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Eosinophils are regarded by many as fundamental to the
pathophysiology of allergic diseases, including asthma. An
improved under standing of the mechanismsinvolved in these
responses is therefore of great relevance to asthma pathogene-
sisand the development of new therapeutics. Most therapies
that are effective in reducing allergic inflammation in animals
and human subjects diminish tissue eosinophilia and levels of
eosinophil-derived mediators. However, recent effortswith
mor e selective eosinophil-suppressive ther apies have failed to
affect disease, bringing into question the role of eosinophilsin
asthma. This article will provide a brief overview of therole of
eosinophilsin allergic diseases, followed by a discussion of
both eosinophil-specific and eosinophil-selective ther apeutic
targets, with a focus on cell-surface molecules. The known and
theoretic benefits and risks of these strategies will also be cov-
ered. (J Allergy Clin Immunol 2004;113:3-9.)
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In October 1939, Winston Churchill, during a radio
broadcast focusing on problems understanding relations
with Russia, described the situation asfollows: “Itisarid-
dle wrapped in a mystery inside an enigma.” He just as
easily could have been talking about the biology of the
eosinophil, both then and now. This cell, one of 3 termi-
naly differentiated granulocytes, has long been recog-
nized by its breathtaking tinctorial properties and pattern
of cytoplasmic granules and lipid bodies.12 However,
attempts to define the biology of this cell and itsrole in
health and disease are still far from complete because
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Abbreviations used

BAL: Bronchoalveolar lavage

CC10: Claracell secretory 10-kd protein

ITIM: Immunoreceptor tyrosine-based inhibitory motif

LIR: Leukocyte immunoglobin-like receptor
LT: Leukotriene

MBP: Mgor basic protein
Siglec: Sidic acid-bhinding Ig-like lectin

VLA: Very late activation antigen

efforts to target this leukocyte to fulfill the cytopatholog-
ic equivalent of Koch's postulates remain inconclusive.3-5
The purpose of this review is to briefly discuss the pur-
ported role of eosinophilsin asthmaand other alergic dis-
eases. Unique and shared eosinophil-associated surface
structures and other molecules that could serve as thera
peutic targets will then be discussed. Knowledge gained
by recent and ongoing studies with eosinophil-specific
and eosinophil-selective drugs will be assessed. This will
be followed by a discussion of therapeutic approaches
that would be expected to have indirect, rather than direct,
effects on eosinophils. Finally, the safety of chronic
eosinophil suppression will be considered.

ROLE OF EOSINOPHILS IN ASTHMA AND
ALLERGIC INFLAMMATION

Eosinophils contain and release a panoply of toxic
pro-inflammatory mediators, including granule proteins
(eg, major basic protein [MBP] and eosinophil cationic
protein), reactive oxygen species, lipid mediators, and
cytokines that could contribute to airways inflammation,
potentially damaging airway tissues and associated
nerves.67 Unlike for granule proteins, however, the pro-
duction of some mediators by eosinophils (eg,
leukotriene [LT] C,, IL-4, IL-5, and eotaxin) pales in
comparison with amounts produced by other cells.8
Another eosinophil conundrum is that the pathways trig-
gering or regulating eosinophil mediator release in vivo
remain unclear. Thus, in addition to eosinophils, other
cells, including T cells, mast cells, and basophils, are
believed to contribute to airway epithelial injury, smooth
muscle constriction, airway hyperreactivity, excess
mucus secretion, and vascular leak through more impres-
sive production of many of these same mediators.®
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The presence of tissue eosinophilia haslong been used
as a barometer of Ty2-type inflammation. Numerous
examples of animal models, including mice and guinea
pigs, show profound allergen-induced lung eosinophilia
in conjunction with worsening mucus production, air-
ways resistance, and T2 cytokine generation.10 Bron-
chospasm and bronchial hyperreactivity can be induced
in vitro and in vivo with MBR11.12 and antibodies to
MBP block the development of allergen-induced asthma-
like changes in guinea pigs.13 Most allergen-provocation
models correlate the presence of airway eosinophils with
markers of disease,14 athough there are clear examples
in which lung eosinophilia can be dissociated from other
markers of the asthma-like phenotype.15

Most of the evidence for a role of eosinophils in
human asthma seems convincing, abeit circumstantial.
Studies in human subjects during spontaneous disease
exacerbations, as well as those using experimental aller-
gen challenge of the airways, have consistently demon-
strated increased levels of eosinophils in the airway
lumen and parenchyma, with cell numbers correlating to
disease severity.16.17 Deposition of MBP in asthmatic air-
way biopsy specimens and the ability of MBP and
eosinophil peroxidase to damage airways cells in vitro
implicates eosinophil degranulation products in asthma
pathogenesis.1819 When asthma symptoms resolve, with
or without treatment, these cells and their mediators
decline.20 Therapies considered to be the most effective
for asthma, such as glucocorticoids, have potent
antieosinophil effects.2! Indeed, a therapeutic approach
based on suppressing numbers of sputum eosinophilsin
the airways was shown to be more effective than those
that only used standard asthma guidelines.22 Although
these studies point to a pathophysiologic role for the
eosinophil in asthma, it remains absolutely critical to test
the “eosinophil hypothesis’ more directly by attempting
to generate eosinophil-focused therapies.

EOSINOPHIL SURFACE PHENOTYPE

As aresult of many efforts, including international
leukocyte typing workshops that assemble large panels
of mAbs,23 gene chip array studies,24 and others, our
knowledge of eosinophil surface and gene expression has
markedly expanded over the last decade. These
approaches have revealed an extensive array of surface
structures, many of which had been thought to be exclu-
sively expressed by another cell type (Fig 1).25
Eosinophils express numerous adhesion molecules;
receptors for cytokines, chemoattractants, and Igs; Ig
superfamily members; and other transmembrane struc-
tures, including those with signal transduction capabili-
ties. Examples of recently identified surface structureson
eosinophils (some of which will be discussed in greater
detail below) include the costimulatory molecules CD28
and CD86,26 the proapoptotic structure sialic acid—bind-
ing Ig-like lectin 8 (Siglec-8),27.28 the prostaglandin D,
receptor CRTH2,2930 and several members of the
inhibitory and activating leukocyte immunoglobin-like
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(LIR) receptor family (LIR1, LIR2, LIR3, and LIR7).31
Despite these efforts, there is still no one single marker
that is uniquely expressed on the surface of eosinophils.
Overall, the eosinophil has a unique pattern of cell-sur-
face markers that more closely resembles the basophil
than the neutrophil .8:32.33

EOSINOPHIL-SPECIFIC TARGETS

Recently, studies in human subjects with mepolizu-
mab, a neutralizing humanized mAb to IL-5 from Glaxo
SmithKline, have raised serious concerns about the role
of eosinophils in asthma. The first published study34
found that a single dose of mepolizumab resulted in an
80% to 90% reduction in the number of circulating
eosinophils lasting for at least 4 months in the 10 mg/kg
treatment group. This was associated with a reduction in
alergen-induced sputum eosinophils. However, no sig-
nificant effect on the physiology of the allergen-induced
acute or late-phase response was seen. A subsequent
multidose study with this same humanized antibody con-
firmed the reduction in blood eosinophils and also
showed no effect of this treatment on circulating T-cell
subsets or their ability to generate cytokines.35 A similar
lack of effect on airway hyperreactivity was seen when
IL-12, a pro-Tyl, IFN-y-stimulating cytokine, was
administered, although effects on circulating eosinophil
numbers were more modest, and side effects were fre-
quent.38 In a subsequent rostrum article in the Journal of
Allergy and Clinical Immunology, however, potential
flaws of these studies were discussed.37 For example, it
was noted that the Leckie study was underpowered to
make any conclusion regarding efficacy. Indeed, a re-
evaluation of the data suggested that anti—IL-5 appeared
to protect against allergen-induced worsening of airway
hyperreactivity, although the control group did not have
worsened airway hyperreactivity. Ultimately, however,
this anti—IL-5 antibody, as well as a competing antibody
product from Schering Plough called SCH55700, failed
to affect lung function in controlled clinical trials (S.
Holgate, personal communication).38

More recently, however, interest in the eosinophil-asth-
ma connection has made somewhat of a comeback.514
Studies in mice3® and human subjects?%41 comparing lev-
els of lung parenchymal eosinophils with those in blood,
bronchoalveolar lavage (BAL) fluid, or bone marrow
have made a remarkable observation. Although
eosinophil numbers in blood, BAL fluid, and bone mar-
row were reduced by 70% to 80% or morein IL-5 knock-
out mice or after 3 months of anti—IL-5 therapy, levels of
eosinophils in lung parenchyma or in bronchial biopsy
specimens were only reduced by about 50%. Levels of
eosinophil cationic protein in BAL fluids were
unchanged. In fact, data from mouse models suggest that
only in dua IL-5/eotaxin knockout mice is lung
eosinophilia and airways hyperreactivity completely
eliminated. Furthermore, it appears that human
eosinophils entering the airway lumen lose their surface
receptorsfor IL-5, yet display an enhanced level of recep-
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FIG 1. Examples of surface molecules expressed by human eosinophils. Although many have been identi-
fied by means of flow cytometry, the presence of some are inferred on the basis of cellular responsiveness
to specific stimuli. Those molecules specifically mentioned in the text as potential eosinophil targets are
shown in red. Modified with permission from Tachimoto and Bochner.25 *Formerly reported to be negative;
**reports (both positive and negative) are conflicting; Tactivated eosinophils; ffpresence based primarily or

exclusively on functional data.

tors for another eosinophil-activating cytokine, GM-
CSF.4243 |n vitro studies suggest that surface expression
of IL-5 receptors on eosinophils undergo downregulation
on exposure to activating cytokines, including IL-5 and
GM-CSF.# These | atest findings seem to indicate that 1L -
5-focused strategies might be ineffective in asthma, not

because the eosinophil is a poor target but because redun-
dant pathways function to maintain eosinophil accumula-
tion and activation in the lung parenchyma. Despite
incomplete removal of eosinophils from the lung
parenchyma, another biopsy study done after 3 months of
mepolizumab found that the amount of several tissue
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matix proteins, including tenascin, lumican, and procolla-
gen |1, were significantly reduced in the reticular base-
ment membrane of the airways.#5 This was followed by
studies showing IL-5 receptors on airways smooth mus-
cle?® and preliminary data in mice that an anti-IL-5
receptor antibody was much more effective than an
anti—IL-5 antibody in allergen-driven asthma models.47
These data implicate eosinophils, eosinophil-derived
mediators, or both in airways remodeling and hint that
perhaps a longer tria is needed. Whether this form of
therapy will be effective for other hypereosinophilic dis-
ordersis currently being evaluated.

Because |L-5—directed therapies failed to completely
inhibit eosinophils in the lungs of mice and human sub-
jects, attempts have been made to develop other strate-
gies. It now appears that a true “eosinophil knockout
mouse” has been created.48 This approach was based on
the observation that GATA-1, a transcription factor, is
required for the eosinophil lineage. By targeting a high-
affinity GATA binding site in the GATA-1 promoter,
investigators generated a new strain of mice with a selec-
tive and complete loss of eosinophils. Thus far, they
appear otherwise healthy, and therefore these mice
should be useful in defining the role of eosinophils in
mouse models of parasitic, alergic, and other diseases.

EOSINOPHIL-SELECTIVE TARGETS
Molecules involved in recruitment and
activation

Given the localization of eosinophils within inflamed
mucosal sites, it isimportant to understand how these cells
are preferentially recruited and localized within tissue Sites.
Mechanisms contributing to tissue-specific accumulation
of these inflammatory cells include selective migration,
increased cell survival, and decreased apoptosis.33 Even
though eosinophils share many phenotypic features with
other leukocytes (Fig 1), especialy basophils, including
thoseinvolved in adhesion and migration, their locaization
and survival within a given tissue can be quite distinct.

With respect to eosinophil-selective adhesion mole-
cules, eosinophils express very late activation antigen
(VLA) 4 (CD49d/CD29) and VLA-6 (CD49f/CD29), and
numerous animal studies in which antibodies or small
molecules have been used to block VLA-4 have shown
impressive reductions in eosinophil numbers and disease
activity.49-52 Unfortunately, efforts by Merck and Aventis
in testing nebulized VLA-4 antagonists in phase Il trias
have not proved fruitful, perhaps in part because of inad-
equate dosing, short biologic half-life, or other pharma-
cokinetic properties. Trials with oral VLA-4 antagonists
are still ongoing. Also promising is an antibody to CD49d
(Antegren) from Elan Pharmaceuticals that shows effica-
cy in other T cell-mediated diseases, such as multiple
sclerosis.53 Interestingly, systemic administration of this
antibody is associated with periphera blood lymphocyto-
sis and eosinophilia, suggesting that the therapy reduces
extravasation of these cells. For eosinophilic gastroin-
testinal diseases, animal studies showing efficacy of
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a437-directed therapies appear quite promising for disor-
ders such as eosinophilic gastroenteritis.5455

Among 3, integrins, there is much less selectivity for
eosinophils. However, arecent study with a CD11a-specif-
ic antibody, efalizumab, from Genentech, showed reduced
sputum eosinophilia and airway reactivity in human aler-
gen-provocation models.56 Targeting intercellular adhesion
molecule 1, the main CD11a/CD18 ligand, also inhibits
adlergic inflammation in primates.5” Among selectins, P-
selectin glycoprotein ligand 1 (CD162) is relatively over-
expressed on eosinophils compared with other granulo-
cytes,®8 and in animal models P selectin—directed therapies
have been shown to reduce eosinophilic inflammation.59.60

Itisalso logical to focus on chemoattractant receptors
preferentially expressed by eosinophils. Although
eosinophils express a wide range of 7 transmembrane
receptors, those receiving recent attention as therapeutic
targets include the eotaxin family receptor CCR3, which
also recognizes monocyte chemoattractant protein 4 and
other chemokines. A monoclonal eotaxin antibody, CAT-
213, from Cambridge Antibody Technologies, isin early
clinical trials,8! and several small-molecule antagonists
have recently been reported, some of which would be
expected to enter clinical trials in the near future.62-64
Another receptor selectively expressed on eosinophilsis
CRTH2. Like CCRS, this receptor is aso expressed on
mast cells and basophils but is found on T2 lympho-
cytes more consistently than CCR3. It is a receptor for
prostaglandin D, the major prostanoid produced by mast
cells during allergic reactions.29.30.65 Also, like CCR3,
several small-molecule antagonists have been developed
and are awaiting clinical testing.t6 Other molecules, such
as heparin and related proteoglycans, are capable of neu-
tralizing a range of chemokines and other chemoattrac-
tants.67 Finally, other receptors involved in cell traffick-
ing with the potential to be useful eosinophil-directed
targets that are preferentially, but not exclusively,
expressed by eosinophils include C3a and Cbha receptors
(CD88),68 LTB, and LTD, receptors,® CD44,59.70 and the
histamine H4 receptor.”®

Molecules involved in apoptosis

Asaresult of effortsto identify novel surface molecules
expressed on eosinophils, Siglec-8, formerly called
sialoadhesin family member 2, was discovered.2?.72
Siglecs are a recently designated family of cell-surface
molecules that are a subset of the Ig superfamily.” Siglecs
differ from traditional 1g superfamily members in severa
ways. Although their extracellular domains contain a vari-
able number of Ig domains, they possess an N-terminal V-
set 1g domain that binds siaic acid. In addition, Siglec
cytoplasmic domains typically contain multiple tyrosine
residues, including some with consensus immunoreceptor
tyrosine-based inhibitory motifs (ITIMs).

By using mAbs, Siglec-8 was found to be selectively
expressed on the surface of eosinophils, basophils, and
mast cells.2? Siglec-8 exists in 2 splice variants, termed
Siglec-8 and Siglec-8L, the latter containing an identical
extracellular domain but a longer cytoplasmic tail pos-
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sessing 2 tyrosine-based motifs.”475 The membrane-
proximal motif conforms to a consensus ITIM, whereas
the membrane distal motif resembles a sequence found in
signaling lymphocyte activation molecule (CD150) that
binds to signaling lymphocyte activation molecule-asso-
ciated protein, a molecule that is abnormal in X-linked
lymphoproliferative disease.”® Of further interest is that
most Siglecs are encoded on chromosome 19q13.77 This
region of chromosome 19 has received attention in the
asthma community because several genetic studies show
linkage of disease to this region.78-81

Because Siglec-8L contains a consensus ITIM
sequence, studies have begun to explore the conse-
guences of Siglec-8 cross-linking. What has been uncov-
ered is the observation that antibodies to Siglec-8 induce
profound, caspase-dependent eosinophil apoptosisthat is
enhanced rather than inhibited by traditional eosinophil
survival-promoting cytokines, such as IL-5 and GM-
CSF.28 These data suggest that Siglec-8 agonism could
provide an approach to alter eosinophil survival.

In addition to the Siglecs is a family of LIRs which
share many structural characteristics with those of the
Siglecs, except that the LIRs lack the N-terminal sialic
acid-binding domain. Among the LIR family,
eosinophils can express LIR1, LIR2, LIR3, and LIR7,
with the latter 2 being most consistently expressed.3!
LIR7 has a cytoplasmic immunoreceptor tyrosine-based
activation motif domain and has been shown to have
eosinophil-activating activities. The other 3 LIRs contain
cytoplasmic ITIM domains, suggesting that activation
through these surface structures might downregulate
eosinophil function, although this needs further study.

A host of additional, abeit less selective, pathways
have been identified for induction of eosinophil apopto-
sis. These include the use of antibodies to Fas
(CD95)82.83 or CD69, an eosinophil activation mark-
€r.69.84 The cytokine TGF- induces eosinophil apoptosis
in vitro,8 as do drugs such as lidocainesé and glucocor-
ticoids.87 Recent studies looking at glucocorticoid-
induced genes by array technologies might suggest addi-
tional ways of activating eosinophil death pathways.88

Examples of other approaches that directly
or indirectly reduce eosinophils

A mouse genetically deficient in the surfactant protein
Clara cell secretory 10-kd protein (CC10) displayed exag-
gerated allergic eosinophilic airways inflammation, sug-
gesting that CC10 might have anti-inflammatory effects.89
A recombinant form of CC10 from a company called
Claragen was approved under orphan drug status for the
treatment of lung complicationsin premature infants. Other
studies have aso shown that anti-IgE therapy reduces cir-
culating eosinophil numbers, %0 but thisisunlikely to be due
to adirect effect because eosinophils have little, if any, IgE
and FceRI on their surface.91.92 Mice deficient in histamine
synthesis, % C3a receptors,® and protease-activated recep-
tor 295 are additiona examples of where elimination of par-
ticular molecules can have profound effects, either direct or
indirect, on allergic eosinophilic inflammation.
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SAFETY CONCERNS WITH CHRONIC
INHIBITION OF EOSINOPHILS

Ultimately, even if eosinophil-directed therapies are
shown to have beneficial effects in asthma and other
alergic disorders, chronic eosinophil inhibition could
lead to serious side effects. Fortunately, administration of
anti— L-5 antibody has been extremely well tolerated, but
this approach did not fully suppress eosinophilsin all tis-
sues. On the basis of animal and in vitro data, the most
likely detrimental effects, if any, that chronic systemic
eosinophil suppression might cause would include
enhanced susceptibility to certain helminthic parasites
and a theoretic increased risk in viral infections. The lat-
ter is atheoretical concern because of the known RNase
activity of eosinophil granule proteins and their potential
beneficial antiviral effects against RNA-based viruses,
such as respiratory syncytial virus.9?

CONCLUSIONS

Human eosinophils display a wide range of surface
structures, including those involved in adhesion, apopto-
sis, and signaling (Fig 1). They are a'so equipped with sur-
face enzymes, receptors for cytokines, chemokines, com-
plement proteins, and other chemoattractants, as well as a
wide array of |g receptors and other structures belonging
to the Ig gene superfamily. Hopefully, future studies tar-
geting eosinophils and eosinophil-related structures will
ultimately clarify the role of this enigmatic cell in asthma
and allergic inflammation. In the meantime, to paraphrase
Mark Twain, reports of the death of the “eosinophil
hypothesis’ in asthma have been greatly exaggerated.
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