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Abstract

Eosinophils have been considered end-stage cells involved in host
protection against parasites. However, numerous lines of evidence
have now changed this perspective by showing that eosinophils
are pleiotropic multifunctional leukocytes involved in initiation
and propagation of diverse inflammatory responses, as well as
modulators of innate and adaptive immunity. In this review, we
summarize the biology of eosinophils, focusing on the growing prop-
erties of eosinophil-derived products, including the constituents
of their granules as well as the mechanisms by which they re-
lease their pleiotropic mediators. We examine new views on the
role of eosinophils in homeostatic function, including developmen-
tal biology and innate and adaptive immunity (as well as interac-
tion with mast cells and T cells). The molecular steps involved in
eosinophil development and trafficking are described, with special
attention to the important role of the transcription factor GATA-1,
the eosinophil-selective cytokine IL-5, and the eotaxin subfamily of
chemokines. We also review the role of eosinophils in disease pro-
cesses, including infections, asthma, and gastrointestinal disorders,
and new data concerning genetically engineered eosinophil-deficient
mice. Finally, strategies for targeted therapeutic intervention in
eosinophil-mediated mucosal diseases are conceptualized.
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INTRODUCTION

Eosinophils are multifunctional leukocytes
implicated in the pathogenesis of numerous
inflammatory processes, including parasitic
helminth infections and allergic diseases (1-
3). In response to diverse stimuli, eosinophils
are recruited from the circulation into inflam-
matory foci, where they modulate immune
responses through an array of mechanisms.
Triggering of eosinophils by engagement of
receptors for cytokines, immunoglobulins,
and complement can lead to the secretion of
an array of proinflammatory cytokines [IL-2,
TL-4, TL-5, TL-10, TL-12, TL-13, TL-16, TL-
18, and TGF (transforming growth factor)-
o/B], chemokines (RANTES and eotaxin-
1), and lipid mediators [platelet-activating
factor and leukotriene C4 (I'TC4)] 4)
(Figure 1). These molecules have proin-
flammatory effects, including upregulation
of adhesion systems, modulation of cellular
trafficking, and activation and regulation of
vascular permeability, mucus secretion, and
smooth muscle constriction. Eosinophils can
initiate antigen-specific immune responses
by acting as antigen-presenting cells (APCs).
Furthermore, eosinophils can serve as major
effector cells inducing tissue damage and dys-
function by releasing toxic granule proteins
and lipid mediators (5).

In this review, we summarize the biol-
ogy of eosinophils, focusing on the growing
properties of eosinophil-derived products, in-
cluding the constituents of their granules as
well as the mechanisms by which they re-
lease their pleiotropic mediators. We exam-
ine new views on the role of eosinophils in
homeostatic function, including developmen-
tal biology and innate and adaptive immu-
nity (including interaction with mast cells
and T cells). The molecular steps involved
in eosinophil development and trafficking are
described, with special attention to the impor-
tant role of the transcription factor GATA-
1 and the eosinophil-selective cytokine IL-5
and the eotaxin subfamily of chemokines. Fur-
thermore, we review the role of eosinophils

Rothenberg o Hogan

in disease processes, including infections,
asthma, and gastrointestinal disorders. We
also review new data concerning genetically
engineered eosinophil-deficient mice. Fi-
nally, strategies for targeted therapeutic inter-
vention in eosinophil-mediated diseases are
conceptualized.

EOSINOPHIL GRANULE
PROTEINS

Eosinophils secrete an array of cytotoxic gran-
ule cationic proteins [major basic protein
(MBP), eosinophil cationic protein (ECP),
eosinophil peroxidase (EPO), and eosinophil-
derived neurotoxin (EDN)] that are capable
of inducing tissue damage and dysfunction
(5). Eosinophil granules contain a crystal-
loid core composed of MBP-1 (and MBP-
2) and a matrix composed of ECP, EDN;
and EPO (5). MBP, EPO, and ECP are
toxic to a variety of tissues, including heart,
brain, and bronchial epithelium (6-9). ECP
and EDN are ribonucleases and have been
shown to possess antiviral activity, and ECP
causes voltage-insensitive, ion-selective toxic
pores in the membranes of target cells, pos-
sibly facilitating the entry of other cytotoxic
molecules (10-13). ECP also has a number
of additional noncytotoxic activities, includ-
ing suppression of T cell proliferative re-
sponses and immunoglobulin synthesis by B
cells, induction of mast cell degranulation,
and stimulation of airway mucus secretion and
glycosaminoglycan production by human fi-
broblasts (14). MBP directly alters smooth
muscle contraction responses by dysregu-
lating vagal muscarinic M2 and M3 re-
ceptor function and by inducing mast
cell and basophil degranulation (15-17).
MBP has recently been implicated in reg-
ulating peripheral nerve plasticity (18).
EPO, which constitutes ~25% of the to-
tal protein mass of specific granules, cat-
alyzes the oxidation of pseudohalides [thyio-
cyanate (SCN7)], halides [chloride (CI),
bromide (Br™), iodide (I7)], and nitric oxide
(nitrite) to form highly reactive oxygen species
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Figure 1

Schematic diagram of an eosinophil and its multifunctional effects. Eosinophils are bilobed granulocytes
with eosinophilic staining secondary granules. The secondary granules contain four primary cationic
proteins, designated eosinophil peroxidase (EPO), major basic protein (MBP), eosinophil cationic
protein (ECP), and eosinophil-derived neurotoxin (EDN). All four proteins are cytotoxic molecules; in
addition, ECP and EDN are ribonucleases. Eosinophils respond to diverse stimuli, including nonspecific
tissue injury, infections, allografts, allergens, and tumors. In addition to releasing their preformed
cationic proteins, eosinophils can also release a variety of cytokines, chemokines, lipid mediators, and
neuromodulators. Eosinophils directly communicate with T cells and mast cells in a bidirectional
manner. Eosinophils activate T cells by serving as APCs, and eosinophil-derived MBP is a mast cell
secretagogue. Eosinophils can also regulate T cell polarization through synthesis of indoleamine
2,3-dioxygenase (IDO), an enzyme involved in oxidative metabolism of tryptophan, catalyzing the
conversion of tryptophan to kynurenines (KYN), a regulator of Th1/Th2 balance.

(hypohalous acids) and reactive nitrogen
metabolites (perioxynitrate). These molecules
oxidize nucleophilic targets on proteins, pro-
moting oxidative stress and subsequent cell
death by apoptosis and necrosis (19-21).
Eosinophils predominantly secrete their
granule protein by regulated exocytosis and
degranulation (22). In a process of piece-
meal degranulation, eosinophils selectively
release components of their specific gran-
ules (23). For example, activation of human
eosinophils by IFN-y promotes the mobiliza-
tion of granule-derived RANTES to the cell
periphery without inducing cationic protein
release (24, 25). Regulated exocytosis occurs
by the formation of a docking complex com-

posed of soluble N-ethylmaleimide-sensitive
factor attachment protein (SNAP) receptors
(SNARE:S) located on the vesicle (v-SNARES)
and the target membrane (t-SNAREs).
SNAREs are classified into two categories
based on the presence of a conserved amino
acid (arginine [R] or glutamine [Q]). Human
eosinophils express the Q-SNAREs SNAP-23
and syntaxin-4, which are predominantly lo-
calized to the plasma membrane (26), and the
R-SNARE VAMP (vesicle-associated mem-
brane protein)-2, which is localized to cyto-
plasmic secretory vesicles. Itis postulated that
receptor-coupled activation of eosinophils
leads to rapid mobilization of cytoplasmic
vesicles to the plasma membrane, leading to
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the formation of a SNARE complex (VAMP-
2/SNAP-23/syntaxin-4) and subsequent me-
diator release (22).

EOSINOPHILS AND
HOMEOSTATIC FUNCTION

Early clinical investigations have demon-
strated an association between eosinophils
and parasitic infections, leading investiga-
tors to hypothesize that eosinophils were
classical end-stage effector cells involved in
host defense (27). However, in recent years,
eosinophils have been shown to be involved
in numerous biological processes, including
postpubertal mammary gland development
(28), estrus cycling (29, 30), organ transplan-
tation (31), viral infection (13), allergic in-
flammatory responses, and neoplasia (32).

Eosinophils and Reproduction

Eosinophils are a prevalent cell popu-
lation in the female reproductive tract,
with numbers reaching maximum levels at
estrus. Eosinophils are predominantly local-
ized to the endometrial stroma subadjacent
to the luminal and glandular epithelium
and at the endometrial-myometrial junction
(28). Eosinophil recruitment into the uterus
is regulated by IL-5; however, while uter-
ine eosinophil numbers are depleted in IL-
5-deficient mice, a residual population of
eosinophils is still present, and their localiza-
tion in the subepithelial stroma is comparable
to wild-type mice, suggesting that IL-5-
independent mechanisms regulate the tissue-
specific recruitment of eosinophils into the
uterus (30). Consistent with this notion, in
response to ovarian steroid hormones, the ex-
pression of the eosinophil-active chemokines
eotaxin-1, RANTES, and MIP-1« is upregu-
lated, paralleling eosinophil infiltration into
the uterus (29, 33, 34). Indeed, eotaxin-1-
deficient mice not only have a deficiency of
uterine eosinophils, but also have a two-week
delay in the onset of estrus, along with a delay
in the first age of parturition, suggesting a role
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for eosinophils in preparing the mature uterus
for pregnancy (35). Furthermore, eosinophils
infiltrate the endometrium following copula-
tion (36), and investigators have postulated
that this cell may have a role in blastocyst
implantation and protection against infection;
however, this has yet to be proven (37, 38). In-
terestingly, eosinophil MBP is ectopically ex-
pressed by the uterus during pregnancy, but
this is not directly related to eosinophils (39).

Eosinophils have also been implicated in
postnatal mammary gland development (40).
Eosinophils reside in the postnatal developing
mammary gland and are predominantly local-
ized around the head of the terminal end buds.
The expression level of eotaxin-1 mRNA is
low between zero and four weeks of age; how-
ever, it is significantly increased in the mam-
mary gland at five weeks of age. Notably,
increased expression of eotaxin-1 at this time
coincides with eosinophil infiltration into the
head of the terminal end bud (40). Depletion
of eosinophils from the postnatal mammary
gland by deletion of the eotaxin-1 gene re-
sults in reduction in terminal end bud forma-
tion and reduced branching complexity of the
ductal tree (40). It is likely that eosinophils
regulate mammary gland ductal outgrowth
through local secretion of eosinophil-derived
TGEF-B (40).

Thymic Eosinophils

Eosinophils migrate into the thymus during
the neonatal period, localizing to the cortico-
medullary region and reaching maximum lev-
els by two weeks of age. Interestingly, their
absolute levels are approximately equivalent
to that of thymic dendritic cells (41). In mice,
a second influx of eosinophils is observed at
16 weeks of age, corresponding to the com-
mencement of thymic involution. Eosinophils
localize to the medullary region.

Thymic eosinophils express high levels of
MHC class II molecules and moderate lev-
els of MHC class I and the costimulatory
molecules CD86 (B7.2) and CD30L (CD153)
(Figure 2). Furthermore, thymic eosinophils
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are CD11b/CD11c double positive and ap-
pear to be activated as they lose expression of
GL-1 and CD62L and upregulate CD25 and
CD69 surface expression. Analysis of thymic
eosinophil cytokine production reveals that
eosinophils express mRNA for the proin-
flammatory cytokines TNF-«, TGF-f3, IL-
l, and IL-6 and the Th2-cytokines IL-4
and IL-13 (41). Notably, the recruitment of
eosinophils into the thymus is regulated by

Immunoglobulin receptors and members of the immunoglobulin superfamily

CD4 CcD47 CD58 CD101
CD16 CD48 CD66 HLA class 1
CD32 CD50 CD89 HLA-DR
CD33 CD54 CD100 FceR1
Cytokine receptors

CcD25 cD120 CD131 TGFBR
CD116 cD123 CcD213

cD117 CcD124 IL-9R

CcD119 CcD125 IL-13Ru1

Adhesion molecules

CD11a cD18 CD49f cD162
CD11b CD29 CDeé2L CD174
CD11c CD44 CD156 ad integrin
CD15 CD49d CcD162 B7 integrin

Chemokine, complement, and other chemotactic factors

CD35 cD191 PAFR CystLT2R

CcD88 cD192 LTB4R fMLPR

CcD182 CD193 C3aR CRTH2

CD183 CD196 CystLT1IR  Histamine 4R
Enzymes

CD13 CD46 PAR-2

CD45 CD55

CD45RB  CD59

CD45RO  CD87

Apoptosis, signaling, and others

CcDha CD52 cD82 CD139 Siglec-10
CD17 CD53 CD86 CD148 LIR1
CD24 CD63 CDg2 CD149 LIR2
CcD28 CD65 CD95 CD151 LIR3
CD37 CD69 CD97 CD153 LIR7
CD39 CDT71 CDg8 CD161 TLR7
CD43 CD76 CD99 CD165 TLR8
CD48 cbDs1 CcD137 Siglec-8

eotaxin-1, which is constitutively expressed in
the thymus (42).

It has been postulated that eosinophils are
associated with MHC class I-restricted thy-
mocyte deletion. Consistent with this notion,
the biphasic recruitment of eosinophils and
their anatomical localization within discrete
compartments of the thymus coincide with
negative selection of double-positive thymo-
cytes (41). Employing an experimental model
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Figure 2

Eosinophil surface
markers. This
schematic diagram
lists surface
molecules expressed
by human
eosinophils.
Molecules have been
listed generally based
on convincing
evidence for their
expression as
assessed by flow
cytometry or
inferred by cellular
responsiveness to
specific stimuli.
Cluster designation
(CD) for particular
molecules is
indicated based on
the most recent
classification
(www.ncbi.nlm.nih.
gov/prow/).
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of acute negative selection, researchers have
demonstrated increased thymic eosinophil
levels in MHC class I-restricted male (H-
Y) antigen T cell receptor (T'CR) trans-
genic mice following cognate peptide injec-
tion. In addition, eosinophils are associated
with clusters of apoptotic bodies, suggesting
eosinophil-mediated MHC class I-restricted
thymocyte deletion. Thymic eosinophils have
the capacity to promote thymocyte apoptosis
as they express costimulatory molecules that
are involved in clonal deletions, such as CD30
ligand (CD153) and CD66 (41). Additionally,
eosinophils may induce thymocyte apoptosis
through free radicals, as thymic eosinophils
express high levels of NADPH oxidase activ-
ity; notably, developing thymocytes have in-
creased sensitivity to free radicals owing to
the downregulation of Cu?*/Zn** superoxide
dismutase.

EOSINOPHILS AND IMMUNE
REGULATION

In recent years, investigators have shown that
eosinophils can perform numerous immune
functions, including antigen presentation (43,
44) and exacerbation of inflammatory re-
sponses through their capacity to release a
range of largely preformed cytokines and lipid
mediators (2, 5).

Antigen Presentation

Recent clinical and experimental investiga-
tions have shown that eosinophils can func-
tion as APCs (Figure 1). Eosinophils can
process and present a variety of microbial,
viral, and parasitic antigens. (45). In addi-
tion, granulocyte-macrophage colony stimu-
lating factor (GM-CSF)-treated eosinophils
promote T cell proliferation in response
to staphylococcal superantigen (Staphylococcus
enterotoxins A, B, and E) stimulation (46).
Furthermore, eosinophils incubated with hu-
man rhinovirus-16 promote rhinovirus-16-
specific T cell proliferation and IFN-y se-
cretion (47). Eosinophils can also effectively
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present soluble antigens to CD4" T cells,
thereby promoting T cell proliferation and
polarization. Adoptive transfer of antigen-
pulsed eosinophils results in eosinophil-
dependent T cell proliferation (44). Further-
more, addition of antigen to eosinophil and
T cell cocultures promotes heightened T  cell
proliferative responses (43). The capacity of
eosinophils to present antigen has been de-
bated in some publications. It is interesting to
note that the failure of eosinophils to present
antigen may be related to the methods used
for isolating eosinophils. For example, lysis
of erythrocytes with ammonium chloride, an
inhibitor of lysosome acidification (needed
for antigen presentation), negatively corre-
lates with eosinophil antigen presentation ac-
tivity (43, 48).

Eosinophils secrete an array of cytokines
(IL-2, IL-4, IL-6, IL-10, IL-12) capable of
promoting T cell proliferation, activation,
and Th1/Th2 polarization (4, 43, 44, 49)
(Figure 1). Recent attention has been drawn
to the ability of murine eosinophils to
produce IL-4. Employing mice with en-
hanced green fluorescent protein (GFP) in the
IL-4 gene locus (4get mice), investigators
have demonstrated that eosinophils are a
primary source of GFP following parasitic
infection or anti-IgD treatment (a strong
Th2 stimulator). Notably, although the IL-
4 gene locus is transcriptionally active in
eosinophils, the amount of IL-4 protein pro-
duction appears to be lower than in T cells
and basophils (50-52). Furthermore, murine
eosinophils promote IL-4,IL-5, and IL-13 se-
cretion by CD4+ T cells (44). Eosinophils can
also regulate T cell polarization through their
synthesis of indoleamine 2,3-dioxygenase
(IDO), an enzyme involved in oxidative
metabolism of tryptophan, converting tryp-
tophan to kynurenines (KYN). KYN regu-
lates Th1 and Th2 imbalance by promoting
Th1 cell apoptosis (53). The eosinophil-
mediated T cell proliferative and cytokine se-
cretion responses are dependent on costimu-
lation. Indeed, blockade of CD80, CD86, and
CTLA-4 by neutralizing antibodies inhibits
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eosinophil-elicited T cell proliferation and
cytokine secretion (45).

Fluorescent labeling studies revealed that
eosinophils instilled into the trachea of mice
traffic into the draining peritracheal lymph
nodes and localize to the T cell-rich paracor-
tical regions (B cell zones) within 24 h (43).
Employing models of allergic airway disease
and gastrointestinal allergy, investigators have
demonstrated that inhalation of antigen pro-
motes eosinophil homing to the draining en-
dotracheal lymph nodes and Peyer’s patches
(44, 54-56).

Interestingly, a recent investigation sug-
gests that eosinophils can only promote pro-
liferation of effector T cells but not naive
T cells (48). Moreover, eosinophils pulsed
with OVA peptide and cocultured with OVA-
specific TCR transgenic T cells (D011.10
T cells) induced effector T cell proliferation;
however, when cocultured with naive CD4*
T cells, no T cell proliferation was observed. It
is tempting to speculate that eosinophils traf-
fic to draining lymph nodes to recruit acti-
vated effector T cells and promote prolifera-
tion of effector T cells.

Mast Cell Regulation

A substantial body of literature has emerged
demonstrating that eosinophils have the
capacity to regulate mast cell function
(Figure 1). Notably, human umbilical cord
blood-derived mast cells can be activated by
MBP to release histamine, PGD-2, GM-CSE,
TNF-«, and IL-8 (57). The activation of
mast cells by MBP elicits not only exocyto-
sis, but also eicosanoid generation and cy-
tokine production, both of which are promi-
nent responses following FceRI-dependent
activation of mast cells (57). Incubation of
rat peritoneal mast cells with native MBP,
EPO, and ECP (but not EDN) results in
concentration-dependent histamine release
(15). Several studies have shown that MBP
induces mast cell activation via a pathway
similar to that observed with other polyba-
sic compounds such as substance P, com-

pound 48/80, and bradykinin (16). Freshly
isolated human lung mast cells are resis-
tant to IgE-independent activation; however,
highly purified lung mast cells cocultured with
human lung fibroblasts are sensitive to IgE-
independentactivation by MBP (57). Interest-
ingly, activation of eosinophils with the mast
cell protease chymase promotes production of
eosinophil-derived stem cell factor, a critical
mast cell growth factor. Eosinophils also pro-
duce nerve growth factor (NGF) (58), a cy-
tokine not only involved in survival and func-
tional maintenance of sympathetic neurons
but also in immune regulation. For example,
NGF promotes mast cell survival and activa-
tion (59, 60). NGF is preformed in eosinophils
and acts in an autocrine fashion by activat-
ing release of EPO (58). EPO activates rat
peritoneal muscles to release histamine, sug-
gesting a role for eosinophil-derived NGF
in mast cell-eosinophil interactions. Thus,
eosinophils and mast cells communicate in a
bidirectional fashion.

EOSINOPHIL DEVELOPMENT

Eosinophils are produced in the bone mar-
row from pluripotential stem cells, which
first differentiate into a hybrid precursor with
shared properties of basophils and eosinophils
and then into a separate eosinophil lineage
(61). Eosinophil lineage specification is dic-
tated by the interplay of at least three classes
of transcription factors, including GATA-1
(a zinc family finger member), PU.1 (an
ETS family member), and C/EBP mem-
bers (CCAAT/enhancer-binding protein fam-
ily) (62-64) (Figure 3). Although these
transcription factors are expressed in a variety
of hematopoietic lineages, their mechanism of
action in eosinophils is unique. In particular,
graded expression of PU.1 specifies distinct
cell lineage fates, with low levels specifying
lymphocytic and high levels myeloid differen-
tiation (65-67). Although GATA-1 and PU.1
antagonize each other’s function in most cell
types, they have synergistic activity in reg-
ulating eosinophil lineage specification (and
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Figure 3

Schematic representation of eosinophil trafficking. Eosinophils develop in the bone marrow, where they
differentiate from hematopoietic progenitor cells into mature eosinophils under the control of critical
transcription factors, especially GATA-1. The eosinophilopoietins IL-3, IL-5, and GM-CSF regulate
eosinophil expansion, especially in conditions of hypereosinophilia. Eosinophil migration out of the bone
marrow into the circulation is primarily regulated by IL-5. Circulating eosinophils subsequently interact
with the endothelium by processes involving rolling, adhesion, and diapedesis. Depending on the target
organ, eosinophils cross the endothelium into tissues by a regulated process involving the coordinated
interaction between networks involving the chemokine eotaxin-1, eosinophil adhesion molecules (x4 31,
437, &m P2, &1.2), and adhesion receptors on the endothelium (MAdCAM-1, VCAM-1, and
ICAM-1). Under homeostatic conditions, eosinophils traffic into the thymus, mammary gland, uterus,
and most prominently into the gastrointestinal tract.

eosinophil granule protein transcription) (67).  transcription factors, GATA-1 is clearly the
The specificity of these factors for eosinophils  most important for eosinophil lineage specifi-
is conserved across species, as C/EBP factors  cation, as revealed by the loss of the eosinophil
and GATA-1 drive differentiation of chicken lineage in mice harboring a targeted dele-
progenitor cells into eosinophils (62). Of these  tion of the high-affinity GATA-binding site in
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Double GATA site. Sequence alignment of the palindromic double GATA high-affinity binding site
identified in a hypersensitivity region of the murine GATA-1 regulatory locus with the dual GATA sites
found in the promoters of three human eosinophil lineage-selective genes, including the human IL-5Ro
gene promoter 1, human MBP promoter 2, and the human CCR3 regulatory exon-1. This figure was
kindly provided by Drs. J. Du and S. Ackerman, University of Illinois, Chicago.

the GATA-1 promoter (68) and by eosinophil
differentiation experiments in vitro (69). In
particular, the specific activity of GATA-1 in
eosinophils but not other GATA-1* lineages
(mast cells, megakaryocytes, and erythroid
cells) appears to be mediated by a high-affinity
palindromic (or double) GATA site (67). This
double GATA site is present in the down-
stream GATA-1 promoter and also in the reg-
ulatory regions of eosinophil-specific genes,
including the eotaxin receptor CC chemokine
receptor-3 (CCR3), MBP, and the IL-5 recep-
tor alpha (IL-5R«) gene (Figure 4), and it ac-
counts for eosinophil-specific gene expression
(67, 68, 70). For example, the tandem double
GATA site in the human MBP-P2 promoter
is required for both promoter activity in hu-
man eosinophil cell lines and for the synergis-
tic transactivation by GATA-1 and PU.1 (67).

Three cytokines, IL-3, IL-5, and GM-
CSE, are particularly important in regulating
eosinophil development (71-74) (Figure 3).
These eosinophilopoietins likely provide per-
missive proliferative and differentiation sig-
nals following the instructive signals spec-
ified by the transcription factors GATA-I,
PU.1, and C/EBPs. These cytokines are en-
coded by closely linked genes on chromo-
some 5q31. They bind to receptors that share
a common beta chain and have unique al-
pha chains (75). Of these three cytokines,
IL-5 is the most specific to the eosinophil
lineage and is responsible for selective differ-
entiation of eosinophils (76). IL-5 also stimu-
lates the release of eosinophils from the bone

marrow into the peripheral circulation (77).
The critical role of IL-5 in the production
of eosinophils is best demonstrated by ge-
netic manipulation of mice. Overproduction
of IL-5 in transgenic mice results in profound
eosinophilia (78-81), and deletion of the IL-5
gene causes a marked reduction of eosinophils
in the blood and lungs after allergen challenge
(82, 83). The overproduction of one or a com-
bination of these three cytokines occurs in
humans with eosinophilia, and diseases with
selective eosinophilia are often accompanied
by overproduction of IL-5 (84). The critical
role of IL-5 in regulating eosinophils in hu-
mans has been demonstrated by several clini-
cal trials with humanized anti-IL-5 antibody;
this currently unapproved drug dramatically
lowers eosinophil levels in the blood and to a
lesser extent in the inflamed lung (85-87).

EOSINOPHIL TRAFFICKING

Under baseline conditions, most eosinophils
traffic into the gastrointestinal tract where
they normally reside within the lamina pro-
pria of all segments except the esophagus (88)
(Figure 3). The gastrointestinal eosinophil is
the predominant population of eosinophils.
Under baseline conditions, eosinophil lev-
els in the gastrointestinal tract occur inde-
pendently of lymphocytes and enteric flora,
indicating unique regulation compared with
other leukocytes (88). Indeed, the recruitment
of gastrointestinal eosinophils is regulated
by the constitutive expression of eotaxin-1,
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as demonstrated by the marked decrease of
this population of eosinophils in eotaxin-1-
deficient mice. The importance of eotaxin-1
in regulating the baseline level of eosinophils
is reinforced by the observation that mice
with the targeted deletion of CCR3 (but not
eotaxin-2-deficient mice) also have a defi-
ciency in gastrointestinal eosinophils (89, 90).
In addition to trafficking into the gastroin-
testinal tract, under homeostatic conditions,
eosinophils home into the thymus, mammary
gland, and uterus, also under the regulation of
eotaxin-1 (40, 91) (Figure 3). Of note, traf-
ficking into the uterus is regulated by estro-
gen, as eosinophil and eotaxin-1 levels cycle
along with estrus (29).

The trafficking of eosinophils into in-
flammatory sites involves a number of cy-
tokines (in particular, Th2 and endothelial
cell products IL-4, IL-5, and IL-13) (92-94),
adhesion molecules (e.g., B1-, 32-, and B7-
integrins) (95), chemokines (e.g., RANTES
and the eotaxins) (96), and other recently
identified molecules (e.g., acidic mammalian
chitinase) (97). Tissue eosinophils likely can
survive for at least two weeks based on in
vitro observations (92). Of the cytokines im-
plicated in modulating leukocyte recruitment,
only IL-5 and the eotaxins selectively reg-
ulate eosinophil trafficking (98). IL-5 regu-
lates growth, differentiation, activation, and
survival of eosinophils and provides an es-
sential signal for the expansion and mobiliza-
tion of eosinophils from the bone marrow
into the lung following allergen exposure (77).
However, antigen-induced tissue eosinophilia
can occur independently of IL-5, as demon-
strated by residual tissue eosinophils in trials
using anti-IL-5 in patients with asthma (86)
and using IL-5-deficient mice (82, 99). Re-
cent studies have demonstrated an important
role for the eotaxin subfamily of chemokines
in eosinophil recruitment to the lung (96).

Eotaxin was initially discovered using a bi-
ological assay in guinea pigs designed to iden-
tify the molecules responsible for allergen-
induced eosinophil accumulation in the lungs
(98, 100, 101). Subsequently, using genomic
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analyses, two additional chemokines were
identified in the human genome that en-
code for CC chemokines with eosinophil-
selective chemoattractant activity and have
thus been designated eotaxin-2 and eotaxin-
3 (96). Eotaxin-2 and eotaxin-3 are only dis-
tantly related to eotaxin-1 because they are
only ~30% identical in sequence and are lo-
cated in a different chromosomal position
(102, 103). The specific activity of all eo-
taxins is mediated by the selective expres-
sion of the seven-transmembrane spanning,
G protein—coupled receptor CCR3, primarily
expressed on eosinophils (104-106). Notably,
the eotaxin chemokines cooperate with IL-5
in the induction of tissue eosinophilia. IL-5
increases the pool of eotaxin-responsive cells
and primes eosinophils to respond to CCR3
ligands (96). Furthermore, when given exoge-
nously, eotaxins cooperate with IL-5 to induce
substantial production of IL-13 in the lung
(96). The finding that IL-4 and IL-13 are po-
tent inducers of the eotaxin chemokines by a
STAT6-dependent pathway provides an inte-
grated mechanism to explain the eosinophilia
associated with Th2 responses (96). Recent
studies have identified that eosinophil recruit-
ment to the lung is dependent on STAT6
and a bone marrow-derived lung tissue res-
ident non-T or non-B cell (51); in particular,
eotaxin-2 production by airway macrophages
likely accounts for this (90, 107). Of fur-
ther interest, recently CCR3 has been shown
also to deliver a powerful negative signal
in eosinophils, depending on the ligand en-
gaged. For example, pretreatment with the
chemokine Mig inhibits eosinophil responses
by a CCR3- and Rac2-dependent mechanism
(108).

Using eotaxin-1 and eotaxin-2 single- and
double-gene-deficient mice or neutralizing
antibodies, investigators have shown that both
chemokines have nonoverlapping roles in reg-
ulating the temporal and regional distribu-
tion of eosinophils in an allergic inflam-
matory site (90, 109, 110). In a standard
experimental asthma model induced by sys-
temic sensitization with OVA/alum followed
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by respiratory OVA challenge, only a mod-
est reduction in lung eosinophils was found
in CCR3-deficient mice (89). However, when
the same CCR3-deficient mouse line was sub-
jected to experimental asthma induction by
epicutaneous OVA sensitization, there was a
marked deficiency of lung and bronchoalve-
olar lavage eosinophils (111). It was pro-
posed that these apparently conflicting re-
sults may be related to the sensitization
protocol (111), but the reason for this ap-
parent discrepancy remains unclear. Notably,
another CCR3-deficient mouse strain has re-
cently been shown to have a profound reduc-
tion in eosinophil recruitment to the lung in
the standard OVA/alum systemic sensitization
model (107).

Substantial preclinical evidence now sup-
ports a role for the eotaxin chemokines in
human allergic disease (96). Experimental
induction of cutaneous and pulmonary late-
phase responses in humans has revealed that
the eotaxin chemokines are produced by tis-
sue resident cells (e.g., respiratory epithe-
lial cells and skin fibroblasts) and allergen-
induced infiltrative cells (e.g., macrophages
and eosinophils). Following allergen chal-
lenge in the human lung, eotaxin-1 is induced
early (6 h) and correlates with early eosinophil
recruitment; in contrast, eotaxin-2 correlates
with eosinophil accumulation at 24 h (96). In
another study, eotaxin-1 and eotaxin-2 mRNA
was increased in patients with asthma com-
pared with normal controls; however, there
was no further increase following allergen
challenge (96). In contrast, eotaxin-3 mRNA
was dramatically enhanced 24 h after allergen
challenge (96). The chemoattractant activity
of the bronchoalveolar lavage fluid from pa-
tients with asthma is inhibited by antibodies
against RANTES, MCP (monocyte chemoat-
tractant protein)-3, MCP-4, and eotaxin-1
(96). Further support for an important role
of eotaxin-1 in human asthma is derived from
analysis of a single nucleotide polymorphism
(SNP) in the eotaxin-1 gene. A naturally oc-
curring mutation encoding for a change in
the last amino acid in the signal peptide

(alanine— threonine) results in less effective
cellular secretion of eotaxin-1 in vitro and
in vivo (112). Notably, this SNP is associated
with reduced levels of circulating eotaxin-1
and eosinophils and improved lung function
(e.g., FEVI) (112). Furthermore, a SNP in
the eotaxin-3 gene is associated with atopy in
a Korean population (113). Recently, the ac-
tivity of eotaxin-1 and eotaxin-2 in humans
has been investigated by injection of these
chemokines into the skin of humans; both
eotaxin-1 and eotaxin-2 induce an immedi-
ate wheal and flare response associated with
mast cell degranulation and subsequent infil-
trations by eosinophils, basophils, and neu-
trophils (114). The infiltration by neutrophils
is likely to be mediated indirectly by the mast
cell degranulation. These results provide sub-
stantial evidence that the biological activities
attributed to eotaxins in animals are conserved
in humans.

Eosinophils express numerous adhesion
molecules, and most attention has focused
on their highly expressed integrins, includ-
ing o437, the CD18 family of molecules (32-
integrins), and the very late antigen (VLA)-
4 molecules (f1-integrins) (95) (Figure 1).
The CD18 family of molecules includes lym-
phocyte function antigen (LFA)-1 and Mac-1
that interact with endothelial cells via inter-
cellular adhesion molecule (ICAM)-1. VLA-
4 interacts with endothelium via vascular cell
adhesion molecule (VCAM)-1, as well as fi-
bronectin. The a4f3; integrin interacts with
the mucosal addressin cell adhesion molecule
(MAJCAM)-1 expressed by vascular endothe-
lium in the intestinal tract. These integrins
have variable roles in eosinophil trafficking
during inflammation, but the role of specific
adhesion molecules in the baseline homing of
eosinophils into the gastrointestinal tract has
yet to be elucidated. For example, in 37 gene-
targeted mice, there is a delay and reduced
magnitude in the development of intestinal
eosinophilia following Tiichinella spiralis in-
fection (115) and when the eotaxin-1 intestine
transgene is expressed, but no changes in the
baseline level of small intestine eosinophils
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(81). Analysis of anti-B1-treated mice or
VLA-4-deficient mice has shown the critical
participation of this family of molecules in
regulating eosinophil homing to the allergic
lung (116-118). Indeed, eotaxin-1-stimulated
eosinophils have increased expression and
avidity of VLA-4 (119). It has also become
clear that engagement of eosinophil adhe-
sion molecules with their ligands not only
induces a proadhesive pathway, but also ac-
tivates expression of a series of proinflamma-
tory genes within eosinophils, including GM-
CSE, that then propagate eosinophil survival
by a paracrine pathway.

Numerous other pathways for regulat-
ing eosinophil accumulation and traffick-
ing are operational in various inflammatory
models. However, recently several lines of
evidence have focused attention on the im-
portance of arachidonic acid metabolites, es-
pecially leukotriene B4 (LTB4), the cysteinyl
leukotrienes (LT'C4, LTCD4, and LTE4),
and prostaglandin (PG) D2. Notably, cys-
teinyl leukotriene type 1 receptor antagonists
(now approved for asthma therapy) reduce
blood and lung eosinophilia. Mice with the
targeted deletion of the ITB4 receptor also
have markedly reduced allergen-induced lung
eosinophilia (120). Furthermore, eosinophils
express high levels of a high-affinity PGD2
type 2 receptor. Interestingly, this receptor
is also expressed by basophils and Th2 cells
[and is now designated chemoattractant re-
ceptor Th2 cells (CRTH2)] and appears to
co-mediate Th2 cell and eosinophil/basophil
recruitment (121). Eosinophils have recently
also been shown to express high levels of
the histamine receptor 4 (H4) that mediates
eosinophil chemoattraction and activation
in vitro (122).

ROLE OF EOSINOPHILS IN
DISEASE

Infections

The beneficial function of eosinophils has
been primarily attributed to their ability to
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defend the host against parasitic helminths.
This is based on several lines of evidence, in-
cluding (#) the ability of eosinophils to me-
diate antibody- (or complement-) dependent
cellular toxicity against helminths in vitro
(27), (b) the observation that eosinophil lev-
els increase during helminthic infections and
that eosinophils aggregate and degranulate
in the local vicinity of damaged parasites
in vivo, and (¢) the results in experimental par-
asite infected mice that have been depleted
of eosinophils by IL-5 neutralization and/or
gene targeting (123). Murine studies are par-
ticularly problematic because mice are not
the natural hosts of many of the experimental
parasites; nevertheless, in some primary in-
fection models, a role for IL-5 in protective
immunity has been suggested following infec-
tion with Strongyloides venezuelensis, Strongy-
loides ratti, Nippostrongyloides brasiliensis, and
Heligmosomoides polygyrus (123, 124). These
in vivo studies need to be interpreted with
caution because IL-5 neutralization may have
effects on other IL-5 receptor bearing cells
(including murine B cells, human basophils,
and possibly human respiratory smooth mus-
cle cells) (76, 125-127). Other approaches,
including analysis of CCR3- and eotaxin-1-
deficient mice, have recently demonstrated
a role for eosinophils in the encystment of
larvae in Trichinella spiralis and in control-
ling the Brugia malayi microfilariae, respec-
tively (128, 129). Perhaps analysis of the
recently generated eosinophil-deficient mice
following experimental parasitic infection will
provide further compelling evidence that
eosinophils participate in host defense against
parasites. Thus, although the debate contin-
ues, it seems likely that eosinophils participate
in the protective immunity against selected
helminths.

Evidence is emerging that eosinophils may
also have a protective role in other infections,
especially against RNA viruses such as respi-
ratory syncytial virus (RSV) and the related
natural rodent pathogen, pneumonia virus
of mice (PVM), in vivo (13, 130). Notably,
eosinophil granule proteins include abundant
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ribonucleases [such as human ECP and EDN,
and at least 11 eosinophil-associated ribonu-
clease (EAR) orthologs in mice] that degrade
single-stranded RINA containing viruses (13).
In fact, ECP and EDN are the most divergent
coding sequences in the entire human genome
(compared with other primates) (13). Despite
their divergence, they have conserved ribonu-
clease activity across species, strongly impli-
cating evolutionary pressure to preserve this
critical enzymatic activity.

Asthma

Elevated levels of eosinophil granule pro-
teins (e.g., MBP) have been found in bron-
choalveolar lavage fluid from patients with
asthma, and importantly these concentrations
are sufficient to induce cytotoxicity of a vari-
ety of host tissue, including respiratory ep-
ithelial cells in vitro (3). Direct degranula-
tion of mast cells and basophils, triggered by
MBBP, is thought also to be involved in dis-
ease pathogenesis (3). In addition to being cy-
totoxic, MBP directly increases smooth mus-
cle reactivity by causing dysfunction of vagal
muscarinic M2 receptors, which is thought
to contribute to the development of airway
hyperreactivity (AHR), a cardinal feature of
asthma (131). Additionally, eosinophils gener-
ate large amounts of the cysteinyl leukotrienes
(132). Of note, eosinophil granule proteins
contain all the biochemical machinery neces-
sary to synthesize cysteinyl leukotrienes (132).
These mediators lead to increased vascular
permeability and mucus secretion and are po-
tent smooth muscle constrictors. Indeed, in-
hibitors of cysteinyl leukotrienes are effective
therapeutic agents for the treatment of aller-
gic airway disease.

Multiple studies employing experimental
models of asthma (primarily in mice, guinea
pigs, and monkeys) have demonstrated that
neutralization of IL-5 can block various as-
pects of asthma (82, 133). Although extensive
investigations have implicated the eosinophil
as a central effector cell in asthma and an
important clinical target for the resolution

of this disease, the role of this granulo-
cyte in the development and exacerbation
of asthma pathogenesis has been controver-
sial. This controversy stems in part from
distinctions between human asthma and ex-
perimental murine models of asthma. For ex-
ample, in contrast to human asthma, mice
with eosinophil lung disease triggered by al-
lergens or helminthic infection have variable
levels of eosinophil degranulation (50, 134). In
experimental models, inhibition of the actions
of IL-5 consistently suppresses pulmonary
eosinophilia in response to antigen inhala-
tion; however, this effect does not always cor-
relate with a reduction of AHR (135). This
dichotomy is highlighted by findings in aller-
gicIL-5-deficient mice of the C57BL/6 strain
(82) that do not develop antigen-induced
AHR, whereas IL-5-deficient BALB/c mice
develop enhanced reactivity independent of
this factor (136). Although eosinophil traf-
ficking to the allergic lung is profoundly at-
tenuated in IL-5-deficient mice or in those
treated with anti-IL-5 antibodies in com-
parison to wild-type responses (137-139), a
marked residual tissue eosinophilia can per-
sist in these mice after allergen inhalation (82,
140, 141). Furthermore, the degree of resid-
ual tissue eosinophilia is under genetic regu-
lation, as lung eosinophilia is 10- to 100-fold
greater in the BALB/c strain, where AHR
persists, compared with the C57BL/6 strain,
where AHR is abolished in the absence of IL-5
(82,99, 138).

Studies with transgenic mice overexpress-
ing IL-5 (in T cells, lung epithelial cells, or
enterocytes) have demonstrated that overex-
pression of IL-5 is sufficient for the develop-
ment of eosinophilia (78-81, 142); however,
elevated levels of eosinophils are not uni-
versally associated with the development of
asthma-like changes in the lung. Indeed,
clinical studies in patients have shown that
AHR correlates with mast cell localiza-
tion near pulmonary nerves, whereas pul-
monary eosinophilia relates more strongly
with chronic cough (143). However, deple-
tion of murine eosinophils (by administration
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Airway remodeling:
microscopic changes
(e.g., goblet cell
metaplasia, collagen
deposition, smooth
muscle hyperplasia)
in the lungs
associated with
functional alterations
in lung function

PHIL mice:
genetically
engineered
cosinophil-deficient
mice produced by
insertion of the
diphtheria toxin A
chain into the EPO
gene locus

Adbl-GATA-1
mice: genetically
engineered
eosinophil-deficient
mice produced by
deleting the
high-affinity double
GATA site in the
GATA-1 promoter

of complement-fixing antibodies against
CCR3) has demonstrated an important role
for eosinophils in the development of asthma-
associated AHR (144); a role for other
CCR3* cells was not ruled out, but there
was no evidence for CCR3 expression by
non-eosinophils (144). Accordingly, a human-
ized antibody against IL-5 has recently been
tested for asthma (85). In the early studies
with this reagent, patients with mild to mod-
erate asthma were shown to have a drop in
their circulating and sputum eosinophil lev-
els (85); however, no clinical benefit (e.g., im-
provement in FEV1) was demonstrated. This
result prompted some investigators to con-
clude that eosinophils were not effector cells
in human asthma (85); however, the anti-IL-
5 study was not properly designed to address
the efficacy of this drug (145). In support of
these preclinical studies, a very recent study
has demonstrated that anti-IL-5 in humans
blocks lung eosinophil recruitment by only
55% (146), providing evidence that accessory
molecules (in addition to IL-5) regulate lung
eosinophilia. Thus, anti-IL-5 treatment does
not completely resolve tissue eosinophilia in
the allergic lung, and therefore this cell may
still contribute to disease pathogenesis even in

Table 1 Effect of eosinophil depletion on experimental asthma

parameters®

Mouse line PHIL Adbl-GATA

Asthma parameter
BALF eosinophils + +
Lung tissue eosinophils + +
BALF mononuclear cells NE NE
AHR + NE
Mucus production + NE
Collagen deposition ND +
Th2 antibody production ND NE
Th2 cytokines + NE

*If the genetic manipulation of the mouse resulted in protection from or

reduction in severity of the asthma parameter, the parameter is labeled with a

“+7.If there was no change in the asthma parameter between the genetically

modified mouse and wild-type control mice, the parameter is labeled with

“NE” for no effect. If the asthma parameter was not measured, the parameter is
labeled with “ND” for not determined.
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the presence of IL-5 neutralization. With the
discovery of the eotaxins, and the finding that
IL-5 cooperates with eotaxins in regulating
eosinophil tissue recruitment, it became criti-
cal to determine if the lack of efficacy of anti-
IL-5 in humans was related to the inability
of this drug to block eosinophil tissue recruit-
mentor to the noneffector role of eosinophils.
One possibility is that local chemokine sys-
tems (eotaxins) can operate independently of
IL-5 to recruit eosinophils into the allergic
lung. Studies with eotaxin-1 gene-targeted
mice, IL-5 gene-targeted mice, and eotaxin-
1/IL-5 double-gene-targeted mice have re-
vealed an independent and synergistic role for
both of these molecules in regulating the tis-
sue level of eosinophils in the asthmatic lung
and in the induction of AHR (139). Although
early studies with anti-IL-5 in human asthma
have continued to find no improvement in
airflow measurements (FEV1), pathological
markers of chronic airway remodeling (e.g.,
deposition of tenascin, procollagen I11, and lu-
mican) are improved by anti-IL-5 (146). De-
creased levels of TGF-p in the bronchoalveo-
lar lavage fluid following anti-IL-5 treatment
have been found, suggesting that eosinophil-
derived TGF- regulates lung remodeling. In
support for a role of eosinophils in the patho-
genesis of human asthma, a very recent study
has demonstrated improved clinical outcome
when asthma treatment decisions are based on
monitoring sputum eosinophil counts rather
than conventional guidelines from the British
Thoracic Society (147).

Recently, two different lines of eosinophil-
deficient mice were developed (see Table 1
and Eosinophil-Deficient Mice). Lee et al.
(148) targeted the depletion of eosinophils
by using an eosinophil-specific promoter to
drive expression of a cytocidal protein, diph-
theria toxin A chain. The eosinophil-deficient
character of these mice (called PHIL mice)
was assessed by examination of peripheral
blood and by immunohistochemistry of tis-
sues with abundant resident populations (e.g.,
bone marrow, uterus, small intestine, and thy-
mus) using antibodies specific for eosinophil
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granule proteins. In comparison, Yu et al.
(68) developed mice harboring a deletion
of a high-affinity GATA-binding site in the
GATA-1 promoter (Adbl-GATA) which led
to the specific ablation of the eosinophil
lineage. RT-PCR analysis of gene expres-
sion in the bone marrow of the Adbl-GATA
mice revealed no expression of EPO, but ex-
pression of MBP was only partially reduced
and CCR3 expression remained unchanged.
Nevertheless, eosinophil deficiency in these
mice was verified by morphological observa-
tion of cells from the blood, bone marrow,
and spleen. Using both lines of eosinophil-
deficient mice, eosinophils were shown to
have an integral role in experimental allergic
asthma. However, their specific contribution
toward allergen-induced AHR and mucus cell
metaplasia was different (Table 1). Perhaps
Adbl-GATA mice have residual eosinophils
or unappreciated hematological abnormali-
ties, or alternatively, diptheria toxin treat-
ment of PHIL mice may induce toxic effects
on noneosinophils; these and other expla-
nations for the distinct results will hope-
fully be uncovered soon. It should be noted
that Adbl-GATA mice had impaired devel-
opment of lung remodeling in a chronic
model of asthma, consistent with the results
of anti-IL-5 in patients with asthma. Taken
together, compelling evidence now exists that
eosinophils are prominent effector cells in
eliciting multiple parameters of experimental
asthma.

Gastrointestinal Disorders

The accumulation of eosinophils in the
gastrointestinal tract is a common feature
of numerous disorders, such as drug reac-
tions, helminth infections, hypereosinophilic
syndromes, eosinophilic gastroenteritis, al-
lergic colitis, inflammatory bowel disease,
and gastroesophageal reflux disease (150).
A subset of these diseases, referred to as
primary eosinophil-associated gastrointesti-
nal disorders (EGID), includes eosinophilic
esophagitis (EE), eosinophilic gastritis, and

Eosinophil-Deficient Mice

Two different lines of eosinophil-deficient mice have re-
cently been developed. One group targeted the depletion of
eosinophils using an eosinophil-specific promoter (the EPO
gene) to drive expression of a cytocidal protein diphtheria
toxin A (13). These mice (called PHIL) are protected from
the development of AHR in a model of experimental asthma.
Another group developed mice harboring a deletion of
the high-affinity GATA-binding site in the GATA-1 pro-
moter (Adbl-GATA); this led to the specific ablation of the
eosinophil lineage even when these mice were crossed with
IL-5 transgenic mice (48). The Adbl-GATA mice are pro-
tected from features of airway remodeling but not AHR in
an experimental model of asthma. It is anticipated that these
newly generated eosinophil-deficient mouse lines will trans-
form eosinophil research over the next decade, especially be-
cause the Adbl-GATA mice are now commercially available

from Jackson Laboratories, Inc.

eosinophilic gastroenteritis. These are hyper-
sensitivity disorders that lie in the middle
of a spectrum ranging from anaphylaxis to
Celiac disease (150). EGID usually occurs in-
dependently of peripheral blood eosinophilia,
indicating the significance of gastrointestinal-
specific mechanisms for regulating eosinophil
levels. Indeed, in murine models of EGID, a
definitive role for eosinophils and eotaxin-1
has been demonstrated. Notably, eosinophils
are frequently associated near damaged en-
teric nerves, and indeed eotaxin-1-deficient
mice are protected from this feature of disease.
EE is distinguished from gastroesophageal re-
flux disease by several important differences,
including the relatively higher prevalence of
atopy, dysphagia, male gender, familial inher-
itance, degree of proximal esophagitis, and
intensity of esophageal pathology [e.g., ep-
ithelial hyperplasia and eosinophil density
(generally >24 eosinophils/high power field)]
(150). Consistent with the high rate of atopic
respiratory disease in patients with EE, ex-
perimental EE develops in mice following
respiratory allergen exposure or following
intratracheal IL-13 delivery (151). These
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results establish an intimate immunological
connection between the lung and esophagus.
The epithelial hyperplasia associated with
EE and the level of esophageal eosinophils
is attenuated in IL-5-deficient mice (152),
providing strong evidence that eosinophils
are effector cells in this gastrointestinal dis-
ease. Indeed, a recent preliminary evalu-
ation of humanized anti-IL-5 in patients
with EE demonstrates lowering of esophageal
eosinophil levels. Supporting a connection
between allergic responses in the lung
and gastrointestinal tract, eotaxin-1 intes-
tine transgenic mice not only develop intesti-
nal eosinophilia but also AHR by an IL-13-
dependent mechanism (153). Thus, increased
expression of eotaxin-1 in the gastrointesti-
nal compartment can lead to increased CD4*
T cell-derived Th2 lymphocyte-cytokine
production that drives aberrant immuno-
physiological responses in distant nonin-
flamed mucosal tissue (the lung). These
results provide a possible explanation for
the altered lung function seen in some
patients with inflammatory gastrointestinal
disorders.

ANTI-EOSINOPHIL
THERAPEUTICS

Numerous drugs inhibit eosinophil produc-
tion or eosinophil-derived products. They
include glucocorticoids, myelosuppressive
drugs, leukotriene synthesis or receptor an-
tagonists, tyrosine kinase inhibitors, IFN-«,
and humanized anti-IL-5 antibodies. The eti-
ology of the primary disease often specifies
the best therapeutic strategy. For example,
a subset of patients with hypereosinophilic
syndrome have an 800-kb interstitial dele-
tion on chromosome 4 (4q12) that results in
the fusion of an unknown gene FIPILI with
the platelet-derived growth factor receptor-o
(PDGFRA) gene (154, 155). This fusion gene
produces a constitutively active tyrosine ki-
nase (PDGFRA) that is exquisitely sensitive to
the inhibitor imatinib mesylate, which is now
approved for the treatment of several malig-
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nancies (Gleevec™). Although PDGFRA is
notnormally active in hematopoietic cells, the
activated kinase renders cells growth factor
independent, perhaps by activating STATS
signal transduction. Thus, eosinophilic pa-
tients with FIPILI-PDGFRA* disease are
now treated with Gleevec ™ as first-line ther-
apy (156). In addition, a variety of other
activated tyrosine kinases have just been as-
sociated with hypereosinophilic syndromes,
including PDGFRB, Janus kinase-2, and
fibroblast growth factor receptor-1.

In most other individuals, glucocorticoids
are the most effective agents for reducing
eosinophilia (3). They suppress the transcrip-
tion of a number of genes for inflammatory
mediators, including the genes for IL-3, IL-4,
IL-5, GM-CSF, and various chemokines in-
cluding the eotaxins. Recently, the main ac-
tion of glucocorticoids on eosinophil-active
cytokines has been shown to involve mRNA
destabilization, thus reducing the half-life
of cytokines such as eotaxins (157). In ad-
dition, glucocorticoids inhibit the cytokine-
dependent survival of eosinophils (158).
Systemic or topical (inhaled or intranasal)
glucocorticoid treatment typically causes a
rapid reduction in eosinophils, but some pa-
tients are glucocorticoid resistant and main-
tain eosinophilia despite high doses (159).
The mechanism of glucocorticoid resistance
is unclear, but a reduced level of gluco-
corticoid receptors and alterations in tran-
scription factor activator protein (AP)-1 ap-
pear to be at least partially responsible
(159).

Glucocorticoid-resistant patients some-
times require other therapy such as myelo-
suppressive drugs (hydroxyurea, vincristine)
or IFN-« (3). IFN-o can be especially help-
ful because it inhibits eosinophil degranu-
lation and effector function (160). Notably,
patients with myeloproliferative variants
of hypereosinophilic syndrome can often go
into remission with IFN-« therapy. Cyclo-
philins (e.g., cyclosporine A) have also been
used because they block the transcription of
numerous eosinophil-active cytokines (e.g.,



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

IL-5, GM-CSF) (3). Recently, lidocaine has
been shown to shorten eosinophil survival,
and its effects mimic those of glucocorticoids
and are noncytotoxic (161). Indeed, an early
clinical trial has shown that nebulized lido-
caine is safe and effective in subjects with
asthma (162).

Drugs that interfere with eosinophil
chemotactic signals include recently approved
leukotriene antagonists and inhibitors. 5-
lipoxygenase inhibition (e.g., zileuton) blocks
the rate-limiting step in leukotriene synthesis
and inhibits the generation of the eosinophil
chemoattractant, LTB4, and the cysteinyl
leukotrienes (163). Cysteinyl leukotriene re-
ceptor antagonists block the muscle con-
traction and increased vascular permeability
mediated by leukocyte-derived leukotrienes
(164). Some of the third generation antihis-
tamines inhibit the vacuolization (165) and
accumulation (166) of eosinophils after aller-
gen challenge and directly inhibit eosinophils
in vitro (165, 167). Cromoglycate and ne-
docromil inhibit the effector function of
eosinophils, such as antibody-dependent cel-
lular cytotoxicity (167).

Theidentification of molecules that specif-
ically regulate eosinophil function and/or pro-
duction offers new therapeutic strategies in
the pipeline. Agents that interrupt eosinophil
adhesion to the endothelium through the in-
teraction of CD18/ICAM-1 (168) or VLA-4
/VCAM-1 may be useful (169, 170). Indeed,
antibodies that block these pathways have re-
cently been approved for other diseases, but
their anti-eosinophil activity has yet to be de-
termined (171). Antibodies against IL-5, now
humanized by two different pharmaceutical
companies, are under active clinical investi-
gation (172, 173). Although their utility for
asthma may be limited owing to redundant
pathways, anti-IL-5 is particularly promising
for hypereosinophilic syndromes. Numerous
inhibitors of the eotaxin/CCR3 pathway, in-
cluding small molecule inhibitors of CCR3
and a human anti-eotaxin-1 antibody, are be-
ing developed (96). Early results with a phase
I trial of human anti-eotaxin-1 antibody in

patients with allergic rhinitis have demon-
strated the ability of this apparently safe drug
to lower levels of nasal eosinophils and to im-
prove nasal patency (96). Anti-human I1.-13
antibody is now in preclinical trials (174) and
looks promising for lowering tissue eosinophil
levels. Finally, a recently identified eosinophil
surface molecule Siglec-8 may offer a thera-
peutic opportunity (175). Siglec-8 is a mem-
ber of the sialic acid-binding lectin family and
contains I'TIMs (immunoreceptor tyrosine-
based inhibitory motifs) that can induce ef-
ficient eosinophil apoptosis when engaged by
anti-Siglec-8 crosslinking antibodies. Siglec-
8 as well as CCR3 and CRTH2 are coex-
pressed by other cells involved in Th2 re-
sponses, including Th2 cells, mast cells, and
basophils. Thus, agents that block these re-
ceptors may be particularly useful for allergic
disorders.

PERSPECTIVE

Historically, eosinophils have been consid-
ered end-stage cells involved in host pro-
tection against parasites. However, numer-
ous lines of evidence have now changed
this perspective by showing that eosinophils
are pleiotropic multifunctional leukocytes in-
volved in initiation and propagation of diverse
inflammatory responses, as well as modula-
tors of adaptive immunity by directly acti-
vating T cells. As normal constituents of the
mucosal immune system, particularly in the
gastrointestinal tract, eosinophils are likely
to have a physiological function. Indeed,
eosinophils have been implicated in innate
immunity by being an early and possibly in-
strumental source of cytokines (e.g., IL-4)
and have a role in developmental processes
such as mammary gland development. Anal-
ysis of recently generated genetically engi-
neered eosinophil-deficient mice will soon an-
swer critical questions concerning the true
involvement of this cell type in a variety of
processes. Breakthroughs in identifying key
eosinophil regulatory cytokines such as IL-5
and the eotaxin subfamily of chemokines
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have uncovered mechanisms that selectively
regulate eosinophil production and localiza-
tion at baseline and during inflammatory
responses. In particular, an integrated mecha-
nism involving Th2 cell-derived IL-5 regulat-
ing eosinophil expansion in the bone marrow

and blood and Th2 cell-derived IL-13 reg-

ulating eotaxin production now explains the
means by which T cells regulate eosinophils.
Based on these findings, targeted therapy
against key eosinophil regulators (e.g., hu-
manized anti-IL-5 and CCR3 antagonists)
will likely transform medical management of
eosinophilic patients.

DISCLOSURE STATEMENT

M.R. has consulted on an advisory board for GlaxoSmithKline, received stock and an honorar-
ium for consulting for Ception Therapeutics, received a speaker’s honorarium from Merck and
Tanox, and has consulted and received a research grant from Cambridge Antibody Technology.

ACKNOWLEDGMENTS

Dr. Rothenberg’s laboratory is indebted to the following grants and/or organizations that
have partly financed the work presented in this review: NIAID RO1 AI045898, NIAID RO1
AI057803, NHLBI P01 HL076383, FDA FD-R-002313, the Campaign Urging Research for
Eosinophilic Disorders (CURED), and the Burroughs Wellcome Fund. The authors thank
numerous instrumental colleagues who have contributed to the ideas formulated in this review,
including Drs. K. Frank Austen, Fred Finkelman, Paul Foster, Ian Young, Nives Zimmermann,
Anil Mishra, Steven Ackerman, James Lee, and Gerald Gleich, the dedicated laboratory work-
ers, and Andrea Lippelman for editorial assistance. The authors are grateful to Drs. Jamie and
Nancy Lee, Craig Gerard, and Alison Humbles for sharing their innovative reagents, and to the
International Eosinophil Society that recently hosted a meeting where some of the information
in this review was formulated.

LITERATURE CITED

1. Gleich GJ, Loegering DA. 1984. Immunobiology of eosinophils. Annu. Rev. Immunol.
2:429-59

2. Weller PF. 1994. Eosinophils: structure and functions. Curr: Opin. Immunol. 6:85-90

. Rothenberg ME. 1998. Eosinophilia. N. Engl. 7. Med. 338:1592-600

4. Kita H. 1996. The eosinophil: a cytokine-producing cell? 7. Allergy Clin. Immunol. 97:889—-
92

5. Gleich GJ, Adolphson CR. 1986. The eosinophilic leukocyte: structure and function. Adv.
Immunol. 39:177-253

6. Tai P-C, Hayes DJ, ClarkJB, Spry CJF. 1982. Toxic effects of eosinophil secretion products
on isolated rat heart cells in vitro. Biochem. J. 204:75-80

7. Venge P, Dahl R, Hallgren R, Olsson I. 1980. Cationic proteins of human eosinophils and

w

their role in the inflammatory reaction. In The Eosinophil in Health and Disease, ed. AAF
Mahmoud, KF Austen, pp. 1131-42. New York: Grune & Stratton

8. Frigas E, Loegering DA, Gleich GJ. 1980. Cytotoxic effects of the guinea pig eosinophil
major basic protein on tracheal epithelium. Lab. Invest. 42:35-43

9. Gleich GJ, Frigas E, Loegering DA, Wassom DL, Steinmuller D. 1979. The cytotoxic
properties of the eosinophil major basic protein. 7. Immunol. 123:2925

10. Young JD, Peterson CG, Venge P, Cohn ZA. 1986. Mechanism of membrane damage

mediated by human eosinophil cationic protein. Nature 321:613-16

Rothenberg o Hogan



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Slifman NR, Loegering DA, McKean DJ, Gleich GJ. 1986. Ribonuclease activity as-
sociated with human eosinophil-derived neurotoxin and eosinophil cationic protein. 7.
Immunol. 137:2913-17

Gleich GJ, Loegering DA, Bell MP, Checkel JL, Ackerman SJ, McKean DJ. 1986.
Biochemical and functional similarities between human eosinophil-derived neurotoxin
and eosinophil cationic protein: homology with ribonuclease. Proc. Natl. Acad. Sci. USA
83:3146-50

Rosenberg HF, Domachowske JB. 2001. Eosinophils, eosinophil ribonucleases, and
their role in host defense against respiratory virus pathogens. 7. Leukoc. Biol. 70:691—
98

Venge P, Bystrom J, Carlson M, Hakansson L, Karawacjzyk M, et al. 1999. Eosinophil
cationic protein (ECP): molecular and biological properties and the use of ECP as a marker
of eosinophil activation in disease. Clin. Exp. Allergy 29:1172-86

Zheutlin LM, Ackerman SJ, Gleich GJ, Thomas LL. 1984. Stimulation of basophil and rat
mast cell histamine release by eosinophil granule-derived cationic proteins. 7. Immunol.
133:2180-85

Piliponsky AM, Pickholtz D, Gleich GJ, Levi-Schaffer F. 2001. Human eosinophils induce
histamine release from antigen-activated rat peritoneal mast cells: a possible role for mast
cells in late-phase allergic reactions. 7. Allergy Clin. Immunol. 107:993-1000

Jacoby DB, Costello RM, Fryer AD. 2001. Eosinophil recruitment to the airway nerves.
7. Allergy Clin. Immunol. 107:211-18

Morgan RK, Costello RW, Durcan N, Kingham PJ, Gleich GJ, etal. 2005. Diverse effects
of eosinophil cationic granule proteins on IMR-32 nerve cell signalling and survival. 47z
7. Respir. Cell Mol. Biol. 33:169-77

Agosti JM, Altman LC, Ayars GH, Loegering DA, Gleich GJ, Klebanoff SJ. 1987. The
injurious effect of eosinophil peroxidase, hydrogen peroxide, and halides on pneumocytes
in vitro. f. Allergy Clin. Immunol. 79:496-504

Wu W, Chen 'Y, Hazen SL. 1999. Eosinophil peroxidase, nitrates, protein tyrosyl residues.
Implications for oxidative damage by nitrating intermediates in eosinophilic inflammatory
disorders. 7. Biol. Chem. 274:25933-44

MacPherson JC, Combhair SA, Erzurum SC, Klein DF, Lipscomb MF, et al. 2001.
Eosinophils are a major source of nitric oxide-derived oxidants in severe asthma: Charac-
terization of pathways available to eosinophils for generating reactive nitrogen species. 7.
Immunol. 166:5763-72

Logan MR, Odemuyiwa SO, Mogbel R. 2003. Understanding exocytosis in immune and
inflammatory cells: the molecular basis of mediator secretion. 7. Allergy Clin. Immunol.
111:923-32

Dvorak AM, Furitsu T, Letourneau L, Ishizaka T, Ackerman SJ. 1991. Mature eosinophils
stimulated to develop in human cord blood mononuclear cell cultures supplemented
with recombinant human interleukin-5. Part I. Piecemeal degranulation of specific
granules and distribution of Charcot-Leyden crystal protein. Am. 7. Pathol. 138:69—
82

Lacy P, Mahmudi-Azer S, Bablitz B, Hagen SC, Velazquez JR, et al. 1999. Rapid mobiliza-
tion of intracellularly stored RANTES in response to interferon-y in human eosinophils.
Blood 94:23-32

Bandeira-Melo C, Gillard G, Ghiran I, Weller PF. 2000. EliCell: a gel-phase dual antibody
capture and detection assay to measure cytokine release from eosinophils. 7. Immunol.
Methods 244:105-15

www.annualreviews.org o The Eosinophil

165



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

166

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Logan MR, Lacy P, Bablitz B, Mogbel R. 2002. Expression of eosinophil target SNAREs
as potential cognate receptors for vesicle-associated membrane protein-2 in exocytosis. 7.
Allergy Clin. Immunol. 109:299-306

Butterworth AE. 1977. The eosinophil and its role in immunity to helminth infection.
Curr. "Top. Microbiol. Immunol. 77:127-68

Sferruzzi-Perri AN, Robertson SA, Dent LA. 2003. Interleukin-5 transgene expression
and eosinophilia are associated with retarded mammary gland development in mice. Biol.
Reprod. 69:224-33

Gouon-Evans V, Pollard JW. 2001. Eotaxin is required for eosinophil homing into the
stroma of the pubertal and cycling uterus. Endocrinology 142:4515-21

Robertson SA, Mau V], Young IG, Matthaei KI. 2000. Uterine eosinophils and reproduc-
tive performance in interleukin 5-deficient mice. 7. Reprod. Fertil. 120:423-32

Nagral A, Ben-Ari Z, Dhillon AP, Burroughs AK. 1998. Eosinophils in acute cellular
rejection in liver allografts. Liver Transpl. Surg. 4:355-62

Tepper RI, Coffman RL, Leder P. 1992. An eosinophil-dependent mechanism for the
antitumor effect of interleukin-4. Science 257:548-51

Robertson SA, Allanson M, Mau V]. 1998. Molecular regulation of uterine recruitment
during early pregnancy in the mouse. Trophobl. Res. 11:101-20

Zhang J, Lathbury LJ, Salamonsen LA. 2000. Expression of the chemokine eotaxin and
its receptor, CCR3, in human endometrium. Biol. Reprod. 62:404-11

Gouon-Evans V, Lin EY, Pollard JW. 2002. Requirement of macrophages and eosinophils
and their cytokines/chemokines for mammary gland development. Breast Cancer Res.
4:155-64

McMaster MT, Newton RC, Dey SK, Andrews GK. 1992. Activation and distribution of
inflammatory cells in the mouse uterus during the preimplantation period. 7. Immunol.
148:1699-705

Robertson SA, Mau VJ, Hudson SA, Tremellen KP. 1997. Cytokine-leukocyte networks
and the establishment of preganancy in the mouse. 7. Reprod. Fertil. 107:265-77

De M, Choudhuri R, Wood GW. 1991. Determination of the number and distribution
of macrophages, lymphocytes and granulocytes in the mouse uterus from mating through
implantation. 7. Leukoc. Biol. 50:252-62

Wagner JM, Hustin J, Bonno M, Kephart GM, Gurian KV, Gleich GJ. 1994. Pregnancy-
associated major basic protein: deposition of protein and expression of mRNA at the
maternal-fetal junction in early and late gestation. Placenta 15:625-40

Gouon-Evans V, Rothenberg ME, Pollard JW. 2000. Postnatal mammary gland devel-
opment requires macrophages and eosinophils. Development 127:2269-82

Throsby M, Herbelin A, Pleau JM, Dardenne M. 2000. CD11c* eosinophils in the murine
thymus: developmental regulation and recruitment upon MHC class I-restricted thymo-
cyte deletion. 7. Immunol. 165:1965-75

Matthews AN, Friend DS, Zimmermann N, Sarafi MN, Luster AD, et al. 1998. Eotaxin
is required for the baseline level of tissue eosinophils. Proc. Natl. Acad. Sci. USA 95:6273—
78

Shi HZ, Humbles A, Gerard C, Jin Z, Weller PF. 2000. Lymph node trafficking and
antigen presentation by endobronchial eosinophils. 7. Clin. Invest. 105:945-53

. MacKenzie JR, Mattes J, Dent LA, Foster PS. 2001. Eosinophils promote allergic disease

of the lung by regulating CD4" Th2 lymphocyte function. 7. Immunol. 167:3146-55
Shi H. 2004. Eosinophils function as antigen-presenting cells. 7. Leukoc. Biol. 76:520-
27

Rothenberg o Hogan



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mawhorter SD, Kazura JW, Boom WH. 1994. Human eosinophils as antigen-presenting
cells: relative efficiency for superantigen- and antigen-induced CD4* T-cell proliferation.
Irmmunology 81:584-91

Handzel ZT, Busse WW, Sedgwick JB, Vrtis R, Lee WM, et al. 1998. Eosinophils bind
rhinovirus and activate virus-specific T cells. 7. Immunol. 160:1279-84

van Rijt LS, Vos N, Hijdra D, De Vries VC, Hoogsteden HC, Lambrecht BN. 2003. Air-
ways eosinophils accumulate in the mediastinal lymph nodes but lack antigen-presenting
potential for naive T-cells. 7. Immunol. 171:3372-78

Lacy P, Mogbel R. 2000. Eosinophil cytokines. Chemz. Immunol. 76:134-55

Shinkai K, Mohrs M, Locksley RM. 2002. Helper T cells regulate type-2 innate immunity
in vivo. Nature 420:825-29

Voehringer D, Shinkai K, Locksley RM. 2004. Type 2 immunity reflects orchestrated
recruitment of cells committed to IL-4 production. Immunity 20:267-77

Khodoun MV, Orekhova T, Potter C, Morris S, Finkelman FD. 2004. Basophils initiate
IL-4 production during a memory T-dependent response. 7. Exp. Med. 200:857-70
Odemuyiwa SO, Ghahary A, Li Y, Puttagunta L, Lee JE, et al. 2004. Human eosinophils
regulate T cell subset selection through indoleamine 2,3-dioxyenase. 7. Immunol.
173:5909-13

Korsgren M, ErjefaltJS, Korsgren O, Sundler F, Persson CGA. 1997. Allergic eosinophil-
rich inflammation develops in lungs and airways of B cell-deficient mice. 7. Exp. Med.
185:885-92

Hogan SP, Mishra A, Brandt EB, Royalty MP, Pope SM, et al. 2001. A pathological
function for eotaxin and eosinophils in eosinophilic gastrointestinal inflammation. Naz.
Immunol. 2:353-60

Mishra A, Hogan SP, Brandt EB, Rothenberg ME. 2000. Peyer’s patch eosinophils: iden-
tification, characterization, and regulation by mucosal allergen exposure, interleukin-5,
and eotaxin. Blood 96:1538-44

Piliponsky AM, Gleich GJ, Bar I, Levi-Schaffer F. 2002. Effects of eosinophils on mast
cells: a new pathway for the perpetuation of allergic inflammation. Mol. Immunol. 38:1369
Solomon A, Aloe L, Pe’er J, Frucht-Pery J, Bonini S, Levi-Schaffer F. 1998. Nerve growth
factor is preformed in and activates human peripheral blood eosinophils. 7. Allergy Clin.
Immunol. 102:454-60

Bullock ED, Johnson EM Jr 1996. Nerve growth factor induces the expression of certain
cytokine genes and bc/-2 in mast cells. Potential role in survival promotion. 7. Biol. Chem.
271:27500-8

Horigome K, Bullock ED, Johnson EM Jr. 1994. Effects of nerve growth factor on rat
peritoneal mast cells. Survival promotion and immediate-early gene induction. 7. Biol.
Chem. 269:2695-702

Boyce JA, Friend D, Matsumoto R, Austen KF, Owen WEF. 1995. Differentiation in vitro
of hybrid eosinophil/basophil granulocytes: autocrine function of an eosinophil develop-
mental intermediate. 7. Exp. Med. 182:49-57

McNagny K, Graf T. 2002. Making eosinophils through subtle shifts in transcription
factor expression. 7. Exp. Med. 195:F43-47

Nerlov C, Graf T. 1998. PU.1 induces myeloid lineage commitment in multipotent
hematopoietic progenitors. Genes Dev. 12:2403-12

Nerlov C, McNagny KM, Doderlein G, Kowenz-Leutz E, Graf T 1998. Distinct C/EBP
functions are required for eosinophil lineage commitment and maturation. Genes Dev.
12:2413-23

www.annualreviews.org o The Eosinophil

167



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

168

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

DeKoter RP, Singh H. 2000. Regulation of B lymphocyte and macrophage development
by graded expression of PU.1. Science 288:1439-41

Walsh JC, DeKoter RP, Lee HJ, Smith ED, Lancki DW, et al. 2002. Cooperative and
antagonistic interplay between PU.1 and GATA-2 in the specification of myeloid cell fates.
TIrmmunity 17:665-76

Du J, Stankiewicz MJ, Liu Y, Xi Q, Schmitz JE, et al. 2002. Novel combinato-
rial interactions of GATA-1, PU.1, and C/EBPe isoforms regulate transcription of
the gene encoding eosinophil granule major basic protein. 7. Biol. Chem. 277:43481—
94

Yu C, Cantor AB, Yang H, Browne C, Wells RA, et al. 2002. Targeted deletion of a
high-affinity GATA-binding site in the GATA-1 promoter leads to selective loss of the
eosinophil lineage in vivo. 7. Exp. Med. 195:1387-95

Hirasawa R, Shimizu R, Takahashi S, Osawa M, Takayanagi S, et al. 2002. Essential and
instructive roles of GATA factors in eosinophil development. 7. Exp. Med. 195:1379-
86

Zimmermann N, Daugherty BL, Kavanaugh JL, El-Awar FY, Moulton EA, Rothenberg
ME. 2000. Analysis of the CC chemokine receptor 3 gene reveals a complex 5" exon
organization, a functional role for untranslated exon 1, and a broadly active promoter
with eosinophil-selective elements. Blood 96:2346-54

Lopez AF, Begley CG, Williamson DJ, Warren D], Vadas MA, Sanderson CJ. 1986.
Murine eosinophil differentiation factor. An eosinophil-specific colony-stimulating factor
with activity for human cells. 7. Exp. Med. 163:1085-99

Rothenberg ME, Pomerantz JL, Owen WF, Avraham S, Soberman RJ, et al. 1988. Char-
acterization of a human eosinophil proteoglycan, and augmentation of its biosynthesis
and size by interleukin 3, interleukin 5, and granulocyte/macrophage colony stimulating
factor. 7. Biol. Chem. 263:13901-8

Lopez AF, Sanderson CJ, Gamble JR, Campbell HD, Young IG, Vadas MA. 1988. Re-
combinant human interleukin 5 is a selective activator of human eosinophil function. 7.
Exp. Med. 167:219-24

Takatsu K, Takaki S, Hitoshi Y. 1994. Interleukin-5 and its receptor system: implications
in the immune system and inflammation. Adv. Immunol. 57:45-90

Vadas M, Lopez A, Gamble J, Khew-Goodall Y, Smith W, et al. 1994. Cytokines and
allergy. 7. Allergy Clin. Immunol. 94:1289-93

Sanderson CJ. 1992. Interleukin-5, eosinophils, and disease. Blood 79:3101-9

Collins PD, Marleau S, Griffiths-Johnson DA, Jose PJ, Williams TJ. 1995. Coopera-
tion between interleukin-5 and the chemokine eotaxin to induce eosinophil accumulation
in vivo. 7. Exp. Med. 182:1169-74

Dent LA, Strath M, Mellor AL, Sanderson CJ. 1990. Eosinophilia in transgenic mice
expressing interleukin 5. 7. Exp. Med. 172:1425-31

Tominaga A, Takaki S, Koyama N, Katoh S, Matsumoto R, et al. 1991. Transgenic mice
expressing a B cell growth and differentiation factor (interleukin 5) develop eosinophilia
and autoantibody production. 7. Exp. Med. 173:429-39

Lee J, McGarry M, Farmer S, Denzler K, Larson K, et al. 1997. Interleukin-5 expression
in the lung epithelium of transgenic mice leads to pulmonary changes pathogmomonic of
asthma. 7. Exp. Med. 185:2143-56

Mishra A, Hogan SP, Brandt EB, Wagner N, Crossman MW, et al. 2002. Enterocyte
expression of the eotaxin and interleukin-5 transgenes induces compartmentalized dys-
regulation of eosinophil trafficking. 7. Biol. Chem. 277:4406-12

Rothenberg o Hogan



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Foster P, Hogan S, Ramsay A, Matthaei K, Young I. 1996. Interleukin-5 deficiency abol-
ishes eosinophilia, airway hyperreactivity and lung damage in a mouse asthma model. 7.
Exp. Med. 183:195-201

Kopf M, Brombacher F, Hodgkin PD, Ramsay AJ, Milbourne EA, et al. 1996. IL-5-
deficient mice have a developmental defect in CD5* B-1 cells and lack eosinophilia but
have normal antibody and cytotoxic T cell responses. Immunity 4:15-24

Owen WF, Rothenberg ME, Petersen J, Weller PF, Silberstein D, et al. 1989. Interleukin
5 and phenotypically altered eosinophils in the blood of patients with the idiopathic hy-
pereosinophilic syndrome. 7. Exp. Med. 170:343-48

Leckie MJ, ten Brinke A, Khan J, Diamant Z, O’Connor BJ, et al. 2000. Effects of an
interleukin-5 blocking monoclonal antibody on eosinophils, airway hyper-responsiveness,
and the late asthmatic response. Lancet 356:2144-48

Flood-Page P, Phipps S, Menzies-Gow A, Ong YE, Kay AB. 2003. Effect of intravenous
administration of an anti-IL-5 (mepolizumab) on allergen-induced tissue eosinophilia, the
late-phase allergic reaction and the expression of a marker of repair/remodeling in human
atopic subjects. 7. Allergy Clin. Immunol. 111:5261

Kips JC, O’Connor BJ, Langley SJ, Woodcock AA, Kerstjens HA, et al. 2003. Effect of
SCHS55700, a humanized anti-human interleukin-5 antibody, in severe persistent asthma:
a pilot study. Am. 7. Respir. Crit. Care Med. 167:1655-59

Mishra A, Hogan SP, Lee JJ, Foster PS, Rothenberg ME. 1999. Fundamental signals
that regulate eosinophil homing to the gastrointestinal tract. 7. Clin. Invest. 103:1719—
27

Humbles AA, Lu B, Friend DS, Okinaga S, Lora J, et al. 2002. The murine CCR3 re-
ceptor regulates both the role of eosinophils and mast cells in allergen-induced airway
inflammation and hyperresponsiveness. Proc. Natl. Acad. Sci. USA 99:1479-84

Pope SM, Fulkerson PC, Blanchard C, Akei HS, Nikolaidis NM, et al. 2005. Identifica-
tion of a cooperative mechanism involving interleukin-13 and eotaxin-2 in experimental
allergic lung inflammation. 7. Biol. Chem. 280:13952-61

Rothenberg ME, Mishra A, Brandt EB, Hogan SP. 2001. Gastrointestinal eosinophils in
health and disease. Adv. Immunol. 78:291-328

Rothenberg ME, Owen WF Jr, Silberstein DS, Soberman R]J, Austen KF, Stevens RL.
1987. Eosinophils co-cultured with endothelial cells have increased survival and functional
properties. Science 237:645-47

Sher A, Coffman RL, Hieny S, Cheever AW. 1990. Ablation of eosinophil and IgE re-
sponses with anti-IL-5 or anti-IL-4 antibodies fails to affect immunity against Schistosoma
mansoni in the mouse. 7. Immunol. 145:3911-16

Horie S, Okubo Y, Hossain M, Sato E, Nomura H, et al. 1997. Interleukin-13 but not
interleukin-4 prolongs eosinophil survival and induces eosinophil chemotaxis. Intern. Med.
36:179-85

Bochner BS, Schleimer RP. 1994. The role of adhesion molecules in human eosinophil
and basophil recruitment. 7. Allergy Clin. Immunol. 94:427-38

Zimmermann N, Hershey GK, Foster PS, Rothenberg ME. 2003. Chemokines in asthma:
cooperative interaction between chemokines and IL-13. 7. Allergy Clin. Immunol. 111:227—
42

ZhuZ, Zheng T, Homer R], Kim YK, Chen NY, et al. 2004. Acidic mammalian chitinase
in asthmatic Th2 inflammation and IL-13 pathway activation. Science 304:1678-82
Rankin SM, Conroy DM, Williams TJ. 2000. Eotaxin and eosinophil recruitment: impli-
cations for human disease. Mol. Med. Today 6:20-27

www.annualreviews.org o The Eosinophil

169



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

170

99. Hogan SP, Koskinen A, Foster PS. 1997. Interleukin-5 and eosinophils induce airway
damage and bronchial hyperreactivity during allergic airway inflammation in BALB/c
mice. Immunol. Cell Biol. 75:284-88

100. Jose PJ, Griffiths-Johnson DA, Collins PD, Walsh DT, Mogbel R, et al. 1994. Eotaxin:
a potent eosinophil chemoattractant cytokine detected in a guinea pig model of allergic
airways inflammation. 7. Exp. Med. 179:881-87

101. Rothenberg ME, Luster AD, Lilly CM, Drazen JM, Leder P. 1995. Constitutive and
allergen-induced expression of eotaxin mRNA in the guinea pig lung. 7. Exp. Med.
181:1211-16

102. Zimmermann N, Hogan SP, Mishra A, Brandt EB, Bodette TR, et al. 2000. Murine
eotaxin-2: a constitutive eosinophil chemokine induced by allergen challenge and IL-4
overexpression. 7. Immunol. 165:5839-46

103. Shinkai A, Yoshisue H, Koike M, Shoji E, Nakagawa S, et al. 1999. A novel human CC
chemokine, eotaxin-3, which is expressed in IL-4-stimulated vascular endothelial cells,
exhibits potent activity toward eosinophils. 7. Inmunol. 163:1602-10

104. Murphy PM. 1994. The molecular biology of leukocyte chemoattractant receptors. Annu.
Rev. Immunol. 12:593-633

105. Ponath PD, Qin S, Post TW, Wang J, Wu L, et al. 1996. Molecular cloning and charac-
terization of a human eotaxin receptor expressed selectively on eosinophils. 7. Exp. Med.
183:2437-48

106. Daugherty BL, Siciliano SJ, Demartino JA, Malkowitz L, Sirotina A, Springer MS. 1996.
Cloning, expression, and characterization of the human eosinophil eotaxin receptor. 7.
Exp. Med. 183:2349-54

107. Pope SM, Zimmermann N, Stringer KF, Karow ML, Rothenberg ME. 2005. The eo-
taxin chemokines and CCR3 are fundemental regulators of allergen-induced pulmonary
eosinophilia. 7. Immunol. 175:5341-50

108. Fulkerson PC, Zhu H, Williams DA, Zimmermann N, Rothenberg ME. 2005. CXCL9
inhibits eosinophil responses by a CCR3- and Rac2-dependent mechanism. Blood 106:436—
43

109. Rothenberg ME, MacLean JA, Pearlman E, Luster AD, Leder P. 1997. Targeted disrup-
tion of the chemokine eotaxin partially reduces antigen-induced tissue eosinophilia. 7.
Exp. Med. 185:785-90

110. Gonzalo JA, Lloyd CM, Wen D, Albar JP, Wells TN, et al. 1998. The coordinated action
of CC chemokines in the lung orchestrates allergic inflammation and airway hyperre-
sponsiveness. 7. Exp. Med. 188:157-67

111. Ma W, Bryce PJ, Humbles AA, Laouini D, Yalcindag A, et al. 2002. CCR3 is essential
for skin eosinophilia and airway hyperresponsiveness in a murine model of allergic skin
inflammation. 7. Clin. Invest. 109:621-28

112. Nakamura H, Luster AD, Nakamura T, In KH, Sonna LA, et al. 2001. Variant eotaxin:
its effects on the asthma phenotype. 7. Allergy Clin. Immunol. 108:946-53

113. Chae SC, Park YR, Oh GJ, Lee JH, Chung HT. 2005. The suggestive association of
eotaxin-2 and eotaxin-3 gene polymorphisms in Korean population with allergic rhinitis.
Irmmunogenetics 56:760—-64

114. Menzies-Gow A, Ying S, Sabroe I, Stubbs VL, Soler D, et al. 2002. Eotaxin (CCL11)
and eotaxin-2 (CCL24) induce recruitment of eosinophils, basophils, neutrophils, and
macrophages as well as features of early- and late-phase allergic reactions following
cutaneous injection in human atopic and nonatopic volunteers. 7. Immunol. 169:2712—
18

Rothenberg o Hogan



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

115.

116.

117.

118.

Artis D, Humphreys NE, Potten CS, Wagner N, Muller W, et al. 2000. 37 integrin-
deficient mice: delayed leukocyte recruitment and attenuated protective immunity in the
small intestine during enteric helminthic infection. Eur: 7. Immunol. 30:1656-64
Pretolani M, Ruffie C, Lapa e Silva JR, Joseph D, Lobb RR, Vargaftig BB. 1994. Antibody
to very late activation antigen 4 prevents antigen-induced bronchial hyperreactivity and
cellular infiltration in the guinea pig airways. 7. Exp. Med. 180:795-805

Nakajima H, Sano H, Nishimura T, Yoshida S, Iwamoto 1. 1994. Role of vascular cell
adhesion molecule 1/very late activation antigen 4 and intercellular adhesion molecule
1/lymphocyte function-associated antigen 1 interactions in antigen-induced eosinophil
and T cell recruitment into the tissue. 7. Exp. Med. 179:1145-54

Gonzalo JA, Lloyd CM, Kremer L, Finger E, Martinez AC, et al. 1996. Eosinophil re-
cruitment to the lung in a murine model of allergic inflammation. The role of T cells,
chemokines, and adhesion receptors. 7. Clin. Invest. 98:2332-45

119. Jia GQ, Gonzalo JA, Hidalgo A, Wagner D, Cybulsky M, Gutierrez-Ramos JC. 1999.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Selective eosinophil transendothelial migration triggered by eotaxin via modulation of
Mac-1/ICAM-1 and VLA-4/VCAM-1 interactions. Int. Immunol. 11:1-10

Tager AM, Dufour JH, Goodarzi K, Bercury SD, von Andrian UH, Luster AD. 2000.
BLTR mediates leukotriene B4-induced chemotaxis and adhesion and plays a dominant
role in eosinophil accumulation in a murine model of peritonitis. 7. Exp. Med. 192:439-46
Hirai H, Tanaka K, Yoshie O, Ogawa K, Kenmotsu K, et al. 2001. Prostaglandin D2
selectively induces chemotaxis in T helper type 2 cells, eosinophils, and basophils via
seven-transmembrane receptor CRTH2. 7. Exp. Med. 193:255-61

O’Reilly M, Alpert R, Jenkinson S, Gladue RP, Foo S, et al. 2002. Identification of a
histamine H4 receptor on human eosinophils—role in eosinophil chemotaxis. 7. Recept.
Signal Transduct. Res. 22:431-48

Behm CA, Ovington KS. 2000. The role of eosinophils in parasitic helminth infections:
insights from genetically modified mice. Parasitol. Today 16:202-9

Korenaga M, Hitoshi Y, Yamaguchi N, Sato Y, Takatsu K, Tada I. 1991. The role of
interleukin-5 in protective immunity to Strongyloides venezuelensis infection in mice. Im-
munology 72:502-7

Erickson LD, Foy TM, WaldschmidtT]. 2001. Murine B1 B cells require IL-5 for optimal
T cell-dependent activation. 7. Immunol. 166:1531-39

Bischoff SC, Brunner T, De Weck AL, Dahinden CA. 1990. Interleukin 5 modifies his-
tamine release and leukotriene generation by human basophils in response to diverse
agonists. 7. Exp. Med. 172:1577-82

Hakonarson H, Maskeri N, Carter C, Chuang S, Grunstein MM. 1999. Autocrine in-
teraction between IL-5 and IL-1f mediates altered responsiveness of atopic asthmatic
sensitized airway smooth muscle. 7. Clin. Invest. 104:657-67

Gurish MF, Humbles A, Tao H, Finkelstein S, Boyce JA, et al. 2002. CCR3 is required
for tissue eosinophilia and larval cytotoxicity after infection with Tiichinella spiralis. 7.
Irmmunol. 168:5730-36

Simons JE, Rothenberg ME, Lawrence RA. 2005. Eotaxin-1-regulated eosinophils have
a critical role in innate immunity against experimental Brugia malayi infection. Eur. F.
Immunol. 35:189-97

Adamko DJ, Yost BL, Gleich GJ, Fryer AD, Jacoby DB. 1999. Ovalbumin sensitization
changes the inflammatory response to subsequent parainfluenza infection: Eosinophils
mediate airway hyperresponsiveness, M2 muscarinic receptor dysfunction and antiviral
effects. 7. Exp. Med. 1999:1465-77

www.annualreviews.org o The Eosinophil

171



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

172

131. Jacoby DB, Gleich GJ, Fryer AD. 1993. Human eosinophil major basic protein is an
endogenous allosteric antagonist at the inhibitory muscarinic M2 receptor. 7. Clin. Invest.
91:1314-18

132. Bandeira-Melo C, Bozza PT, Weller PF. 2002. The cellular biology of eosinophil
eicosanoid formation and function. 7. Allergy Clin. Immunol. 109:393-400

133. Hamelmann E, Gelfand EW. 2001. IL-5-induced airway eosinophilia—the key to asthma?
Immunol. Rev. 179:182-91

134. Denzler KL, Farmer SC, Crosby JR, Borchers MT, Cieslewicz G, et al. 2000. Eosinophil
major basic protein-1 does not contribute to allergen-induced airways pathologies in
mouse models of asthma. 7. Immunol. 165:5509-17

135. Boyce JA, Austen KF. 2005. No audible wheezing: nuggets and conundrums from mouse
asthma models. 7. Exp. Med. 201:1869-73

136. Hogan S, Koskinen A, Foster P. 1997. Interleukin-5 and eosinophils induce airway dam-
age and bronchial hyperreactivity during allergic airway inflammation in BALB/c mice.
Immunol. Cell Biol. 75:284-88

137. Foster P, Mould A, Yang M, Mackenzie ], Mattes ], etal. 2001. Elemental signals regulating
eosinophil accumulation in the lung. Immunol. Rev. 179:173-81

138. Hogan SP, Koskinen A, Matthaei KI, Young IG, Foster PS. 1998. Interleukin-5-producing
CD4* T cells play a pivotal role in aeroallergen-induced eosinophilia, bronchial hyper-
reactivity, and lung damage in mice. Am. 7. Respir. Crit. Care Med. 157:210-18

139. Mattes J, Yang M, Mahalingam S, Kuehr J, Webb DC, et al. 2002. Intrinsic defect in
T cell production of interleukin (IL)-13 in the absence of both IL-5 and eotaxin precludes
the development of eosinophilia and airways hyperreactivity in experimental asthma. 7.
Exp. Med. 195:1433-44

140. Corry D, Folkesson H, Warnock M, Erle D, Matthay M, et al. 1996. Interleukin 4, but not
interleukin 5 or eosinophils, is required in a murine model of acute airway hyperreactivity.
7. Exp. Med. 183:109-17

141. Hamelmann E, Oshiba A, Loader J, Larsen GL, Gleich G, et al. 1997. Antiinterleukin-5
antibody prevents airway hyperresponsiveness in a murine model of airway sensitization.
Am. F. Respir. Crit. Care Med. 155:819-25

142. Lee NA, McGarry MP, Larson KA, Horton MA, Kristensen AB, Lee JJ. 1997. Expres-
sion of IL-5 in thymocytes/T cells leads to the development of a massive eosinophilia,
extramedullary eosinophilopoiesis, and unique histopathologies. 7. Immunol. 158:1332—
44

143. Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ, Pavord ID. 2002. Mast-
cell infiltration of airway smooth muscle in asthma. N. Engl. 7. Med. 346:1699-705

144. Justice JP, Borchers MT, Crosby JR, Hines EM, Shen HH, et al. 2003. Ablation of
eosinophils leads to a reduction of allergen-induced pulmonary pathology. Ams. 7. Physiol.
Lung Cell Mol. Physiol. 284:1.169-78

145. O’Byrne PM, Inman MD, Parameswaran K. 2001. The trials and tribulations of IL-5,
eosinophils, and allergic asthma. 7. Allergy Clin. Immunol. 108:503-8

146. Flood-Page P, Menzies-Gow A, Phipps S, Ying S, Wangoo A, et al. 2003. Anti-IL-5
treatment reduces deposition of ECM proteins in the bronchial subepithelial basement
membrane of mild atopic asthmatics. 7. Clin. Invest. 112:1029-36

147. Green RH, Brightling CE, McKenna S, Hargadon B, Parker D, etal. 2002. Asthma exacer-
bations and sputum eosinophil counts: a randomised controlled trial. Lancet 360:1715-21

148. Lee JJ, Dimina D, Macias MP, Ochkur SI, McGarry MP, et al. 2004. Defining a link with
asthma in mice congenitally deficient in eosinophils. Science 305:1773-76

Rothenberg o Hogan



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Humbles AA, Lloyd CM, McMillan SJ, Friend DS, Xanthou G, et al. 2004. A critical role
for eosinophils in allergic airways remodeling. Science 305:1776-79

Rothenberg ME. 2004. Eosinophilic gastrointestinal disorders (EGID). 7. Allergy Clin.
Immunol. 113:11-28

Mishra A, Rothenberg ME. 2003. Intratracheal IL-13 induces eosinophilic esophagitis
by an IL-5, eotaxin-1, and STAT6-dependent mechanism. Gustroenterology 125:1419—
27

Mishra A, Hogan SP, Brandt EB, Rothenberg ME. 2001. An etiological role for aeroal-
lergens and eosinophils in experimental esophagitis. 7. Clin. Invest. 107:83-90

Forbes E, Smart VE, D’Aprile A, Henry P, Yang M, et al. 2004. T helper-2 immunity
regulates bronchial hyperresponsiveness in eosinophil-associated gastrointestinal disease
in mice. Gastroenterology 127:105-18

Cools J, DeAngelo D], Gotlib J, Stover EH, Legare RD, et al. 2003. A tyrosine kinase
created by fusion of the PDGFRA and FIP1L1 genes as a therapeutic target of imatinib
in idiopathic hypereosinophilic syndrome. N. Engl. 7. Med. 348:1201-14

Cools], Stover EH, Wlodarska I, Marynen P, Gilliland DG. 2004. The FIP1L1-PDGFR«x
kinase in hypereosinophilic syndrome and chronic eosinophilic leukemia. Curr: Opin.
Hematol. 11:51-57

Gleich GJ, Leiferman KM, Pardanani A, Tefferi A, Butterfield JH. 2002. Treatment of
hypereosinophilic syndrome with imatinib mesilate. Lancet 359:1577-78

Stellato C, Matsukura S, Fal A, White J, Beck LA, et al. 1999. Differential regulation of
epithelial-derived C-C chemokine expression by IL-4 and the glucocorticoid budesonide.
7. Immunol. 163:5624-32

Schleimer RP, Bochner BS. 1994. The effect of glucocorticoids on human eosinophils. 7.
Allergy Clin. Immunol. 94:1202-13

Barnes PJ, Adcock IM. 1995. Steroid resistance in asthma. Q7M 88:455-68

Aldebert D, Lamkhioued B, Desaint C, Gounni AS, Goldman M, et al. 1996. Eosinophils
express a functional receptor for interferon «: inhibitory role of interferon o on the release
of mediators. Blood 87:2354-60

Bankers-Fulbright JL, Kephart GM, Loegering DA, Bradford AL, Okada S, et al. 1998.
Sulfonylureas inhibit cytokine-induced eosinophil survival and activation. 7. Immunol.
160:5546-53

Hunt LW, Frigas E, Butterfield JH, Kita H, Blomgren J, et al. 2004. Treatment of asthma
with nebulized lidocaine: a randomized, placebo-controlled study. 7. Allergy Clin. Immunol.
113:853-59

Kane GC, Pollice M, Kim CJ, Cohn J, Dworski RT, et al. 1996. A controlled trial
of the effect of the 5-lipoxygenase inhibitor, zileuton, on lung inflammation produced
by segmental antigen challenge in human beings. 7. Allergy Clin. Immunol. 97:646—
54

Gaddy JN, Margolskee DJ, Bush RK, Williams VC, Busse WW. 1992. Bronchodilation
with a potent and selective leukotriene D4 (TD4) receptor antagonist (MK-571) in
patients with asthma. Am. Rev. Respir. Dis. 146:358-63

Snyman JR, Sommers DK, Gregorowski MD, Boraine H. 1992. Effect of cetirizine, ke-
totifen and chlorpheniramine on the dynamics of the cutaneous hypersensitivity reaction:
a comparative study. Eur. J. Clin. Pharmacol. 42:359-62

Redier H, Chanez P, De Vos C, Rifai N, Clauzel AM, et al. 1992. Inhibitory effect of ce-
tirizine on the bronchial eosinophil recruitment induced by allergen inhalation challenge
in allergic patients with asthma. 7. Allergy Clin. Immunol. 90:215-24

www.annualreviews.org o The Eosinophil

173



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6cd5:493a on 04/22/20. For personal use only.

174

167.

168.

169.

170.

171.

172.

173.

174.

175.

Rand TH, Lopez AF, Gamble JR, Vadas MA. 1988. Nedocromil sodium and cromolyn
(sodium cromoglycate) selectively inhibit antibody-dependent granulocyte-mediated cy-
totoxicity. Int. Arch. Allergy Appl. Immunol. 87:151-58

Wegner CD, Gundel RH, Reilly P, Haynes N, Letts LG, Rothlein R. 1990. Intercellular
adhesion molecule-1 (ICAM-1) in the pathogenesis of asthma. Science 247:456-59

Weg VB, Williams T]J, Lobb RR, Nourshargh S. 1993. A monoclonal antibody recogniz-
ing very late activation antigen-4 inhibits eosinophil accumulation in vivo. 7. Exp. Med.
177:561-66

Kuijpers TW, Mul EP, Blom M, Kovach NL, Gaeta FC, et al. 1993. Freezing adhesion
molecules in a state of high-avidity binding blocks eosinophil migration. 7. Exp. Med.
178:279-84

von Andrian UH, Engelhardt B. 2003. o4 integrins as therapeutic targets in autoimmune
disease. N. Engl. 7. Med. 348:68-72

Mauser PJ, Pitman AM, Fernandez X, Foran SK, Adams GK 3rd, et al. 1995. Effects of
an antibody to interleukin-5 in a monkey model of asthma. Am. 7. Respir. Crit. Care Med.
152:467-72

Egan RW, Athwahl D, Chou CC, Emtage S, Jehn CH, etal. 1995. Inhibition of pulmonary
eosinophilia and hyperreactivity by antibodies to interleukin-5. Inz. Arch. Allergy Immunol.
107:321-22

Blanchard C, Mishra A, Saito-Akei H, Monk P, Anderson I, Rothenberg ME. 2005.
Inhibition of human interleukin-13-induced respiratory and oesophageal inflammation
by anti-human-interleukin-13 antibody (CAT-354). Clin. Exp. Allergy 35:1096-103
Nutku E, Aizawa H, Hudson SA, Bochner BS. 2003. Ligation of Siglec-8: a selective
mechanism for induction of human eosinophil apoptosis. Blood 101:5014-20

Rothenberg o Hogan



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org

Access provided by 2a01:ch14:8157:¢700:a059:2528:6¢d5:493a on 04/22/20. For personal use only.

Contents

Frontispiece

Jack L. Stromiinger ............... .

The Tortuous Journey of a Biochemist to Immunoland and What He
Found There

Fack L. Strominger ........... ..o

Osteoimmunology: Interplay Between the Immune System and Bone
Metabolism
Matthew C. Walsh, Nacksung Kim, Yubo Kadono, Jaerang Rho, Soo Young Lee,

Joseph Lorenzo, and Yongwon Choi ...................c.cciiiiiiiiiiiiiii,

A Molecular Perspective of CTLA-4 Function

Wendy A. Ieft, Mark G. Kirchhof, and Joaquin Madrenas ...........................

Transforming Growth Factor-f Regulation of Immune Responses
Ming O. Li, Yisong Y. Wan, Shomyseb Sanjabi, Anna-Karin L. Robertson,

and Richard A. Flavell ........ .. ... .

The Eosinophil

Marc E. Rothenberg and Simon P. Hogan .............................cccccc.

Human T Cell Responses Against Melanoma
Thierry Boon, Pierre G. Coulie, Benoit F. Van den Eynde,

and Pierre van der Bruggen ......... ...

FOXP3: Of Mice and Men

Steven B Ziegler ...

HIV Vaccines

Andrew J. McMichael .................... .

Natural Killer Cell Developmental Pathways: A Question of Balance

Fames P DiSanto ...

Development of Human Lymphoid Cells

Bianca Blom and Hergen Spits ......... ...

Genetic Disorders of Programmed Cell Death in the Immune System

Nicolas Bidere, Helen C. Su, and Michael J. Lenardo ..................................

i
Annual Review

of Immunology

Volume 24, 2006



Annu. Rev. Immunol. 2006.24:147-174. Downloaded from www.annualreviews.org
Access provided by 2a01:ch14:8157:¢700:a059:2528:6¢d5:493a on 04/22/20. For personal use only.

vi

Genetic Analysis of Host Resistance: Toll-Like Receptor Signaling and
Immunity at Large
Bruce Beutler; Zhengfan fiang, Philippe Georgel, Karine Crozat, Ben Croker,
Sophie Rutschmann, Xin Du, and Kasper Hoebe .......................................

Multiplexed Protein Array Platforms for Analysis of Autoimmune
Diseases
Imelda Balboni, Steven M. Chan, Michael Kattah, Fessica D. Tenenbaum,
Atul J. Butte, and Paul J. Utz ...

How TCRs Bind MHCs, Peptides, and Coreceptors
Muarkus G. Rudolph, Robyn L. Stanfield, and Ian A. Wilson .............................

B Cell Immunobiology in Disease: Evolving Concepts from the Clinic
Flavius Martin and Andrew C. Chan ........................................

The Evolution of Adaptive Immunity
Zeev Pancer and Max D. Cooper ...................ccoiiiiiiiiiiiii i,

Cooperation Between CD4" and CD8* T Cells: When, Where,
and How
Flora Castellino and Ronald N. Germain ................ .. .cciiiiiiiiiiiiniann...

Mechanism and Control of V(D)] Recombination at the
Immunoglobulin Heavy Chain Locus
David fung, Cosmas Giallourakis, Raul Mostoslavsky,
and Frederick WA ...

A Central Role for Central Tolerance
Bruno Kyewski and Ludger Klein ................................cccoiiii.

Regulation of Th2 Differentiation and /4 Locus Accessibility
K. Mark Ansel, Ivana Djuretic, Bogdan Tanasa, and Anjana Rao .......................

Diverse Functions of IL-2, IL.-15, and IL-7 in Lymphoid Homeostasis
Averil Ma, Rima Koka, and Patrick Burkett ............ ... . ... ........c.cccccc......

Intestinal and Pulmonary Mucosal T Cells: Local Heroes Fight to
Maintain the Status Quo
Leo Lefrangois and Lynn Puddington .........................c.cccciiiiiiiiii

Determinants of Lymphoid-Myeloid Lineage Diversification
Catherine V. Laiosa, Matthias Stadtfeld, and Thomas Graf ..............................

GP120: Target for Neutralizing HIV-1 Antibodies
Ralph Pantophlet and Dennis R. Burton ......................cccociiiiiii.

Compartmentalized Ras/MAPK Signaling
Adam Mor and Mark R. Philips ...,

Contents



