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bjective: To review and highlight the unappreciated roles of eosinophils suggested by recent studies.
ata Sources: The literature, unpublished observations, and insights by the authors.
tudy Selections: Basic studies of mouse models and patient-based clinical studies of disease.
esults: Eosinophils are often thought of as destructive end-stage effector cells primarily linked to parasite

host defense and dysregulated immune responses associated with allergic diseases, such as asthma. How-
ever, recent studies (ie, research focused on mechanisms of action and translational studies examining
disease/inflammatory pathways) are suggesting far more complex roles for eosinophils. The goal of this
review is 3-fold. (1) The authors examine the dynamic history of eosinophils and how physicians over time
used this information to formulate defining hypotheses. Particular emphasis is placed on recent studies
challenging the parochial view of host defense in favor of roles maintaining homeostasis through immune
modulation and tissue remodeling/repair. (2) They discuss diagnostic approaches to assess eosinophils in
clinical settings as a means of disease identification and subsequently as a measurement of disease severity.
(3) They examine how contemporary views of eosinophils and their perceived roles in diseases have led to
specific therapeutic strategies. The emphasis is to review the successes and failures of these strategies as the
basis of formulating future clinical studies targeting eosinophils as potential therapies of disease.
Conclusion: Despite the complexities of eosinophil-mediated activities and the less than overwhelming
success of initial attempts targeting these cells, eosinophils remain a potentially important focal target of
disease diagnosis and subsequent treatment strategies.
� 2014 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
Introduction linked to disease pathology or host defense and as anti-
The lack of easily understood activities and/or obvious roles for
eosinophils in health and disease has led to a functional ambiguity
that is often linked clinically to difficult-to-treat (and frequently
severe) diseases. Interestingly, this functional ambiguity belies a
rich history of experimentation and evolving hypotheses that have
slowly defined the importance of eosinophils as components of
disease processes and the maintenance of homeostasis.1 In turn,
this history of evolving hypotheses has shown an interesting cyclic
pattern of accepted thought that oscillates between descriptions of
eosinophils as destructive end-stage effector cells causatively
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inflammatory cells linked to immune modulation, remodeling
events, and tissue damage resolution.

An understanding of the historical context surrounding
eosinophil biology is relevant because these changing perspec-
tives developed from an underlying need to explain clinical
observations and improve patient disease management. For
clarity, the authors have divided the history of eosinophils into 4
significant eras since the formal naming of these cells by Paul
Erlich2 based on their staining properties with the acidic aniline
dye eosin.

I. Paul Erlich to the Mid-20th Century (1880e1960):
Eosinophils Are Mediators of Host Defense and Causative
Agents of Allergic Symptoms and Pathologies

The need to identify and discriminate between cells at sites of
injury and disease was the driving force that led to unique collab-
orative efforts between late 19th century clinical investigators and
the developing chemical/dye industry of the time. This led to the
Immunology. Published by Elsevier Inc. All rights reserved.
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creation of staining methods and strategies of cell identification
that in many cases survive to the present day (reviewed by Gleich3).
In regard to the specific identification and initial characterization of
eosinophils, Erlich stands out and is generally considered the
founding member of the “Eosinophils 6 Us” club. Even a cursory
reading of the literature from this period highlights the accepted
perspective of physician-scientists explaining the presence of eo-
sinophils in patients with parasitic diseases and pulmonary
patients with asthma (eg, Dombrowicz and Capron4 and Huber and
Koessler5): eosinophils are innate host defense cells with nonspe-
cific destructive activities that target large nonphagocytable
multicellular parasites. Moreover, dysregulated immune responses
occurring in the lungs of patients with asthma mistakenly lead to
the accumulation of eosinophils in the airways, where their
nonspecific destructive activities result in tissue damage, pathol-
ogy, and lung dysfunction. Given the limited knowledge of eosin-
ophil activities during this period and clinical observations with
tight correlations between accumulating eosinophils at sites of
infection and tissues with significant inflammation damage, this
hypothesis was plausible. However, it is also a quintessential
example of the shortcomings of inductive reasoningdie, although
the presence of eosinophils correlated with parasite infection and
allergic tissue pathologies, no data or clinical studies actually
showed a causative relation.

II. The Early Anti-inflammatory Years (1960e1980):
Eosinophils Are Recruited to Inflamed Tissues to Dampen
Activities Mediated by Resident Proinflammatory Tissue
Leukocytes

After the definitive identification of eosinophils, a long period of
numerous, but nonetheless strictly correlative, clinical studies
linking eosinophils to disease pathologies ensued that also was
accompanied by a continued inability to define specific eosinophil
effector functions. This lack of causality between eosinophil-
mediated activities and disease pathology was successfully
exploited by investigators who developed hypotheses for the role
of eosinophils based on the increasingly specific understanding of
effector functions mediated by other leukocytes. This is highlighted
by investigators of mast cells who noted that the accumulation of
eosinophils appeared to occur in response to the inflammation
damage mediated by the activation of accumulating tissue mast
cells (reviewed by Austen6). The idea that eosinophils were anti-
inflammatory agents naturally grew from the observation that
temporal eosinophil accumulation at sites of injury was delayed
relative to mast cell activation (eg, degranulation) and after the
initiation of inflammation.7 These investigators developed a novel
hypothesis that, in the absence of other explanations of eosinophil-
mediated activities, became an accepted paradigm: eosinophils are
not destructive effector cells. Instead, they are recruited to sites of
pathologies as an anti-inflammatory mechanism(s) to ameliorate
the proinflammatory activities mediated by activated proin-
flammatory leukocytes, such as resident mast cells. As with earlier
hypotheses to describe the clinical implications of eosinophil
effector functions, this anti-inflammatory paradigm appeared to
support what was known given the available studies. However, a
flaw existed, namely the roles of eosinophils in this paradigmwere
being defined based on a greater understanding of the biology of
other cells and not on an evolving understanding of eosinophil
effector function(s).

III. The “Gleich Era” (1980e2000): Rebirth of the Nonspecific
and Destructive End-Stage Effector Cell Hypothesis
Contributing to Disease Symptoms and Pathologies

The advent of molecular biological methodologies, including the
identification, cloning, and characterization of specific genes and
the creation of protein-specific single-epitope monoclonal anti-
bodies (mAbs), provided a fulcrum with which the first specific
definitions of eosinophil effector functions were possible. The
characterization of genes encoding eosinophil secondary granule
proteins (and the characterization of the proteins themselves) was
spearheaded by Gerald Gleich and several of his contemporaries
whose studies dominated this era.8e21 The cloning and character-
ization of these genes showed an interesting and provocative
commonality: the secondary granule proteins generally were very
cationic (explaining the propensity of the secondary granules to
bind the acidic aniline dye eosin), they possessed in some cases
robust enzymatic activities (eg, ribonuclease and peroxidase
activities), and in general were cell cytocidal (reviewed by Acker-
man et al8). Specifically, upon exposure in cell culture settings11,18

or tissue/organ ex plant cultures,19,22 the unique enzymatic activ-
ities and/or biochemistry that surround these proteins elicited cell
death. This phenomenon also extended to multicellular parasites
that died after exposure to physiologically relevant levels of several
eosinophil granule proteins.16,17,23,24 Concurrently, clinical studies
using immunofluorescence and eosinophil granule protein-specific
mAbs showed a strong correlation between eosinophil degranula-
tion and evidence of cell death and tissue destruction.25,26 Collec-
tively, the studies of granule proteins and their expression in this
era were sufficiently compelling to shift the accepted paradigm
back to where the studies of eosinophils began: eosinophils
through the expression of toxic cationic proteins and other
nonspecific destructive effector functions (eg, release of reactive
oxygenated species) target parasites as part of the innate host
defense, and the dysregulated accumulation of eosinophils in the
airways of patients with asthma leads to collateral tissue damage
and in turn lung pathology and dysfunction observed in patients
with asthma.
IV. The LIAR Hypothesis (2000epresent): Eosinophils Are
Critical Components of Mechanisms Necessary for Tissue
Homeostasis through Local Immune and Remodeling/Repair
Activities

The advent of clinical studies in patients with asthma targeting
eosinophils and genetically engineered stains of mice affecting
hypothesized eosinophil effector functions or eosinophils them-
selves ushered in a new era of eosinophil studies. Initially, animal
model studies provided definitive functional assessments of
eosinophil-mediated events in the context of in vivo settings,
asking and answering questions as to the roles of eosinophils in
health and disease. Surprisingly, the earliest of these studies using
knockout mice deficient for the eosinophil agonist cytokine inter-
leukin (IL)-527,28 or IL-5eneutralizing antibodies29 were equivocal
regarding the nonspecific and destructive end-stage effector cell
hypothesis and indeed foreshadowed another changing of
perspective that has become the currently accepted paradigm. For
example, although knockout mice deficient for IL-5 in the back-
ground strain C57BL/6J27 led to a concurrent loss of allergen-
induced pulmonary eosinophilia and induced lung dysfunction
(airway hyper-responsiveness), this was not a universal observa-
tion in mice. That is, similar studies on the background strain
BALB/c displayed no link between the IL-5emediated loss of
eosinophils and the development of allergen-induced pulmonary
pathologies.28 The development of biological therapeutics based on
these preclinical studies (eg, mAbs specific for IL-530,31 or the a

chain of the IL-5 receptor32) displayed equally equivocal results in
human subjects. Specifically, clinical studies exploring the use of
these reagents interestingly failed to identify direct correlations
between eosinophil numbers and pulmonary pathologies, with
limited effectiveness in only a subset of patients with asthma
(reviewed by Wenzel33 and Calhoun et al34).
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Parallel studies of the potential role(s) of eosinophils using
mouse models with complex genetic modifications also failed to
support a narrow destructive end-stage effector cell perspective of
eosinophils as agents of host defense or as participants in allergen-
mediated respiratory inflammation. These “next-generation”
genetically modified mouse models include knockout mice defi-
cient for either of the abundant cationic secondary granule proteins
(major basic protein-135 or eosinophilic peroxidase36) and several
eosinophil-deficient strains of mice that uniquely target eosino-
phils in these mice without collateral effects on the production of
other cell types.37e40 In several studies from multiple groups using
multiple strains of mice, little evidence has been reported that
supports a significant role for eosinophils in host defense or in-
flammatory tissue damage. These data include studies directly
assessing the roles of eosinophils in host defense against the
parasite infection (primary end point measured: worm burden,
using major basic protein-1 and/or eosinophilic peroxidase
knockout mice41,42 and 2 different eosinophil-deficient strains
[PHIL andDdblGATA] of mice).43,44 Concurrent to these studies have
been reports using these strains of mice to examine the role(s) of
eosinophils as contributors to allergen-induced pulmonary
inflammation. In these cases, investigators discovered a similarly
confounding result: granule protein knockout mice displayed
allergen-induced pathology and changes in lung function that were
the same as in wild-type control animals.35,36 The loss of eosino-
phils also entirely and consistently failed to show a significant
eosinophil contribution to cell death/tissue destruction and pul-
monary pathology (eg, Lee et al37 vs Humbles et al38).

These studies collectively failed to support a perspective in
which eosinophils are primarily destructive mediators of host
defense and nonspecific contributors to localized inflammation.
However, a common and underlying observation from these
studies was that eosinophils appeared to mediate significant im-
mune regulatory functions in the local areas of interest. This was
true of parasite infection and allergen-induced inflammation. In the
case of parasite infection, Fabre et al44 and Gebreselassie et al45

elegantly showed that although eosinophils did not contribute to
trichinella reproduction and/or worm survival, eosinophil modu-
lation of local immune responses in skeletal muscle were abso-
lutely necessary to prevent host inflammatory responses that
would otherwise prevent the ability of this pathogen to take up
residence at these locations. Similar observations were noted in
studies investigating the roles of eosinophils in allergic respiratory
inflammation. That is, instead of destructive end-stage cell activ-
ities, eosinophil activities in mouse models of respiratory inflam-
mation were more aptly described as part of pathways modulating
immune responses and pulmonary remodeling events associated
with allergen challenge. These studies included reports of the
importance of eosinophil-derived IL-4/IL-13,46,47 eosinophil-
mediated recruitment of allergen-specific T-effector cells to the
lung,48,49 and eosinophil-dependent effects on T-cell proliferation
and immune polarization in pulmonary compartment draining
lymph nodes.50 Significantly, very recent studies using congenitally
eosinophil-deficient animals and a strain of mice capable of
inducible eosinophil deficiency have shown that eosinophils also
appear to be part of negative feedback loops that block allergen-
induced recruitment/accumulation of airway neutrophils, thus
shaping the character of induced immune responses/inflamma-
tion.40 Indeed, provocative studies using a wide range of mouse
models of human disease have shown that eosinophils appear to be
key regulators of local immunity and remodeling events linked to
diverse tissue settings, including adipose tissue homeostasis,51,52

liver53 and skeletal muscle54 regeneration, and neurologic dis-
eases (eg, neuromyelitis optica55).

In summary, the preponderance of evidence has led to a partial
reversal of the previously accepted perspective and the creation of a
larger, more inclusive paradigm to explain the roles of eosinophils:
Instead of functioning exclusively as end-stage effector cells
mediating destructive activities as part of innate host defense or
dysregulated allergic responses, accumulating eosinophils are
necessary components of local tissue homeostasis by functioning as
regulators of local immunity and/or remodeling/repair in health
and diseasedthe LIAR hypothesis.56

Approaches Assessing Eosinophils and/or Eosinophil-
Mediated Activities in Clinical Settings

Eosinophils have served as the histologic hallmark of many
diseases, especially infections and systemic and allergic conditions.
For example, in some diseases, such as Churg-Strauss syndrome
and hypereosinophilic syndrome (HES), clinical guidelines require a
tissue and a peripheral eosinophilia, respectively, as a diagnostic
metric. In other circumstances, eosinophils also may serve as sur-
rogate markers of disease activity as in asthma, atopic dermatitis,
allergic rhinitis, and conjunctivitis. An emerging group of diseases,
termed eosinophilic gastrointestinal diseases (EGIDs; including
eosinophilic esophagitis [EoE], eosinophilic gastritis, eosinophilic
gastroenteritis, and eosinophilic colitis), are characterized by
increased eosinophils within the respective tissue spaces. In many
of these diseases, therapeutic interventions result in alleviated
symptoms and decreased eosinophilia, findings consistent with
disease remission.

Although an eosinophil predominance characterizes many dis-
eases, the true impact of these cells in the human condition is not
certain. Basic and translational studies have defined clear and
distinct roles for eosinophils in patterns of injury, such as fibrosis,
barrier dysfunction, and dysmotility. However, few studies have
addressed whether the level of eosinophilia correlates with other
features of disease activity. For instance, although standard-of-care
practice supports the finding that decreased esophageal eosinophil
in EoE occurs after treatment, the degree of symptom alleviation as
a function of this decreased eosinophilia is unclear. In fact, several
therapeutic trials have shown a significant decrease in mucosal
eosinophilia but an inconsistent decrease in symptoms. To date, no
study has determined whether an eosinophil-related biomarker
can truly serve as a surrogate reflective of symptomatology, natural
history, outcome, or therapeutic success. Thus, it will be critical for
future studies to determine whether quantification of eosinophils
and their products should remain a “gold” standard metric.

Methodologic Tools to Assess Eosinophilia

Eosinophils can be enumerated in different fashions, including
counting eosinophils stained with Romanowsky dye sets on pe-
ripheral blood smears or stained tissues and automated cell counts
of liquid samples. Their granule proteins, including eosinophil
derived neurotoxin, eosinophilic cationic protein, major basic pro-
tein, and eosinophilic peroxidase, can be measured by direct
assessment by high-throughput detection assays (eg, enzyme-
linked immunosorbent assay assessments of individual granule
proteins and the detection of downstream products of unique
eosinophil activities, eg, detection of brominated and/or nitrated
tyrosine residues generated by eosinophil peroxidase-mediated
activities). An additional but little used metric is high-throughput
mass spectrometric assessment of biological fluid samples (eg,
Wedes et al57).

Locations and Samples to Assess Eosinophilia

Samples to be analyzed are chosen based on their relevance
to disease activity. For instance, although assessments of peri-
pheral blood and hematologic compartments are clearly sites of
interest in systemic diseases such as HES, these compartments are
less informative for the assessment of localized inflammatory
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eosinophil-associated diseases, including asthma and EGIDs. That
is, although some studies have suggested that peripheral blood
eosinophil levels or peripheral levels of unique eosinophil-specific
markers correlate with disease severity,58,59 the limited power of
these studies and the publication of reports with conflicting con-
clusions60 have limited the usefulness of these systemic evalua-
tions. Instead, the goals of assessment in these diseases have been
site-specific sampling. In addition to more targeted tissue assess-
ments of eosinophils in these patients, there is an underlying move
to noninvasive orminimally invasivemethodologies that limit costs
and potential sampling complications.

In patients with asthma, eosinophil assessments in lung tissue
from transbronchial biopsies have given way to evaluations of
bronchial lavage samples, which in turn are giving way to assess-
ments of induced or spontaneous sputum. Evaluations of EGIDs also
have witnessed a similar but still evolving transition of methodol-
ogies. That is, endoscopy and colonoscopy with concomitant tissue
retrieval initially were the primary methods of assessment for eo-
sinophils that are currently giving way to assessments of eosinophil
products in stool samples andmost recently in luminal fluids. In this
regard, methodologies of assessing specific gastrointestinal com-
partments in patients are still in development, including cutting-
edge studies assessing eosinophil-derived products using the mini-
mally invasive Enterotest (HDCDiagnostics, NewtonAbbotTQ12 4SG,
Devon, United Kingdom) to capture esophageal secretions (ie, the
esophageal string test61).

Successes and Failures of Therapies Targeting Eosinophils in
Human Disease

Eosinophil-related disorders vary widely in prevalence, mani-
festations, and morbidity. Moreover, they affect the host in several
ways depending on whether one organ is primarily involved or the
disease is more systemic. For instance, HES affects multiple target
organs, whereas asthma affects primarily the lungs. Because the
pathogenesis of most eosinophil-related disorders is unknown,
treatments are typically limited to topical or systemic steroids. In
some patients with HES, the FIP1L1/PGDFRA therapeutic target is
known, leading to the successful use of imatinib. However, in
steroid-refractory patients or patients with systemic eosinophilic
disorders such as FIP1L1/PDGFRA-negative HES or Churg-Strauss
syndrome, cytotoxic agents, such as interferon-a, cyclophospha-
mide, hydroxyurea, and vincristine, are often used.62,63 The potential
lack of efficacy, side effects, and toxicities associated with these
medications require carefulmonitoring and often complicate patient
management. As a result, the search for targeted, safer, and more
efficacious therapies for eosinophil-related disorders continues.

IL-5eRelated Targets

Interleukin-5 has long been recognized as a potentially prom-
ising therapeutic target because of its pivotal role in the terminal
differentiation of committed eosinophil precursors and involve-
ment in eosinophil activation and migration and tissue survival.64

Two humanized antieIL-5 mAbs, mepolizumab and reslizumab,
have been developed that bind to IL-5, thereby preventing its
interaction with IL-5 receptor-a on the eosinophil surface.64e66

Another mAb, benralizumab, binds the a chain of the IL-5 recep-
tor directly, rendering it unable to bind to IL-5.32

The efficacy of treatment with antieIL-5 or antieIL-5 receptor
mAbs has been examined in studies of patients with asthma, EGIDs,
atopic dermatitis, Churg-Strauss syndrome, and FIP1L1/PDGFRA-
negative HES. Interestingly, the results of studies examining the
therapeutic effects of these mAb treatments in a wide range of
diseases have yielded varied outcomes that appear to depend on
the patient phenotype and/or primary end point examined. Specific
examples of these studies are provided below.
Asthma

Several studies have examined the impact of antieIL-5 mAbs in
the treatment of asthma. Because asthma is a heterogeneous dis-
ease, the interpretation of these studies is intrinsically linked to the
respective recruited patient populations. For instance, a study
reported that mepolizumab decreased airway and peripheral
eosinophils but did not affect airway hyper-responsiveness.67 The
results from this study led almost immediately to a decreased
interest in eosinophils as a therapeutic target. However, since then,
somestudieshaveprovidedalternativefindings and interpretations.
In a randomized, double-blinded, placebo-controlled study of 24
patients with mildly atopic asthma (atopy was defined as a positive
skin prick test result to 1 allergen), mepolizumab decreased airway
mucosal eosinophils and remodeling markers.68 In 2 randomized,
double-blinded, placebo-controlled, parallel-group studies that
enrolled 70 patients with asthma and mucosal eosinophilia,
mepolizumab led to fewer exacerbations and decreased airway and
peripheral eosinophils.30,31 Use of reslizumab has shown similar
results in a multicenter trial of 106 patients with asthma, sputum
eosinophilia, and steroid-refractory disease. Compared with pla-
cebo, reslizumab significantly decreasedmucosal eosinophils.69 In a
phase 1 study conducted to determine the impact of antieIL-5
receptor blockade in patients with asthma, benralizumb decreased
airway mucosal eosinophils and suppressed bone marrow and
peripheral eosinophil counts.70

Hypereosinophilic Syndrome

Past work has shown the ability of mepolizumab to decrease
blood eosinophils by different mechanisms.71 Rothenberg et al72

conducted an international, randomized, double-blinded, placebo-
controlled trial in 85 adults with HES to address the clinical rele-
vance of these studies. They determined that the intravenous
administration of mepolizumab had a clinically significant steroid-
sparing effect and led to a decrease in peripheral eosinophil counts
compared with placebo.

Eosinophilic Gastrointestinal Diseases

A series of case studies evaluating antieIL-5 mAb treatment of
patients with EGIDs has yielded promising results.73 Subsequent
prospective studies continue to show a significant impact on the
primary end point, epithelial eosinophilia. For instance, in a ran-
domized, double-blinded, placebo-controlled trial of 11 adults with
EoE, a significant decrease of mean esophageal eosinophils was
observed after mepolizumab treatment. In addition, tenascin C and
transforming growth factor-b1 expressions were significantly
decreased.74 In a larger prospective study of 59 children with EoE,
mepolizumab decreased mucosal eosinophils significantly after 3
infusions separated by 4 weeks each.75 In the largest EoE thera-
peutic study to date, 226 adults and children were enrolled in a
randomized, double-blinded, placebo-controlled study and treated
with reslizumab for 12 weeks.76 Similar to previous studies, peak
eosinophil counts decreased significantly after treatment. Targeting
of IL-5 with mAbs also might decrease inflammation triggered by
other cells in EoE, including mast cells.77 Importantly, although
there was a trend toward alleviation of symptoms in these studies,
none documented a significant impact on symptoms compared
with placebo. Potential reasons for this include variability in the
symptom score used, delay in resolution of symptom improvement
compared with histology, limited dosing, short duration of treat-
ment, and lack of penetration of drug into epithelia.

Atopic Dermatitis

Because eosinophils are present in atopic dermatitis, antieIL-5
antibodies (ie, mepolizumab) have been tested in patients with
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allergen-induced skin disease. In a randomized, double-blinded,
placebo-controlled study, mepolizumab was given intravenously
to determine its impact on late-phase cutaneous responses.78

Mepolizumab decreased eosinophil numbers and amounts of the
remodeling molecule tenascin. A clinical study examined the
impact of 2 doses of mepolizumab in 18 patients compared with 22
controls using the SCORAD tool. No clinical benefit was seen, but
peripheral eosinophil counts were decreased.79

Taken together, these studies provide evidence that targeting IL-
5 or IL-5 receptor with mAbs decreases local and/or systemic eo-
sinophils levels. However, a therapeutic benefit for these eosinophil
ablations, in most cases, has remained variable. Careful subject
selection, dosing approach, including the amount drug delivered,
route of administration, and the selection of primary readouts,
will be critical for the next generation of studies. Future multi-
center, randomized, double-blinded, placebo-controlled studies
also will need to be directed at additional therapeutic targets of
eosinophils, including eotaxins, CRTh2 (Chemoattractant Receptor-
homologous molecule expressed onTh2 cells) antagonists, and
T-helper type 2eassociated cytokines.63
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