber-
ation and demonstration of production of PGD, and
LTC,. This reaction is then often followed 6 to 24 hours
later by persistent edema and a leukocytic influx, the late-
phase reaction, which is due at least in part to the genera-
tion and release of the additional mast cell-derived sub-
stances listed previously. In turn, recruited cells contribute
additional inflammatory mediators at the cellular level. In
the lungs, the late-phase reaction is believed to play a
major role in the genesis of persistent asthma and the
accompanying inflammation. Mast cells have also been
suggested to have some contribution to the eventual
downregulation of the allergic response, in that they pro-
duce and release IL-1 receptor antagonist, heparin, and
other molecules with anti-inflammatory properties.?!

The role that mast cells play in the genesis of allergic
diseases may in some way be a reflection of the develop-
ment of this cell type as critical in both innate and
acquired immunity. Mast cells exhibit properties that
allow their categorization as a cell involved in innate
immunity, including phagocytosis, activation through
pattern-recognition receptors, and location at surfaces
that face the external environment. A role in acquired
immunity is similarly evidenced by their ability to bind
parasite-specific IgE, which then leads to mast-cell acti-
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FIG 2. Cellular and molecular mechanisms responsible for allergic responses. Ag, Antigen.

vation after exposure to parasite antigen or the parasite
itself. Human mast cells also upregulate FcyRI after
exposure to IFN-v. In this case, mast cells could be acti-
vated by opsonized infectious organisms. No matter what
the activation signal, in every case, mast-cell mediators
released and generated would create a protective local
inflammatory response.

Pathologic excess of mast cells, usually as a result of
activating mutations in the gene for Kit, leads to the dis-
ease mastocytosis. This disease can occur in any age
group, and in most situations it is first identified because
of the appearance of fixed pigmented skin lesions termed
urticaria pigmentosa. The clinical presentation may also
include episodes of unexplained flushing and anaphylaxis.
Mastocytosis varies from benign or indolent forms to mas-
tocytosis associated with bone marrow pathology, includ-
ing myelodysplasia. This disease is usually diagnosed on
the basis of characteristic skin findings, an elevated serum
level of tryptase, and specific bone marrow findings.22

BASOPHILS

Basophils are granulocytes that are believed to repre-
sent a separate lineage from mast cells, despite the fact
that the two cell types share many common features,
such as high-affinity IgE receptor (FceRI) expression,
metachromatic staining, T2 cytokine expression, and
histamine release. Basophils represent less than 1% of
peripheral blood leukocytes, making them one of the
least common cell lineages found in the peripheral blood.
Peripheral blood basophil numbers are modestly elevated
(approximately 2-fold) in allergic asthma.

Morphology and phenotype

Basophils exhibit a segmented nucleus with highly
condensed chromatin and are commonly identified by
their metachromatic staining with basic dyes, such as
toluidine blue. Two basophil granule-specific monoclo-

nal antibodies, BB-1 and 2D7, have recently been devel-
oped, permitting the unambiguous identification of
basophils in tissues and greatly furthering our under-
standing of the role of basophils in allergic diseases and
asthma.23 Basophils express a variety of cytokine recep-
tors (IL-3R, IL-5R, GM-CSFR), chemokine receptors
(CCR2, CCR3), complement receptors (CD11b, CDl11c,
CD35, CD88), prostaglandin receptors (CRTH2), and
immunoglobulin Fc receptors (FceRI, FcyRIT).24.25

Development

Basophils develop from CD34+ pluripotent stem cells,
differentiate and mature in the bone marrow, and then
circulate in the periphery. IL-3 is the dominant cytokine
driving basophil differentiation and is sufficient to differ-
entiate stem cells into basophils.26 The general consen-
sus is that basophils represent a separate cell lineage
from mast cells and differentiate from a common
basophil-eosinophil precursor; this belief is supported by
the derivation of mixed colonies of basophils and
eosinophils from individual precursor cells.2”

Activation

As with mast cells, basophils express a complete and
functional FceRI receptor (af}y,), cross-linking of which
leads to basophil activation, granule exocytosis. and
mediator release.28 C3a and C5a can also activate
basophils through the C3aR and C5aR complement
receptors, respectively. Activation through any of these
receptors leads to histamine release, eicosanoid synthe-
sis, and IL-4 and IL-13 gene expression (Fig 2). Priming
is the capacity for molecules that cannot maximally acti-
vate basophils on their own to augment FceRI-mediated
activation.?9 Mediators with such priming activity
include CC chemokines (eotaxins, monocyte chemoat-
tractant protein 3, monocyte chemoattractant protein 4,
RANTES), N-formyl-methionyl-leucyl-phenylalanine,
IL-3, IL-5, GM-CSF, and histamine-releasing factor.25
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The presence of such mediators at sites of allergen expo-
sure may lower the threshold for the development of
allergic inflammation.

Mediators

Basophils produce many mediators, similar to mast
cells, such as histamine, leukotrienes, IL-4, and 1L.-13.30
Conversely, the mast-cell mediators PGD, and IL-5 are
not produced by basophils. Of the newly synthesized
eicosanoid mediators, basophils primarily generate
LTC,. In addition to histamine, basophil granules contain
a number of other preformed mediators, such as chon-
droitin sulfate, major basic protein, and Charcot-Leyden
crystal protein. Typically, basophils contain only small
amounts of tryptase; however, there appears to be a great
deal of variation among individuals with regard to
basophil tryptase expression.31:32

In addition to their role in immediate hypersensitivity,
basophils may contribute to allergic inflammation
through a number of nonclassic mechanisms. Basophil
expression of IL-4 and CD40L induces B-cell IgE
switching in vitro and may comprise an alternative mech-
anism promoting IgE class switching. Alternatively, the
rapid and abundant expression of IL-4 by basophils has
been suggested as a source of IL-4, which could further
drive T2 cell differentiation.

Roles in health and disease

The physiologic role of basophils is not known,
although presumably, like other leukocytes, they fulfill a
role in host defense. Basophils have long been thought to
play a role in rejection of ticks and are a conspicuous com-
ponent of the inflammatory response to many parasites.33
This proposed role in parasite host defense is further sug-
gested by the recent discovery of functional parasite
homologs of histamine-releasing factor in the translation-
ally controlled tumor protein family.34.35 Although
basophils possess many characteristics that suggest they
contribute to allergic inflammation, the precise role of
basophils in asthma pathogenesis is unclear. After allergen
challenge, basophils are the predominant IL-4—expressing
cell type in human asthmatic airways,3¢ peripheral blood
mononuclear cells,37 and a mouse model of asthma.38 By
means of basophil-specific monoclonal antibodies,
basophils have been identified in cutaneous3® and pul-
monary*0 late-phase responses and are found in increased
numbers in the lungs after fatal asthma episodes.4!

EOSINOPHILS

Eosinophils are granulocytes that were first described
to stain with acid aniline dyes, such as eosin. Although
these cells are rare in the peripheral blood of healthy per-
sons, blood and tissue eosinophilia are hallmark signs of
helminth infection, allergy, and asthma. Because of the
large body of evidence supporting a critical role in asth-
ma pathogenesis, the eosinophil has emerged as a major
therapeutic target for immunologically based asthma
therapies.42-44
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Morphology and phenotype

Eosinophils typically exhibit a bilobar nucleus with
highly condensed chromatin and cytoplasm containing
two major types of granules, specific and primary gran-
ules. Specific granules have a distinctive ultrastructural
appearance, consisting of an electron-dense crystalloid
core. These granules contain the many cationic proteins
that give eosinophils their unique staining properties. Pri-
mary granules are similar to those found in other granu-
locyte lineages and are found early in eosinophil devel-
opment.*> Eosinophils also contain lipid bodies, which
play a role in the generation of eicosanoid mediators.46

Because there is no eosinophil-specific cell-surface
marker, their binding of eosinlike dyes remains the most
common detection method. The development of mono-
clonal antibodies to the various eosinophil granule pro-
teins has emerged as an additional means of identifying
these cells immunochemically.47:48 Eosinophils express a
wide array of cell-surface molecules, including cytokine
receptors (IL-3R, IL-5R, and GM-CSFR), chemokine
receptors (CCR1 and CCR3), FcyRII (CD32), FcaRI
(secretory IgA), complement receptors (C3aR, C5aR,
CD88, and CD35), adhesion molecules (very late antigen
[VLAJ-4 and 0,3, integrin), CD9, and CD69.2549 CD69
is an activation marker for eosinophils and is upregulat-
ed on eosinophils isolated from sites of allergic inflam-
mation.2® Eosinophil expression of FceRI is minimal and
is of unclear functional significance.50:5!

Development and trafficking

Eosinophils develop and mature in the bone marrow
from CD34+ progenitor cells and are released to the
peripheral blood as mature cells. IL-5, the major
eosinophil-active cytokine, has a profound positive effect
on the differentiation and proliferation of eosinophil pre-
cursors in the bone marrow.4245 In this manner, IL-5 pro-
duced peripherally at sites of allergic inflammation, or
helminth infection acts distally on the bone marrow.
Additionally, allergen challenge or the experimental
administration of eotaxin causes bone marrow release of
mature eosinophils, as well as eosinophil precursors.52

Once released from the bone marrow, eosinophils cir-
culate in the peripheral blood and then traffic to tissue
with a peripheral blood half-life of between 8 and 18
hours. Although eosinophils are best known as peripheral
blood leukocytes, the vast majority of eosinophils are
located in the gut and lungs.53 The steps required for
eosinophil trafficking from the peripheral circulation to
tissue have been well characterized,?5 and there is cur-
rently a great emphasis on exploiting these mechanisms to
treat asthma. After selectin and VLA-4—mediated rolling,
firm adhesion is mediated largely through the interaction
of eosinophil VLA-4 with endothelial cell-expressed vas-
cular cell adhesion molecule (VCAM)-1. Eotaxin and
other CC chemokines serve both to increase the avidity of
the VLA-4 molecule for VCAM-1 and to directly promote
eosinophil chemotaxis through the tissue.5# IL-4 and IL-
13 play central roles in promoting eosinophil trafficking
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by increasing endothelial cell VCAM-1 expression and
upregulating eotaxin expression by bronchial epithelial
cells and fibroblasts. TNF-o acts synergistically with IL-
4 and IL-13 to promote VCAM-1 expression. Two addi-
tional eotaxin homologs, eotaxin 2 and eotaxin 3, have
recently been identified, suggesting additional complexi-
ty in this system. In contrast to eotaxin, IL-5 does not play
a major role in promoting eosinophil entry into tissues. In
addition to eotaxin, platelet-activating factor (PAF) and
LTB, are also potent eosinophil chemotactic factors.

Activation

Once they have trafficked to the tissue, leukocytes need
an activation signal to exhibit their effector function. In
contrast to FceRI activation of mast cells and basophils,
there is no consensus regarding the major physiologic
mechanism of eosinophil activation. Eosinophils are acti-
vated by cross-linking of beads coated with either IgG,
IgA, or secretory IgA, the last being the most potent.2?
These results, and the prominent location of eosinophils
in the gut and lungs, suggest that eosinophils may play a
role in host defense surveillance of mucosal surfaces.
Eosinophils from donors with peripheral eosinophilia can
be activated with anti-IgE or IgE-coated parasites. How-
ever, most reports have not demonstrated expression of
functional FceRI by eosinophils.50:51

Eosinophils also show the capacity to be primed by a
number of mediators, including IL-3, IL-5, GM-CSF, CC
chemokines, and PAF. Eosinophils obtained from bron-
choalveolar lavage after allergen challenge demonstrate a
primed phenotype, supporting the in vivo relevance of
this priming phenomenon. IL-5, GM-CSF, and, to a less-
er extent, IL-3 have an antiapoptotic effect on
eosinophils and promote eosinophil survival in tissues.
Activated or primed eosinophils often exhibit lower den-
sity than resting eosinophils and are termed hypodense.?9

Mediators and effector function

Eosinophils release a variety of proinflammatory
mediators, including granule-stored cationic proteins,
newly synthesized eicosanoids, and cytokines.4>
Eosinophils contain a wide array of highly basic (iso-
electric point pH 9-11) granule proteins that appear to
play a role both in host defense and in the pathogenesis
of eosinophil-mediated diseases.

Major basic protein (MBP) is so named because it
accounts for over 50% of the eosinophil granule protein
mass. As a purified protein, MBP has potent in vitro tox-
icity against a number of parasites, including helminths
and schistosomula.>> MBP is directly toxic to respiratory
epithelial cells and causes bronchial hyperresponsiveness
and bronchoconstriction when instilled into the lungs of
cynomolgus monkeys. This finding and the correlation of
serum and bronchoalveolar lavage MBP levels with
bronchial hyperresponsiveness suggest that MBP is a
major effector molecule in asthma pathogenesis.*2

Eosinophil-derived neurotoxin (EDN) is so named
because it is toxic to myelinated neurons when injected
into experimental animals. Some of the neurologic man-
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ifestations of the hypereosinophilic syndrome may be
mediated through this mechanism. Both EDN and
eosinophil cationic protein demonstrate RNAse activity
and are capable of killing single-stranded RNA pneu-
moviruses, such as respiratory syncytial virus. The EDN
and eosinophil cationic protein genes show exceedingly
high rates of molecular evolution, suggesting that the
molecules are under extraordinary selective pressure, as
might be expected of genes responding to the rapid evo-
lution of microbial pathogens.42:5¢ Additionally, EDN
and eosinophil cationic protein demonstrate in vitro tox-
icity to parasites.55 Eosinophil peroxidase has homology
with neutrophil myeloperoxidase and is capable of gen-
erating microbiocidal hypohalous acids.45

Eosinophils are also a major source of the cysteinyl
leukotriene LTC, and its active metabolites LTD, and
LTE,. Eosinophils, along with mast cells and basophils,
are the principal LTC,-synthase—producing cell in asth-
matic bronchial mucosa.4¢ Eosinophils are capable of
producing a number of cytokines, including IL-1, trans-
forming growth factor B, IL-3, 1L-4, IL-5, IL-8, and
TNF-o. However, eosinophils generally produce lower
amounts of cytokines than do other inflammatory cells,
such as T cells.294+ As such, the relative contribution of
eosinophil cytokine production to the generation of aller-
gic inflammation remains to be determined.

Roles in health and disease

Peripheral blood eosinophil counts are increased in
allergic disease, asthma, and helminth infections, and tis-
sue eosinophilia is often found at inflammatory sites
associated with these diseases.57 Despite their in vitro
activity against parasites, in vivo studies in IL-5 gene
knockout mice have generally not supported an essential
role for eosinophils in clearing parasitic infections.>3

In allergic disease and asthma, eosinophils play a pro-
inflammatory role, in which eosinophil mediators, such
as MBP are thought to cause mucosal inflammation and
consequent bronchial hyperresponsiveness.42 Cortico-
steroids potently decrease both peripheral blood and tis-
sue eosinophil counts, further supporting a central role
for eosinophils in asthma pathogenesis. Because
eosinophils have been considered the end effector cell of
asthma, a number of investigational therapies have tar-
geted eosinophils. Recently, a phase II study of anti—IL-
5 in human asthma demonstrated no improvement in
either airflow or late-phase allergic responses despite a
90% decrease in peripheral blood eosinophils.#3 A sub-
sequent study of anti—IL-5 demonstrated a similar 90%
drop in peripheral blood eosinophil counts but only a
55% drop in bronchial mucosal eosinophils. These data
demonstrate that anti—IL-5 alone may not be sufficient to
abrogate pulmonary eosinophilia and that additional
antieosinophil strategies must be examined to determine
their therapeutic potential in the treatment of asthma.
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