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With the recent approval of the first eosinophil-depleting therapeutic agents
targeting the IL-5 pathway for treatment of severe eosinophilic asthma, eosinophils
and eosinophilic disorders are in the limelight. Indeed, setbacks during clinical
development of these compounds have revealed how much remains to be known
about eosinophil biology in vivo, and have nurtured profuse research both on basic
eosinophil biology and on pathogenic disease mechanisms, in order to better
delineate the most meaningful targets for innovative therapeutic strategies. On one
hand, variable degrees of eosinophil depletion observed in some compartments
during IL-5-targeted treatment indicate that certain eosinophil subsets may not
rely on this cytokine and/or that other important pro-eosinophilic mediators and
signaling pathways are operative in vivo. On the other hand, it is increasingly clear
that disorders involving eosinophils such as asthma are the final outcome of complex
interactions between diverse cell types and mediators, beyond eosinophils and IL-5.
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These include type 2 helper T (Th2) cells and innate lymphoid cells, mast cells,
and a variety of factors that either activate eosinophils or are released by them.
Although a considerable amount of research has focused on asthma because it
is @ common condition and because management of severe asthma remains a
major challenge, several rare eosinophilic disorders with more homogenous features
have proven to be extremely useful models to reach a better understanding of the
involvement of eosinophils in tissue damage and dysfunction, and of the micro-
environmental interactions operating within the complex network of eosinophilic
inflammation. Unraveling this interplay has resulted in advances in the development
of molecular tools to detect disease subsets and to monitor therapeutic responses,
and in identification of promising new therapeutic targets.

This Research Topic dedicated to eosinophilic conditions covers aspects of the biology
of eosinophils and closely related cells of particular relevance for drug development,
reports on translational research investigating pathogenic mechanisms of specific
eosinophilic disorders in humans that will likely result in significant changes in the
way patients are managed, and presents an overview of the current advancement
of targeted drug development for these conditions, with a special focus on asthma.

Citation: Roufosse F. E., Johansson M. W., eds (2018). Pathogenic Advances and
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Editorial on the Research Topic
Pathogenic Advances and Therapeutic Perspectives for Eosinophilic Inflammation

With the recent approval of the first eosinophil-depleting therapeutic agents targeting the
Interleukin-5 (IL-5) pathway for treatment of severe eosinophilic asthma, eosinophils, and
eosinophilic disorders are in the limelight. Setbacks during clinical development of these
compounds have revealed how much remains to be known about eosinophil biology in vivo,
and have nurtured profuse research both on basic eosinophil biology and on pathogenic disease
mechanisms, in order to better delineate the most meaningful targets for innovative therapeutic
strategies. On one hand, variable degrees of eosinophil depletion observed in some compartments
during IL-5-targeted treatment indicate that certain eosinophil subsets may not rely on this
cytokine and/or that other important pro-eosinophilic mediators and signaling pathways are
operative in vivo. On the other hand, it is increasingly clear that disorders involving eosinophils
such as asthma are the final outcome of complex interactions between diverse cell types and
mediators, beyond eosinophils and IL-5. These include type 2 helper T (Th2) cells and innate
lymphoid cells, mast cells, and a variety of factors that either activate eosinophils or are released
by them. Although a considerable amount of research has focused on asthma because it is a
common condition and because management of severe asthma remains a major challenge, several
rare eosinophilic disorders with more homogenous features have proven to be extremely useful
models to reach a better understanding of the involvement of eosinophils in tissue damage and
dysfunction, and of the micro-environmental interactions operating within the complex network of
eosinophilic inflammation. Unraveling this interplay has resulted in advances in the development of
molecular tools to detect disease subsets and to monitor therapeutic responses, and in identification
of promising new therapeutic targets. Precision medicine for management of eosinophilic disorders
has now become a realistic endeavor.

This Research Topic dedicated to eosinophilic conditions comprises 26 articles, including
reviews, mini-reviews, and perspective as well as hypothesis and theory articles. Their scope ranges
from basic immunological research to clinically oriented topics, all chosen to stimulate curiosity
and offer a wider and more comprehensive understanding of the numerous actors involved in
these disorders. Translational aspects of research in the field of eosinophilic inflammation are
highlighted throughout the Topic. Recent progress in the understanding of eosinophil biology and
heterogeneity is reviewed, as well as insights into the contributions to and regulation of eosinophil
trafficking and recruitment in asthma and other eosinophilic or allergic diseases by various families
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of mediators and their receptors, and by interactions with
platelets. Eosinophil interactions with other lineages, including
Th2 cells and mast cells, in inflammatory disorders are
also addressed. Importantly, the Topic covers aspects of
particular relevance for drug development, reporting on
translational research investigating pathogenic mechanisms of
specific eosinophilic disorders in humans, including asthma,
that have greatly implemented modern classification of these
disorders, and will likely result in significant changes in the way
patients are managed through a more personalized approach to
prognostication, prediction of treatment responses, and targeted
therapy.

The first collection of papers presents the state-of-the-art
in selected fields of basic eosinophil biology where significant
progress has been made, including development, translation,
and proteomics, offering a broad perspective on potential
eosinophil-expressed targets. Fulkerson reviews insights into
the mechanisms of gene regulation during eosinophil lineage
commitment, differentiation, and maturation. She describes
a model according to which classes of transcription factors
(including GATAs, C/EBPs, PU.1, and XBP1) cooperate to
direct eosinophil development and discusses the potential for
therapeutic intervention. Accumulating evidence, reviewed by
Johnston and Bryce, indicates that IL-33, usually considered
an epithelial-derived cytokine that orchestrates allergic
inflammation and contributes to type 2 immunity, together
with its receptor ST2 also have roles in regulating eosinophil
development. In addition, IL-33 is a potent activator of
mature eosinophils. These advances should impact our
understanding of how therapeutic targeting of this pathway
may modulate disease. Esnault et al. provide an overview on
protein translation within eosinophils, and its regulation by
intracellular signaling. They address mRNA post-transcriptional
regulation and focus on the role of IL-3, which, unlike the
other IL-5 family cytokines IL-5 and GM-CSE, drives sustained
signaling in eosinophils and increased translation of a subset
of mRNAs, including semaphorin 7A and Fcy receptor II
(CD32), which may have clinical relevance in terms of eosinophil
priming/activation in vivo. Further, they discuss mechanisms
regulating mRNA-binding protein activity in eosinophils and
the potential therapeutic targeting of these signaling pathways.
As they indicate, mRNA and protein levels do not always
correlate. Proteomic analysis of human eosinophils, using
liquid chromatography coupled to tandem mass spectrometry,
has recently identified and quantified >7,000 proteins and is
reviewed by Mosher et al. They give examples of the power
of such analysis to provide novel information on isoforms of
proteins, including eosinophil STATs. Further, they describe how
isobaric labeling has identified 220 phosphosites that change
significantly upon acute eosinophil activation with IL-5. Finally,
and importantly for this Research Topic, they discuss how
these methods may prove valuable to address whether certain
eosinophil proteins are altered or predict therapeutic outcomes
in patients with eosinophilic diseases.

The next set of articles deals with the roles of eosinophils
in asthma, regulation of eosinophil recruitment by multiple
agonists and receptors, and eosinophil effector functions.

McBrien and Menzies-Gow give a general overview of the
eosinophil and of the current understanding of the (possible)
roles of eosinophils in key asthma processes. These include
evidence of eosinophil contributions to exacerbations and airway
remodeling as well as mechanisms by which eosinophils may
promote airway hyperresponsiveness and mucus secretion.
In addition, the immunomodulatory roles of eosinophils are
discussed. In this line, it is now well established that eosinophils
are heterogeneous, with varying membrane-expressed receptors
and secreted products. The characterization of homeostatic
versus inflammatory eosinophils proposed by Marichal et al.
in this Topic represents a major advance in understanding
eosinophil heterogeneity and accounts for some of the
intriguing findings made previously in the field of eosinophil
research. Variable expression of the IL-5 receptor by certain
homeostatic eosinophils is particularly relevant for treatment
responses in anti-IL-5(R) treated patients. Larose et al. review
eosinophil chemoattractants with an emphasis on eotaxins, other
chemokines, and their receptors. Chemoattractants for type 2
innate lymphoid cells (ILC2s) are also evoked, emphasizing
however that mechanisms for recruitment of these cells are
relatively poorly defined so far. Although historically the
focus has been on protein-protein interactions in biological
systems, protein-carbohydrate interactions has recently received
greater recognition. O’Sullivan et al. describe how lectin-glycan
interactions can modulate eosinophil functions, including
recruitment, survival, and inflammation. Their primary focus is
on Siglec-8, expressed on human eosinophils, but selectins and
their ligands, and other siglecs are also discussed. Finally, they
consider potential therapeutic exploitation of these interactions
in eosinophilic diseases, e.g., the Siglec-8 pathway in inducing
cell death. Galectins, one of the lectin families, are expressed by
various cells including eosinophils. Rao et al. review galectins
that regulate eosinophil recruitment, activation, and apoptosis
in allergic asthma, and are pro- (e.g., galectin-3, by interacting
with oy integrin) or anti-inflammatory (galectin-1). They discuss
their potential utility as therapeutic targets. In addition, human
but not murine eosinophils contain galectin-10 (Charcot-
Leyden crystal protein), a potential biomarker for eosinophilic
inflammation. Prostaglandins and leukotrienes are other families
of molecules that can be pro- or anti-inflammatory. Peinhaupt
et al. focus on prostaglandins (PG) D, and E,, prostacyclin I,
and their receptors on eosinophils. PGD, activates eosinophils,
whereas PGE; and I, suppress activation. They summarize
potential drug interventions, including antagonists of the
PGD, receptor DP2 (CRTH2). Such antagonists have produced
improvements in lung function in subsets of asthmatic patients
and some improvement in eosinophilic esophagitis (EoE).
Thompson-Souza et al. review the cysteinyl leukotrienes LTC4,
D4, and E4, which have various activities on eosinophils, in
light of development of therapeutic compounds targeting their
receptors. They discuss the two cysteinyl leukotriene receptors
expressed by eosinophils pointing out that it has recently been
recognized that they are also present and functional in the
membrane of eosinophil free granules, raising the question
whether free granules may be therapeutic targets beyond intact
eosinophils. Related to eosinophil activation and recruitment,
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the activation status of eosinophils, as assessed by eosinophil
surface proteins that are potential biomarkers, is described by
Johansson. Circulating eosinophils may be non-activated or pre-
activated (sensitized or “primed”) and their f; integrin activation
is associated with aspects of disease in non-severe asthma. {3,
integrins on blood, but not airway, eosinophils, respond to
intervention with anti-IL-5 mepolizumab. A model of eosinophil
activation status in the circulation and the airway in asthma is
presented; however the potential relevance of these biomarkers
in eosinophilic diseases other than asthma requires future
exploration. Tissue remodeling is a key feature of eosinophilic
inflammation in a number of type 2 immune diseases. Nhu
and Aceves review data and concepts on the pathogenesis of
remodeling and fibrosis, primarily in EoE, including cytokines,
eosinophils, and other immune cells, with relevant parallels in
asthma. Additionally, they focus on how emerging therapies may
reduce remodeling in a subset of patients.

Dealing with complex eosinophilic conditions is not
achievable without considering the factors that interact with
and/or are associated with eosinophilia. The following group of
papers emphasizes some of the recent data and concepts relating
to such factors. Like eosinophils, Th2 cells are heterogeneous,
with pathogenic effector Th2 cells (peTh2) representing the most
terminally differentiated subset, showing an exacerbated capacity
to produce IL-5 in addition to IL-4 and IL-13, both produced
earlier in the maturation process of Th2 cells. The phenotypic
and functional characteristics of these cells are reviewed by
Mitson-Salazar and Prussin, who argue that the critical role
shown to be played by these cells in eosinophilic gastroenteritis
may be operative in other eosinophilic conditions. Specific
membrane-expressed molecules on these upstream inducers of
eosinophilic inflammation may prove to be interesting targets for
future therapeutic intervention. IL-13 is a cytokine involved in
the pathogenesis of asthma and other type 2 immune conditions,
eliciting mechanisms that promote eosinophil trafficking. Doran
et al. provide a perspective on these roles of IL-13 in asthma
and other eosinophilic disorders. They depict the IL-13 (and
IL-4) receptors and antibodies blocking IL-13 or IL-13/IL-4
receptors, and describe the ongoing clinical trials with these
antibodies. Another component interacting with eosinophils,
e.g., in asthma, is the platelet. Although the importance of
platelet activation during hemostasis is well understood, it
is now also recognized that platelets can be activated and
function in a distinct manner during inflammation; evidence
indicates that they are critical in the pathogenesis of allergic
diseases. Shah et al. explore non-thrombotic platelet activation
in the context of allergy and the association of platelets with
eosinophils, including conclusions drawn from platelet depletion
experiments in animal models, as well as how these phenomena
may yield novel therapeutic targets. The important interactions
between eosinophils and mast cells, which are almost invariably
present together in inflamed tissue (composing the “allergic
effector unit”), are described in detail by Galdiero et al. in this
Topic. In addition to the numerous direct interactions between
these cells, possible Th2 cell-dependent indirect interactions
may be relevant in eosinophilic disorders, all contributing
to certain aspects of treatment responses. This paper closes

the biological part of this Research Topic on eosinophilic
conditions.

The final series of papers is clinically focused, and is
meant to illustrate how translational research can contribute
to improved understanding not only of disease mechanisms,
but also of eosinophil functions and interactions. We begin
with recent disease classifications incorporating molecularly
or immunologically defined disease variants. The first two
papers illustrate the complex and constantly evolving interplay
between advances in pathogenic understanding and refinement
of classification schemes. Current definitions and categories of
asthma and hypereosinophilic syndromes are summarized by
Svenningsen and Nair and Kahn et al., respectively, showing how
they have been implemented in clinical practice and improved
patient management considerably. However, their limitations
are highlighted and perspectives for further amelioration are
discussed. These limitations are mainly related to numerous gaps
in our understanding of underlying pathogenic mechanisms,
namely at the molecular level, with rigorous but empirical
clinical observations supporting most current definitions. EoE
has been chosen for this Topic as a model to show how
rigorous application of disease-defining criteria has resulted in
the constitution of a large and fairly homogenous collection
of patients, paving the way to pathogenic breakthroughs that
are likely to translate into major therapeutic advances in the
coming years. Collins et al. describe the slow but rewarding
process that has led to consensual determination of thresholds
for tissue “hyper”-eosinophilia in different compartments of
the digestive system. At the level of the esophagus, this has
allowed for selection of patients for large-scale pathogenic
studies. Elucidation of the transcriptome of EoE has delineated
novel candidate targets for future drug development and has
led to the development of the “EoE diagnostic panel” (EDP),
the first application of a molecular approach to diagnosis in
the setting of an allergic disorder. The EDP, described by Wen
and Rothenberg herein, is now available for clinical use as a
commercialized test. Its widespread use has revealed further
heterogeneity within EoE, and it is hoped that this tool will
allow for a personalized approach to future therapeutic decision-
making, on the basis of specific molecular signatures in individual
patients and the availability of an increasing number of targeted
treatment options. Furthermore, genes whose transcription levels
change with effective therapy may prove useful as future
biomarkers of disease activity in eosinophilic disorders, for which
there is much need. Khoury et al. provide an overview of the
currently available biomarkers used to assess hypereosinophilic
disorders, showing how improved understanding of pathogenesis
(e.g., in EoE) has delivered the few robust markers that
have been validated so far. For the majority of disorders,
biomarkers enabling diagnosis of disease variants, and/or
predicting disease severity and monitoring disease activity are
lacking.

There is increasing interest for investigation of biomarkers
in the setting of clinical trials with targeted therapy, in hopes
of improving future selection of patients for tailored treatment.
Two papers in this Topic review the use of monoclonal
antibodies directed against IL-5 or its receptor and against IgE in
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eosinophilic disorders. Interestingly, elevated eosinophil counts
are predictive of treatment response to both compounds in
asthmatic subjects. This appears logical in that the cytokines
responsible for induction of eosinophils and IgE production
(i.e., IL-5 and IL-4/IL-13, respectively) are generally produced
together by type 2 lymphocytes. Moreover, both eosinophils
and IgE contribute jointly to inflammation and disease
manifestations, and eosinophils express IgE receptors, so it
is legitimate to explore how these factors interact in vivo in
treated subjects. Roufosse reviews clinical trials targeting the
IL-5 pathway and summarizes transversal data across these
studies on biomarkers that may predict treatment responses,
and on how other mediators and cell types, namely mast cells,
are impacted by treatment. This paper also describes how the
slow but determined development of anti-IL-5 antibodies, with
careful post-hoc assessment of data collected during clinical
trials, has resulted in a better understanding of pathogenic
mechanisms underlying specific aspects of diseases under
study, leading to improved design of subsequent trials, and
ultimately, approval of new first-in-class drugs. Stokes reviews
the studies evaluating efficacy of anti-IgE treatment, showing that
eosinophilia decreases during treatment through mechanisms
that remain largely unexplored. Some of the favorable effects of
anti-IgE treatment on allergic disease may therefore actually be
related to indirect effects on eosinophils, either through their
depletion or their decreased priming in vivo. The article by
Vaes et al. approaches mast cell targeted therapy and has been
included in this Topic to provide insight on the different levels
at which therapeutic intervention is possible in a hematological
disorder where, like in hypereosinophilic syndromes, cell-
mediated toxicity is often more of a concern than tumor burden.
Drug development in mastocytosis and related disorders is
very broad, including molecular targets, signaling machinery,
mediator interception, and apoptosis, and may inspire new
avenues of thought for predominantly eosinophilic diseases.
Finally, the interesting pathogenic complexity of a secondary
hypereosinophilic disorder, drug-reaction-with-eosinophilia-
and-systemic-symptoms (DRESS), is reviewed by Musette
and Janela. The combined existence of genetic predisposition,
environmental exposure to an offending agent (a drug), and
viral reactivation concurs toward the rapid development of

marked blood and tissue eosinophilia, contributing to vital
organ damage and death in some cases. The uncontrolled
immune activation involves not only eosinophils but also
cytotoxic CD8T cells whose pathogenic contribution to other
eosinophilic conditions has barely been explored and may be
largely underestimated.

To conclude, we are very grateful to our colleagues including
researchers, physicians, and clinical investigators who have
contributed to this Research Topic. We believe that these
articles offer an interesting and translational perspective on basic
eosinophil biology, with clinical applications in diagnosis and
treatment of eosinophilic conditions. They illustrate particularly
well how combined experimental and clinical efforts to break
down heterogeneous human diseases into mechanistic subsets
can be rewarding and can translate into major improvements in
patient management and outcome. We hope the contents of this
Topic will further stimulate transversal thinking in the exciting
field covered by this e-book.
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Dynamic gene expression is a major regulatory mechanism that directs hematopoietic
cell fate and differentiation, including eosinophil lineage commitment and eosinophil
differentiation. Though GATA-1 is well established as a critical transcription factor
(TF) for eosinophil development, delineating the transcriptional networks that regulate
eosinophil development at homeostasis and in inflammatory states is not complete. Yet,
recent advances in molecular experimental tools using purified eosinophil developmen-
tal stages have led to identifying new regulators of gene expression during eosinophil
development. Herein, recent studies that have provided new insight into the mechanisms
of gene regulation during eosinophil lineage commitment and eosinophil differentiation
are reviewed. A model is described wherein distinct classes of TFs work together via
collaborative and hierarchical interactions to direct eosinophil development. In addition,
the therapeutic potential for targeting TFs to regulate eosinophil production is discussed.
Understanding how specific signals direct distinct patterns of gene expression required
for the specialized functions of eosinophils will likely lead to new targets for therapeutic
intervention.

Keywords: hematopoiesis, eosinophilopoiesis, transcriptional regulation, eosinophil development, eosinophil
lineage commitment

INTRODUCTION

Eosinophils differentiate in the bone marrow from an eosinophil lineage-committed progenitor
(EoP) that is derived from the granulocyte/macrophage progenitor (GMP) in mice and the com-
mon myeloid progenitor or an upstream multipotent progenitor in humans (1, 2). Cell fate choices,
including lineage commitment, are specified by the action of primary, or lineage-determining,
transcription factors (TFs) and then reinforced by induction of secondary TFs that orchestrate
gene expression and lineage commitment and differentiation. TF concentrations can be important,
as lineage-determining TFs can antagonize each other’s activity (3, 4). We have recently shown that
markedly more transcriptome changes (1,199 genes) are associated with eosinophil maturation
from the EoP than with eosinophil lineage commitment (EoP from GMP, 490 genes), highlighting
the greater transcriptional investment necessary for terminal differentiation (5). These dynamic
changes in gene expression during eosinophil development included a repertoire of TFs, many
of which had never previously been associated with eosinophil development (5). New informa-
tion from genome-wide and single-cell RNA sequencing (scRNA-seq) studies have built upon
well-established models of transcriptional regulation of eosinophilopoiesis. The molecular regula-
tory network that yields functional, mature eosinophils from EoPs is slowly being delineated.
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Defining how eosinophil production is regulated is critical
to understanding how dysfunction of the immune response
results in eosinophil overproduction and will likely lead to new
eosinophil-targeting therapeutics.

EOSINOPHIL LINEAGE COMMITMENT

The first stage in eosinophil development is commitment to
the eosinophil lineage by a myeloid multipotent progenitor to
generate an EoP (Figure 1). The EoP is identified via surface
expression of CD34, interleukin 5 (IL-5) receptor alpha (IL-5Ra,
a.k.a. CD125), and low levels of ¢-KIT (CD117) in murine bone
marrow (1). In humans, EoPs are identified by surface expression
of CD34, CD38, and CD125 (2). EoPs reside in small numbers
primarily in the bone marrow (~0.05% of lineage-negative CD34*
cells), with even lower levels found in peripheral blood and in
human umbilical cord blood (2). Targeting the EoP and the steps
determining eosinophil lineage fate for treatment purposes is an
attractive strategy, as it would prevent the production of mature
eosinophils and all of their immune-activating contents; thus,
delineating the factors that are essential for eosinophil lineage
commitment will likely be clinically relevant.

Eosinophil Lineage Instruction by
GATA-1 and GATA-2

It is well established that myeloid progenitor expression of the TF
GATA-1 is essential for eosinophil lineage commitment (6-9).
The findings of these earlier studies were supported recently by

GMP/CMP EoP

Eosinophil
Lineage
Commitment

Eosinophil

Eosinophil
Maturation

—

GATAs

FOG-1

FIGURE 1 | Transcription Factor (TF) expression during eosinophil
development. Eosinophils differentiate in the bone marrow from an eosinophil
lineage-committed progenitor (EoP) that is derived from the granulocyte/
macrophage progenitor (GMP) in mice and the common myeloid progenitor
(CMP) in humans. For eosinophil lineage commitment to occur, the myeloid
progenitor (GMP or CMP) must express C/EBPa, C/EBPe, interferon
regulatory factor 8 (IRF8), and PU.1. Expression of friend of GATA-1 (FOG-1)
declines, allowing for increasing expression and activity of GATA TFs, which
is necessary for EoP production. Following lineage commitment, eosinophil
granule protein gene expression is markedly increased with the collaborative
interaction between C/EBPe, PU.1, and GATA-1. To assist with the elevated
granule protein synthesis in the EoP and eosinophil precursors, XBP1
expression is increased and promotes survival during the demanding
maturation process. Expression of activator isoforms of C/EBPe peaks during
eosinophil maturation and then declines during the final stages. Expression of
ID2 increases during eosinophil maturation and enhances the rate of
maturation.

global gene expression profiling of single murine multipotent
progenitor cells revealing that the commitment to the eosinophil
lineage segregated with Gatal expression (10). In addition,
scRNA-seq of murine GMPs (Lin~CD34*c-KIT*CD16/32")
revealed a rare GMP subset with eosinophil lineage potential and
that maintained expression of Gatal (11).

Two nuclear factors, friend of GATA-1 (FOG-1; ZfpmI) and
interferon regulatory factor 8 (IRFS8; Irf8 or Icsbp), have been
shown to be important for regulating Gatal expression and/
or function in myeloid progenitors and, consequently, to affect
eosinophil production. FOG-1 is a transcriptional cofactor that
facilitates binding of GATA factors to DNA and recruits chroma-
tin remodeling complexes (12-14). FOG-1 is highly expressed
by multipotent progenitors, antagonizes GATA-1 transcriptional
activity, and must be downregulated to allow for eosinophil lineage
commitment (15, 16). Loss of FOG-1 expression in mice is early
embryonic lethal from severe anemia due to the requirement for
FOG-1 for the formation of erythroid-lineage progenitors (17).
FOG-1 deficiency in hematopoietic stem cells results in increased
commitment along the myeloid lineages and aberrant expression
of myeloid-related genes in megakaryocytic and erythroid cells
(18), highlighting the role for FOG-1 in suppressing myeloid cell
development. In contrast, loss of Irf8 expression in mice resulted
in reduced EoP (and eosinophil) frequency in the bone marrow
and lower Gatal expression in the EoPs that were produced
(19), suggesting that the TF IRF8 is critical for upregulating
and/or maintaining GATA-1 expression in myeloid progenitors
for eosinophil lineage commitment. Notably, murine GMPs
with eosinophil lineage potential and that maintained Gatal
expression also expressed intermediate levels of Irf8 (11).

Murine EoPs express both GATA-1 and GATA-2, whereas
GMPs express no GATA-1 and low to no level of GATA-2
(5, 20). Ectopic expression of GATA-2 in murine GMPs and
human CD34* hematopoietic progenitors was sufficient to
instruct commitment to the eosinophil lineage (7, 20) and induce
expression of GATA-1 (20). GATA-1 and GATA-2 have identical
DNA sequence binding preferences, but their target genes and
transcriptional responsibilities can be cell specific and/or over-
lapping, likely via a multitude of coregulators (e.g., FOG-1) (21).
Targeted deletion of GATA-1 or GATA-2 has revealed that they
control distinct biological processes that affect multiple hemat-
opoietic lineages (21). Taken together, these studies emphasize
the essential and instructive role for GATA TFs in eosinophil
development; yet, targeting GATA-1 or GATA-2 therapeutically
is likely to have significant and unacceptable effects on other
hematopoietic lineages.

C/EBPa Co-Expression with GATA-1

or GATA-2

In addition to expressing GATA-1 and GATA-2, EoPs express
relatively high levels of the TF CCAAT/enhancer-binding pro-
tein alpha (C/EBPa) (20). C/EBPa is necessary for eosinophil
development, as C/EBPa-deficient mice lack eosinophils (and
neutrophils) (22). The level of C/EBPa expression is important
for eosinophil- vs neutrophil-lineage commitment, as elevated
expression of C/EBPa in GMPs due to an impaired protein deg-
radation pathway results in increased neutrophil differentiation
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at the expense of eosinophils (23). In addition, the order of
expression of GATA factors and C/EBPa is critical for eosinophil
lineage commitment (8, 20, 24). Enforced expression of GATA-1
or GATA-2 in a C/EBPa-expressing progenitor results in eosino-
phil lineage commitment (20). In contrast, ectopic expression of
GATA-2 prior to C/EBPa expression leads to basophil-lineage
commitment (20). It is believed that C/EBPa is at least partially
responsible for the downregulation of FOG-1 expression in
myeloid progenitors promoting eosinophil development (15).

C/EBPe Promotes Eosinophil Cell Fate
Multiple isoforms of the TF C/EBPe with distinct transcriptional
functions (e.g., activators and repressors) are expressed during
eosinophil maturation, and expression levels of the varying iso-
forms change with developmental stage (25, 26), reinforcing that
ratios of TFs with combinatorial and even antagonistic activities
are highlights of the eosinophil developmental program. Low
levels of the activator C/EBPe isoforms are expressed in CD34*
hematopoietic progenitors, and all isoforms increase in expres-
sion during IL-5-mediated differentiation, with the repressor
isoforms predominating during later stages of maturation (25).
Mice deficient in C/EBPe fail to generate mature eosinophils or
normal neutrophils (27), supporting a critical role for C/EBPe
in a common upstream myeloid progenitor. Notably, ectopic
expression of the activator isoforms of C/EBPe in umbilical
cord blood CD34* progenitors resulted in markedly increased
commitment to the eosinophil lineage (25). In contrast, expres-
sion of the repressor isoforms decreased eosinophil cell fate,
but not other myeloid lineages (25), suggesting that inducing
expression of repressor isoforms in early myeloid progenitors
may specifically inhibit eosinophil production. Expression of the
four isoforms of C/EBPe results from differential splicing and
alternative use of promoters (26, 28), but the critical transcrip-
tional regulators that orchestrate the expression of the different
isoforms is not known.

Unclear Roles for PU.1

The TF PU.1 is a member of the ETS family of DNA-binding
proteins with an essential function in both myeloid and lym-
phoid development (29, 30). Though the PU.1 expression level
in myeloid progenitors has been shown to be important in
regulating macrophage and neutrophil cell fates (3, 31), a defini-
tive early role for PU.1 in eosinophil lineage commitment has
not been defined. Gene expression analysis of PU.1-deficient
fetal liver cells revealed expression of eosinophil peroxidase and
major basic protein (Prg2), but little to no Il5ra (32), suggesting
that PU.1 is not essential for eosinophil lineage commitment, but
studies with a specific focus on the eosinophil lineage potential of
hematopoietic cells deficient in PU.1 are needed.

Summary of Eosinophil Lineage

Commitment

In summary, eosinophil lineage commitment occurs in a myeloid
multipotent progenitor that expresses C/EBPa, C/EBPe, and
IRF8 followed by concomitant declining FOG-1 expression and
increasing GATA-1 and GATA-2 expression (Figure 1). This

hierarchical combination of TFs has been shown to be necessary
for eosinophil lineage commitment.

EOSINOPHIL MATURATION

Human eosinophils have characteristic morphologic features,
including a bilobed nucleus and cytoplasmic granules filled
with cationic proteins that are packaged in a specific manner
(Figure 1). Eosinophils are terminally differentiated and do
not proliferate once they leave the bone marrow. We noted that
mature eosinophils share expression of 60 TFs with EoPs and
express an additional 35 TFs that EoPs do not (5), suggesting that
it requires a greater number of TFs to produce a more complex
and differentiated cell. Identifying the critical TFs for specific
eosinophil functional responses will provide potential new thera-
peutic targets.

PU.1 Priming for Transcription

Recent studies in macrophages have revealed a collaborative inter-
action between PU.1 and other lineage-determining TFs, such as
C/EBPa, to open chromatin and “prime” genes for transcription
(33, 34). Consistent with this role as a “pioneer” TE, PU.1 has
been shown to cooperatively regulate the expression of eosinophil
granule protein genes (35-37), including PRG2 (major basic pro-
tein) and RNS2 (eosinophil-derived neurotoxin), highlighting an
important role for PU.1 in eosinophil maturation. Future studies
are needed to determine how the distribution of PU.1 across the
genome differs between granulocytes (eosinophils, neutrophils,
basophils, and mast cells) and what partnerships are critical for
terminal differentiation of the distinct cell types.

C/EBPs¢ Interaction with PU.1

One of the PU.1 collaborators in regulating gene expression
during eosinophil maturation is the TF C/EBPe. The peripheral
blood and bone marrow of adult mice deficient in C/EBPe
have a pronounced increase in immature myeloid precursors,
indicating a blockade in terminal granulocyte differentiation in
the absence of C/EBPe (27). In addition, ectopic expression of
C/EBPe in CD34* hematopoietic progenitors increased the rate of
eosinophil maturation (25). C/EBPe is important for the expres-
sion of secondary granules in both neutrophils and eosinophils
(36, 37), and C/EBPe deficiency results in impaired functional
responses for neutrophils (27). Individuals with mutations that
abolish C/EBPe expression produce abnormal neutrophils and
eosinophils that lack specific granules; thus, these individuals
suffer from early and frequent bacterial infections (26, 38, 39),
providing clinically relevant support for a critical role for
C/EBPe in terminal differentiation of granulocytes. Interestingly,
peripheral blood eosinophils predominantly express one of the
repressor isoforms of C/EBPe (36), suggesting that C/EBPe’s
repressive activity is more important during late-stage eosinophil
maturation.

XBP1 Is Required for EoP Survival

Murine EoPs have been shown to contain nascent granules (1, 5)
and express granule protein mRNAs at a higher level than mature
eosinophils (5); thus, early EoP differentiation likely represents
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a developmentally restricted period during eosinophilopoiesis
when protein production and endoplasmic reticulum (ER)
demand peaks. XBP1 (XbpI) is a TF that is involved in the unfolded
protein response triggered by ER stress (40). In response to ER
stress, Xbpl mRNA is spliced by the endoribonuclease IREla
followed by translation of the active TF XBP1. Accumulation
of the spliced XbpI mRNA was higher in GMPs and EoPs than
eosinophil precursors, and no spliced XbpI mRNA was noted in
mature eosinophils, which is consistent with activation of the ER
stress pathway during high protein synthetic demands through
eosinophil maturation (41). Notably, loss of Xbp1 expression in
hematopoietic cells resulted in a compete loss of mature eosino-
phils (41). EoPs were present in the bone marrow but at a lower
frequency in Xbpl-deficient than XbpI-sufficient mice, likely
due to poor survival (41); thus, Xbp1 is essential for eosinophil
maturation but not lineage commitment.

ID2 Enhances Terminal Differentiation
Inhibitor of DNA-binding (ID) proteins is a family of negative
transcriptional regulators that heterodimerizes with basic helix-
loop-helix TFs and prevents binding to the DNA (42). Expression
of ID2 was upregulated during eosinophil maturation, and
ectopic expression of ID2 in human CD34* hematopoietic pro-
genitors resulted in increased mature eosinophils, with no change
in frequency of the earlier precursors (43), suggesting that ID2
enhances terminal differentiation. In contrast, expression of ID1
declines during eosinophil maturation and inhibits terminal
differentiation (43).

EOSINOPHIL FUNCTION

In addition to orchestrating eosinophil production, TFs also
participate in eosinophil functional responses and survival.
Glucocorticoids are the first-line therapy for eosinophil-associated
disorders, such as allergy, asthma, eosinophilic gastrointestinal
disorders and hypereosinophilic syndrome (44, 45); yet, there
are a subset of individuals with severe asthma with eosinophilia
despite high doses of glucocorticoids (46-48) and patients
with hypereosinophilic syndrome often become glucocorticoid
refractory (49, 50). The TF NFIL3 has recently been shown to be
induced by IL-5 stimulation in eosinophils and to protect against
glucocorticoid-induced apoptosis (51), suggesting that targeting
NFIL3 in patients may restore glucocorticoid sensitivity. STAT6 is
another TF that has been shown to regulate eosinophil functional
responses, specifically in experimental asthma. Sensitized mice
with STAT6-deficient eosinophils were protected against mucus
overproduction and airway hyperresponsiveness following aller-
gen challenge (52), highlighting an important role for STAT6 sign-
aling in eosinophils in allergic asthma. Yet, eosinophil-intrinsic
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Over the last decade, significant interest in the contribution of three “epithelial-derived
cytokines,” such as thymic stromal lymphopoietin, interleukin 25, and interleukin 33
(IL-88), has developed. These cytokines have been strongly linked to the early events
that occur during allergen exposures and how they contribute to the subsequent type
2 immune response. Of these three cytokines, IL-33 has proven particularly interest-
ing because of the strong associations found between both it and its receptor, ST2,
in several genome-wide association studies of allergic diseases. Further work has
demonstrated clear mechanisms through which this cytokine might orchestrate allergic
inflammation, including activation of several key effector cells that possess high ST2
levels, including mast cells, basophils, innate lymphoid cells, and eosinophils. Despite
this, controversies surrounding IL-33 seem to suggest the biology of this cytokine might
not be as simple as current dogmas suggest including: the relevant cellular sources of
IL-33, with significant evidence for inducible expression in some hematopoietic cells; the
mechanistic contributions of nuclear localization vs secretion; secretion and processing
mechanisms; and the biological consequences of IL-33 exposure on different cell types.
In this review, we will address the evidence for IL-33 and ST2 regulation over eosinophils
and how this may contribute to allergic diseases. In particular, we focus on the accu-
mulating evidence for a role of IL-33 in regulating hematopoiesis and how this relates to
eosinophils as well as how this may provide new concepts for how the progression of
allergy is regulated.

Keywords: interleukin 33, eosinophils, stem cells, ST2/ST2L, asthma, allergy and immunology

INTRODUCTION

Allergic diseases are increasing worldwide, and the mechanisms of both allergic sensitization and
the subsequent effector responses following reexposure, including by eosinophils, are still not fully
understood. Significant focus has recently centered on three cytokines as regulating type 2 immunity
in allergic individuals: thymic stromal lymphopoietin (TSLP), interleukin 25, and interleukin 33
(IL-33). Evidence shows that these cytokines influence allergic mechanisms that include activating
type 2 innate lymphoid cells (ILC2s), the development of T helper type 2 (Th2) cells, and several
other effector cells, including eosinophils. Development of antibodies targeting these epithelial-
derived cytokines in allergic disease is underway: an antibody against TSLP is currently showing
beneficial effects in patients (1), and anti-IL-33 has entered phase two in clinical trials (2). IL-33 in
particular seems important for eosinophil biology, both in homeostatic development and activation
during disease. As an example, a recent loss-of-function mutation in 133 was identified in patients
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and associated with reduced blood eosinophils and protection
from asthma (3). In this review, we will discuss not only how
IL-33 contributes to eosinophil biology but also recent evidence
for roles of IL-33 in eosinophil development, which challenge the
accepted view of IL-33 as regulating mainly local tissue responses.

CONTROVERSIES IN IL-33 BIOLOGY

Interleukin 33 was originally found as a nuclear factor of high
endothelial venules and termed NF-HEV (4). Interest was reig-
nited when computational predictions showed a characteristic
fB-trefoil domain similar to the IL-1 family of cytokines (i.e.,
IL-1a, IL-1P, and IL-18), thus becoming the 11th family member
known as IL-33 (5). Notably, Schmitz et al. also identified IL-33
as the ligand for the previously orphan receptor suppression of
tumorigenicity 2 (T1/ST2) (also called interleukin 1 receptor-
like 1), which had already been associated with allergic disease;
indeed, IL-33 injection into mice led to increased spleen weight,
IgE, type 2 cytokines, mucus production by epithelial cells, and
significant eosinophilia. Thus, much of the early research on the
IL-33/ST2 axis defined clear roles in type 2 immune-mediated
responses.

Despite this, controversy has surrounded IL-33 with unan-
swered questions related to its cellular sources, subcellular loca-
tion, and release mechanisms. While many have assigned IL-33
as an epithelial-derived cytokine, we and others have established
that immune cells also express IL-33 upon activation, includ-
ing macrophages, dendritic cells (DCs), eosinophils, B cells,
monocytes, and mast cells (6-11). While IL-33 has been shown
to be present in surface epithelial cells from human biopsies (12),
studies of gene expression using a reporter mouse demonstrate
that type 2 pneumocytes are the dominant cell expressing IL-33
within the lung (6) and that Clara cells, ciliated epithelial cells
of the bronchiolar system, do not express IL-33 unless inflam-
mation is induced (13). A point of contention is the question of
functional contributions of structural- vs immune cell-derived
IL-33. In mouse studies addressing this question, IL-33 from
macrophages (14), DCs (8), and monocytes (7) are sufficient
to support the development of Th2 responses and eosinophilia.
In contrast, one study showed that transferring IL-33 knockout
(KO) bone marrow into irradiated mice had no effect on allergic
inflammation (15). Further studies are needed, especially given
the significant caveat that several of these immune cells are highly
radiation resistant. Taken together, while current evidence shows
clear roles for immune cell-derived IL-33, the relative impor-
tance of structural- vs immune cell-derived IL-33 remains to be
determined.

The mechanism of how cells release IL-33 is also subject to
debate. IL-33 has been described as residing exclusively in the
nucleus of structural cells (16), yet evidence now suggests this
conclusion is likely influenced by alterations in the IL-33 protein
upon fusion with fluorescent tags used to track the protein; a
more careful assessment of native IL-33 revealed both nuclear
and cytoplasmic presence (17) in endothelial cells and fibro-
blasts—indeed, we demonstrated cytoplasmic location within
mast cells (18). Unlike many other IL-1 family members, IL-33
does not utilize the inflammasome pathway (19). Although

its release upon necrotic cell death gave rise to the concept of
IL-33 as an “alarmin” (20), mechanical stress could also induce
IL-33 release from fibroblasts in the absence of necrosis (17).
Relevant to allergy, IL-33 release was shown in response to the
established adjuvant aluminum hydroxide (alum) (21). Allergens
interact with mucosal tissue surfaces in many ways including
through toll-like receptors 2 and 4 (TLR2 and TLR4), dectin-1,
and protease-activated receptor-2 (PAR-2) (22), wherein dectin-1
and PAR-2 are necessary for allergen-induced increases in IL-33
in lung tissues (23, 24). The source of such increases in IL-33
remains poorly defined: while several studies have described
IL-33 secretion from structural cells (17, 25-27), mast cells (28),
DCs (9), and human monocytes (29) can also express and release
IL-33. Since alveolar macrophages serve as a front line of allergen
exposure in the airway and TLR ligands being shown to stimulate
IL-33 in macrophage (30), immune cells as a source of IL-33
might occur both within the airspace and tissues.

THE EFFECTS OF IL-33 ON MATURE AND
DEVELOPING EOSINOPHILS

Eosinophil expansion is a hallmark of most allergic disease, but
the underlying mechanisms are not fully understood. Several
scenarios may explain this expansion: proliferation of resident
eosinophils, increased trafficking of blood eosinophils into tis-
sues, increased output from the bone marrow, increased survival,
and local maturation of progenitors in tissues. Mature eosino-
phils, which respond to IL-33, do not seem to possess a robust
proliferative capacity, and so focus has been on developmental
processes. The current knowledge of the ways in which IL-33
influences eosinophil biology during homeostasis and disease is
discussed below.

IL-33 on Mature Eosinophils
Cellular responses to IL-33 have been extensively studied. The
ST2 receptor is highly expressed on several “allergy-associated”
immune cells, including eosinophils, Th2 cells, ILC2s, mast cells,
and basophils, as well as structural cells like epithelial and endothe-
lial cells (31). IL-33 induces the production of type 2-associated
cytokines from many of these cell types. Consequently, IL-33
had been presumed to affect eosinophilic inflammation through
induction of IL-5—a cytokine known to activate eosinophils. For
example, early work concluded that IL-33-induced eosinophilia
was dependent on IL-5, but this conclusion was based largely on a
neutralizing antibody approach and limited markers for defining
eosinophils (32). As outlined in this review, IL-33 is now under-
stood to act directly on eosinophils and regulate their biology,
including survival, activation, and adhesion (Figure 1B).
Administration of IL-33 is sufficient to drive in vivo eosino-
philia in various tissues (5). While IL-33 does not act as an
eosinophil chemoattractant (33), several studies show that
IL-33 regulates eosinophil survival. For example, transferring
ST2 KO eosinophils into recipient mice led to significantly
fewer lung eosinophils after allergen challenge than wild-type
(WT) eosinophils despite normal migratory functions, implying
impaired survival (34). IL-33 also induces GM-CSF that acts in an
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FIGURE 1 | Regulation of eosinophils by interleukin 33 (IL-33). IL-33 regulates eosinophils during three stages: development within the bone marrow,
activation of mature cells, and development and/or activation of progenitors within the tissue. (A) In the bone marrow, GATA-1* common myeloid progenitor (CMP)
differentiates into GATA-1+-pre-granulocyte macrophage progenitor (Pre-GMP) (Lin-Sca-1-c-kit*tCD41-CD16/32-CD105-CD150-GATA-1+), then to GATA-1+-
granulocyte and macrophage progenitor (GMP), also known as eosinophil/mast cell progenitors (EoMP, Lin-Sca-1-c-kit*CD41+CD16/32*GATA-1+). At this early
stage, IL-33 regulates the expansion of eosinophil precursor (EoPre) through differentiation of the EoOMP/GMP. Since IL-33 also upregulates IL-5Ra on EoPre, it
regulates commitment to the eosinophil lineage. Simultaneously, IL-33 induces another currently unidentified cell within the bone marrow to make IL-5, which
promotes final eosinophil maturation. (B) In the tissue, IL-33 can activate mature eosinophils, leading to cytokine production and upregulation of CCR3, CD69, and
CD11b. Notably, IL-33-driven production of GM-CSF and IL-13 promote eosinophil survival and differentiation of alternatively activated macrophages, respectively.
(C) Finally, IL-33 can regulate EoP outside of the bone marrow. IL-33 increases the number of EoP in blood as well as activates EoP to produce many cytokines.
Although allergens increase CCR3* progenitors in tissue, it is unclear if increases in EoP in asthma patients are due to EoP leaving the bone marrow or
extramedullary eosinophilopoiesis. It has yet to be determined if IL-33 also regulates eosinophilopoiesis within the tissue.

autocrine fashion to promote survival by inducing the antiapop- ~ can also upregulate several cell-surface markers, including the
totic protein Bcl-x; (35), a response that is negatively regulated adhesion molecule CD11b (33), the eotaxin receptor CCR3 (32),
by dual-specificity phosphatase 5 (36). Beyond these positive  and the activation marker CD69 (36).
effects of IL-33 on eosinophil survival, IL-33-primed human The functional nature of IL-33-activated eosinophils has been
eosinophils are more susceptible to Siglec-8-induced death; while ~ addressed. Transfer of eosinophils activated with GM-CSF, IL-4,
this priming effect is less effective than IL-5, the two cytokines  and IL-33 into eosinophil-deficient asthmatic mice drove IL-13-
may function synergistically (37). Thus, the effects of IL-33 on ~ dependent mucus production and accumulation of alternatively
eosinophil survival support a role on both survival and death,  activated macrophages (40). In a complementary approach,
most likely in a context-specific fashion. increased IL-13 and alternatively activated macrophages were
Interleukin 33 is a potent activator of eosinophils, even more  again observed after intranasal IL-33 administration to ST2 KO
so than IL-5 in terms of triggering degranulation and superoxide =~ mice after adoptive transfer of WT eosinophils; recruitment of
release from human eosinophils (38). In mice, IL-33 stimulation ~ several cell types, including macrophages, neutrophils, lympho-
alters over 500 genes, many of which are immune related, includ-  cytes, and the recipient’s own eosinophils were also observed in
ing IL-6,IL-13, CCL17, CXCL2, CXCL3,and CXCL10 (39).IL-33 this model (32). In the skin, IL-33 has been proposed to directly
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act on eosinophils to promote fibrosis in an IL-4- and IL-13-
dependent manner (41).

IL-33 on Eosinophilopoiesis
Typically, eosinophils develop in the bone marrow, enter the
bloodstream as terminally differentiated cells, and become acti-
vated in tissues. However, CD34* progenitors can be detected in
blood, and the idea that hematopoiesis can occur in tissues as well
as the bone marrow is now accepted. IL-33 appears to have effects
on these eosinophil precursors (EoPres) at both locations.
Histologically, eosinophil development was characterized into
four classes (I-1V) based on nuclear morphology, granular mor-
phology, and Wright-Giemsa staining. While Class I cells were
described as granulocytic but not eosinophilic, Class II cells had
small numbers of granules and appeared to have committed to the
eosinophil lineage. Prior to terminal differentiation, Class III cells
exhibited the characteristic donut-shaped nucleus. Class IV cells
were the only eosin-positive cells and maintained the ring-shaped
nucleus, which could twist into a figure 8-like structure (42). More
recently, EoPres have been phenotyped using flow cytometry for
cell-surface markers, including ST2 (Table 1). When the eosino-
phil lineage-committed progenitor (EoP) was initially identified
in mice (43), it was proposed that eosinophils developed in
four defined stages within the myeloid pathway. Originating
from common myeloid progenitors (CMPs) that differentiate
to granulocyte and macrophage progenitors (GMPs), a lineage
decision into EoPs then occurs before terminal differentiation
into eosinophils. Importantly, although EoP stains with eosin,
eosin-negative precursors have been reported (42), suggesting
a precursor stage prior to the granulation events occurring in
EoP. We identified an EoPre that is eosin negative and exhibits
the characteristic donut-shaped nuclei, which is driven by IL-33
exposure (44) (Figure 1A). Both EoP and EoPre are IL-5Ra*, but
EoPre is Siglec-F°SSCl whereas EoP is Siglec-F*SSCM.

TABLE 1 | Cell-surface markers of cells involved in murine
eosinophilopoiesis.

Common  Granulocyte and Eosinophil EoP Mature
myeloid macrophage precursor Eo
progenitor progenitor (EoPre)

Lineage - - high? - ND
Sca-1 - - - - -
c-Kit + high - low -
CD34 + + - + -
FeyRI/I low high ND ND ND
IL-5Ra - - + + +
IL-3R ND + ND ND +
IL-4Ra ND ND ND ND +
GM-CSFR ND + ND ND +
Siglec-F ND ND low + +
CCR3 ND ND ND ND +
Granularity low low low high high
(SSC)
ST2 +/— +/— - + +

+ indicates expression; — indicates no expression; ND indicates expression not
determined.

aUnlike other studiies, this study included CD11b in the lineage cocktail and
demonstrated that the EoPre is CD11b".

From all of the markers defining eosinophils, three appear
to be important for defining stages of eosinophil develop-
ment: in mice, these are IL-5Ra, Siglec-F, and CCR3. IL-5Ra
is an indicator of commitment to the eosinophil lineage, as
it is a key differentiator between the EoP and earlier stages of
development. Siglec-F, originally thought to only mark mature
eosinophils and alveolar macrophages outside of the bone
marrow, is expressed on EoP; moreover, colony forming assays
comparing Lin"CD34*CD117™IL-5Ra*  (EoP-IL-5Ra)  vs
Lin-CD34*CD117™Siglec-F* (EoP-Siglec-F) show that only
EoP-IL-5Ra gave rise to pure eosinophils while EoP-Siglec-F
cultures generate a mixture of eosinophils and macrophages (45).
Thus, Siglec-F appears to mark eosinophil potential in the bone
marrow, whereas IL-5Ra indicates commitment to the eosinophil
lineage. Finally, CCR3 is a late marker, as it allows eosinophils to
enter tissues in response to eotaxin (46).

In humans, the hEoP (IL-5Ra*CD34*CD38*IL-3Ra*
CD45RA") differentiates directly from the hCMP (Lin-CD34*
CD38*IL-3Ra*CD45RA-IL-5Ra~). Furthermore, the hGMP
(Lin-CD34*CD38*IL-3Ra*CD45RA*) is capable of generat-
ing neutrophils, monocytes, and basophils (47). Other stages
of human eosinophil progenitors have yet to be determined.
Although IL-5Ra* progenitors only generate eosinophils, IL-5Ra
is expressed in blood on both mature eosinophils and mature
basophils (47). Thus, it is unclear if IL-5Ra may be used to
identify commitment to the eosinophil lineage as it does in mice.
Furthermore, Siglec-8, the human functional paralog of Siglec-E,
is expressed at late stages of development of eosinophils, mast
cells, and basophils and does not mark eosinophil potential in
progenitors the way Siglec-F does in mice (48, 49).

ST2 expression on these progenitors has been controversial.
Two studies examining bone marrow stem cells showed oppos-
ing results: while Le et al. reported ST2 on Lineage™c-Kit*Sca-1*
cells, CMP, GMP, megakaryocyte-erythroid progenitors (MEP),
and common lymphocyte progenitors (50), Mager et al. found
no evidence for ST2 on long-term or short-term hematopoietic
stem cells, multipotent progenitors (MPP1, MPP2, and MPP3),
MEP, CMP, or GMP (51). More recently, Tsuzuki et al. dem-
onstrated that ST2 was expressed on CMP, MEP, and EoP, but
not GMP (52). We described a GMP-like cell (Lin~Scal~Siglec-
F*IL-5Ro~SSClc-Kit"CD34~) that was ST2*, but EoPre was
ST2-, although this finding came from IL-33-treated mice or
in vitro cultures (44). These differences in ST2 expression may be
partially resolved by new research that redefines the early stages
in eosinophil development (53). Using single-cell RNA sequenc-
ing of pre-granulocyte macrophage progenitors (Pre-GMP,
Lin=c-Kit*Sca-1-CD41-CD16/32-CD105-CD150"), Pre-GMP
clustered into two groups: GATA-1*FIt3~ and GATA-1"Flt3*. By
sorting cellsfroma GATA-1-EGFP reporter and culturing them in
eosinophil-promoting conditions, GATA-1* Pre-GMPs generate
eosinophils, whereas GATA-1~ Pre-GMPs generate neutrophils
and monocytes. Drissen et al. proposed that GATA-1*-GMPs be
renamed eosinophil/mast cell progenitors, and GATA-1~ GMPs
retain their name. Thus, instead of the classical model (CMP,
GMP, EoP, and mature eosinophil), the EoP population can
develop independently of the GMP (Figure 1A). This aligns with
the description of the hEoP arising from the hCMP and not the
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hGMP (47). Notably, gene expression of ST2 differentiated the
GATA-1* Pre-GMP and GATA-1~ Pre-GMP populations (53).
Thus, despite continuing debate over ST2 on CMPs and GMPs,
eosinophils likely arise from ST2-expressing progenitors.

GATA-1 is a member of the GATA family of transcription
factors and known to be critical for eosinophil development. In
agreement with the potential of GATA-1* Pre-GMPs to produce
eosinophils, human CD34* stem cells transduced to express
GATA-1 developed into eosinophils while disruption of GATA-1
expression in mice ablated eosinophils (54). GATA-1 was also
one of transcription factors identified as defining the eosinophil
lineage through transcriptome analysis comparing GMPs, EoPs,
and mature eosinophils; 56 transcription factors were identified
including GATA-1, C/EBPe, NFkB, NFAT2, STAT1, STAT3,
STATS6, IRF1, IRF2, Helios, and Aiolos (45). However, if and
how all of these transcription factors play a role in eosinophil
development has yet to be determined, and how IL-33 and ST2
might impact these transcription factors is unclear. ST2 signal-
ing is known to lead to NF«B activation in mature cells (5), and
GATA-1 and GATA-2 can regulate ST2 expression through two
GATA binding sites upstream of the ST2 promoter (55), support-
ing a likely interplay at this level.

Several cytokines are important for eosinophil differentiation
and maturation from bone marrow. Notably, IL-5 is the hallmark
eosinophil-associated cytokine (56). IL-5-overexpressing trans-
genic mice (NJ.1638) have an excessive number of eosinophils
in blood, bone marrow, and tissues with significantly more Class
IIT and Class IV cells in the bone marrow, which, in conjunction
with the fact that IL-5Ra marks eosinophil lineage commitment,
indicates that IL-5 acts on later stages of development (42).
Indeed, IL-5 promotes terminal eosinophil differentiation by
upregulating CCR3 (57). IL-5 also upregulates its own receptor
on human CD34* cells, but whether this occurs in vivo and affects
eosinophil development is unclear (58).

The IL-5 receptor shares a f-chain (CD131, CSF2RB) with recep-
tors for IL-3 and GM-CSE. While IL-3 and GM-CSF were initially
thought to be important for eosinophil development, we now know
that they promote the development of many myeloid cells (56).
IL-3 drives mast cell and basophil development and affects mature
eosinophils (59). While GM-CSF promotes survival of mature
eosinophils, it appears to antagonize eosinophil development
in vitro (60), although the mechanism has yet to be determined.

Current protocols for developing eosinophils from bone mar-
row also typically utilize stem cell factor (SCF) and Flt3 ligand
(FIt3L) for 3-4 days before IL-5 treatment (61). FIt3L does not
seem to be required for eosinophil development (53, 62) while
the SCF receptor, c-Kit, is expressed on many stem cells and then
lost in the later stages of eosinophil development. Interestingly,
we demonstrated that culturing bone marrow cells with SCF and
FIt3L for 3 days promoted the expansion of GMP-like cells and
mature eosinophils but not the EoPre pool (44).

Recently, we reported that IL-33 may be the missing signal that
directs stem cells to commit to the eosinophil lineage. IL-33 treat-
mentsignificantly expanded the EoPre pool and led to a significant
upregulation of IL-5Ra on EoPre, enhancing their responsive-
ness to IL-5; simultaneously, IL-33 induced IL-5 and mature
eosinophil development (44) (Figure 1A). We also demonstrated

that NJ.1638 mice had diminished eosinophils in the absence of
ST2, indicating that IL-33 regulated the capacity of IL-5 to drive
eosinophilia. In agreement with our data, IL-33 treatment of
cultured c-Kit* bone marrow cells induced mature eosinophils
in an IL-5-dependent manner (32). Interestingly, in vitro ST2
KO cells cultured with IL-5 do produce eosinophils, while ST2
KO and IL-33 KO mice have significantly reduced—not absent—
eosinophils (44), demonstrating that IL-5-driven eosino-
philopoiesis can occur in the absence of IL-33. Unlike GATA-1
that is absolutely required for eosinophil development, the
absence of IL-5 may be compensated by other cytokines or fac-
tors since IL-5 KO mice also develop basal eosinophil populations
(63). Perhaps deleting ST2 and IL-5 or CD131 would be required
to ablate eosinophil development.

IL-33 and Alternative Eosinophilopoiesis

Mechanisms within Tissues

There is increasing evidence that progenitors can circulate in the
blood and that local hematopoiesis may occur in tissues [reviewed
here (64); Figure 1C]. Eosinophil progenitors are increased in the
blood and sputum of asthmatic patients (65, 66), but their role in
disease not fully understood. Intravenous IL-5 increased not only
circulating eosinophil progenitors but also CCR3 expression on
CD34* progenitors (67). Similarly, IL-33 increased peripheral blood
EoP (52). In response to allergen, CD34*CCR3" and Sca-1*CCR3*
cells proliferated within the lung tissue, demonstrating expansion of
local eosinophil lineage-committed stem cells (68). Whether these
lung stem cells express ST2 and how IL-33 may affect these cells is
unclear. In vitro, IL-33 activated EoP to produce chemokines, Th2
cytokines, and pro-inflammatory cytokines, with more IL-9, IL-10,
IL-13,IL-1a, IL- 1P, IL-6, TNFa, and GM-CSF than mature eosino-
phils (52); thus, these data implicate EoP as potential regulators over
inflammation. Further research is certainly required to determine
how eosinophil progenitors contribute to tissue eosinophilia in
disease and if IL-33 serves to initiate their responses.

CONCLUSION

The biology of IL-33 continues to be a topic of significant dis-
covery and controversy. By focusing on eosinophils, our under-
standing of this cytokine has begun to be elucidated and shows
a complex regulation that extends into homeostasis and disease.
While much of this challenges some established views of IL-33 as
a local epithelial-derived cytokine, these understandings should
significantly impact the interpretations and predictions for using
new therapeutics that target this pathway in human health.
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We have recently reported that, unlike IL-5 and GM-CSF, IL-3 induces increased trans-
lation of a subset of MRNAs. In addition, we have demonstrated that Pin1 controls the
activity of mRNA binding proteins, leading to enhanced mRNA stability, GM-CSF protein
production and prolonged eosinophil (EOS) survival. In this review, discussion will include
an overview of cap-dependent protein translation and its regulation by intracellular signal-
ing pathways. We will address the more general process of mMRNA post-transcriptional
regulation, especially regarding mRNA binding proteins, which are critical effectors of
protein translation. Furthermore, we will focus on (1) the roles of IL-3-driven sustained
signaling on enhanced protein translation in EOS, (2) the mechanisms regulating mRNA
binding proteins activity in EOS, and (3) the potential targeting of IL-3 signaling and the
signaling leading to mRNA binding activity changes to identify therapeutic targets to treat
EOS-associated diseases.

Keywords: eosinophils, protein translation, ribosomal S6 protein, Pin-1, IL-3, intracellular signaling

INTRODUCTION

Control of protein production is critical for the maintenance of cell and tissue homeostasis. Excessive
protein production may lead to hypertrophy and an unnecessary use of energy and other resources.
However, inadequate protein synthesis antagonizes cell growth, proliferation, adaptation to envi-
ronmental changes, and the implementation of new cell functions. Overproduction of transcription
factors or cytokines contributes to or causes transformation and cancer. Thus, a carefully controlled
balance within metabolic constraints but responsive to environmental and signaling cues is essential
for optimal cellular function.

Circulating eosinophils (EOS) are differentiated, non-proliferative cells, which become
apoptotic within 2-3 days if lacking contact with pro-survival cytokines, such as IL-5, GM-CSE,
and IL-3 (1). Therefore, resting EOS have modest needs for new protein production. Protein
production is dependent on (1) the level of coding mRNA, which in turn depends on the amount

Abbreviations: aa, aminoacyl; AMPK, AMP-activated protein kinase; ARE, adenosine-uridine (AU)-rich element; AUBP, ARE
binding protein; AUF1 or hnRNP D, heterogeneous nuclear ribonucleoprotein D; CDK1, cyclin-dependent kinase 1; CSNK2A1,
casein kinase 2; EDN, eosinophil-derived neurotoxin; eEE, eukaryotic elongation factor; eIF, eukaryotic translation initiation
factor; EOS, eosinophil; FCGRII (CD32), receptor for Fc fragment of IgG, low affinity II; GEE, guanine-nucleotide-exchange
factor; GTP, guanosine triphosphate; HA-IgG, heat-aggregated-IgG; hnRNP C, heterogeneous nuclear ribonucleoprotein C;
La or SSB, Sjogren syndrome type B antigen; MAPK, mitogen-activated protein kinase; mRNP, messenger ribonucleoprotein;
mTOR, mammalian target of rapamycin; mTORCI, rapamycin complex 1; p90S6K (RSK), 90-KDa ribosomal S6 kinase;
PA, phosphatidic acid; PABP, poly-A binding protein; PIC, 43S preinitiation complex; RBP, RNA-binding protein; RIPP1,
ribosomal-associated inhibitor of phosphatase 1; RPS6, ribosomal protein S6; TIA-1, cytotoxic granule-associated RNA
binding protein; TIAR, cytotoxic granule-associated RNA binding protein like 1; TOP, terminal oligopyrimidine 5'-UTR, 5’
untranslated region; YB-1, Y-Box Binding Protein-1.
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of mRNA transcribed and spliced excluding the amount
degraded, and (2) the translation rate of the transcripts, which
is governed by ribosomal content, activity, and associated ribo-
somal and mRNA binding proteins. Extracellular inputs via cell
surface and intracellular receptors leading to the propagation
of intracellular signals control each of these steps [reviewed in
Ref. (2)].

Eosinophils have the ability to differentially regulate transla-
tion. As shown in Figure 1, the presence of high levels of a specific
mRNA may or may not lead to protein translation, making infer-
ence of protein expression from mRNA quantification tenuous.
Cell stimulation can trigger (1) the transcription and translation
of mRNA expressed at very low level under basal conditions, (2)
the stabilization of mRNA contributing to its accumulation and
translation, (3) the translation of mRNA constitutively present
but translationally quiescent in resting cells, and (4) an increase
in the activity of the machinery, contributing to increased,
global protein synthesis. As these topics are far too large to be
covered adequately, here we will focus on how changes of both
the translation machinery activity and the content of mRNA
binding proteins affect the translatability of a subset of mRNA.
We will start with an overview of protein translation and its
control by intracellular signaling. During this overview, we will
use previously published proteomic and phospho-proteomic
data from peripheral blood EOS (3) to generalize these known
protein translation mechanisms in EOS. Then, we will discuss
how changes in mRNA binding proteins and the IL-3-dependent
translation of a group of mRNA influence the production of the
pro-survival cytokine, GM-CSE and EOS function, respectively.
Finally, the last section, titled “Regulation of translation and
potential therapeutic targets,” describes potential molecular drug
targets that are implicated in protein translation in EOS in addi-
tion to EOS survival and activity. This review may help identify
targets that are upstream of GM-CSF and downstream of IL-3 to
supplement anti-IL-5 therapies, which despite their efficacy, have
not totally controlled eosinophilia and EOS-related pathology.

Of note, unless indicated, the observations discussed in this
manuscript were obtained using human EOS.

GENERAL MECHANISMS CONTROLLING
PROTEIN SYNTHESIS

In eukaryotic cells, initiation, elongation, and termination are the
three fundamental steps of protein translation. Some of the main
proteins/mRNA interactions involved in the initiation and elon-
gation of translation are shown in Figure 2. During translation,
initiation begins with the binding of eukaryotic translation initia-
tion factor 4E (eIF4E) to the mRNA 5’-cap. Next, eIF4E binds to
eIF4G, which interacts with the other eIF4 proteins, eIF4A and
eIF4B. The helicase activity of eI[F4A is amplified by eIF4B, and
most likely unwinds secondary GC-rich structures of the 5'-UTR,
thus facilitating initiation of mRNAs possessing these structures.
The interaction of eIF4G with the poly-A binding protein (PABP),
which circularizes the mRNA, also increases mRNA translat-
ability. The binding of eIF4B and eIF4G to the 43S preinitiation
complex (PIC) via eIF3 links the mRNA to the ribosome. The 43S
PIC is composed of the ribosomal 40S subunit, eIF3, eIF5 elF1,
elF1A, and the complex eIF2/Met-tRNA. EIF2 binds Met-tRNA
in its GTP-bound state (eIF2-GTP). The complex Met-tRNA/
eIF2-GTP along with the initiation factors/40S complex scans
the 5'UTR until the start codon (AUG) is recognized by com-
plementarity with the anticodon of Met-tRNA (4). Once the start
codon is reached, protein translation becomes initiated by the
elF5B-catalyzed hydrolysis of eIF2-GTP into elF2-GDP, which
frees the ribosomal 40S from eIF2 (5). The release of eIF2-GDP
and other initiation factors from the 40S complex is followed by
the recruitment of the 60S ribosome subunit. The newly formed
80S ribosomal complex is now ready to start elongation (6).
Elongation is predominantly controlled by eukaryotic elongation
factor 1 (eEF1) and eEF2. Next, eEF1A-GTP recruits the second
aminoacyl (aa)-tRNA complementary to the adjacent, C-terminal
codon (A-site). After the peptide bound formation between Met

No protein production

high mRNA level

J Stimulation

|

Resting o ¥
No or low mRNA level
Stimulation

‘ Protein Production ‘

Change in 5" and 3'UTR

mRNA binding proteins

Increased mRNA levels:
- transcription
- stabilization by mRNA
binding proteins
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FIGURE 2 | Controls of initiation and elongation of protein translation. (A) /nitiation: (1) eukaryotic translation initiation factor 4E (elF4E) binds to the 5’-cap structure
of the MRNA and elF4G, which interacts with elF4A and elF4B. elFAG also interacts with the poly-A binding protein (PABP), which circularizes the mRNA and
increases the translation rate. (2) elF4B and elF4G binds to elF3, which is associated with the ribosomal 40S subunit, which forms the link between the mRNA, the
ribosome and the complex elF2-GTP/Met-tRNA. In addition, the initiation factors/40S complex scan the 5’UTR until the recognition of the start codon.

(3) Protein translation is initiated by the elF5B-catalyzed elF2-GTP hydrolysis into GDP, which results in the freeing of the ribosomal 40S from elF2 and other initiation
factors. (4) The recruitment of the 60S ribosomal subunit forms the ribosome by binding to the 40S subunit. elF4B interaction with elF3 is increased by p70S6K-
and p90S6K-mediated phosphorylation. Binding of elF4E to elF4G and to the 5’ cap can be inhibited by 4E-BP and by Mnk-mediated phosphorylation.
Phosphorylation of elF2 by the EIF2AKs inhibits elF2 recycling. elF2B is phosphorylated and inhibited by glycogen synthase kinase 3 (GSK3), while phosphorylation
of elF2B by CSNK2 increases its activity toward elF2 recycling. (B) Elongation: (1) eEF1A-GTP recruits the second aminoacyl (aa)-tRNA on the A-site. (2) A peptide
bond forms between Met and the second aa. (3) eEF2-GTP pushes the mRNA, Met-tRNA is removed from the P-site and is replaced by the next aa-tRNA
previously on the A-site. In addition, a third aa-tRNA is placed in the now empty A-site. Eukaryotic elongation factor 2 (eEF2) is inhibited by eEF2K-mediated
phosphorylation. EEF2K is inhibited by mTOR, AMP-activated protein kinase (AMPK), mitogen-activated protein kinase (MAPK), S6K, and RSK. Conversely, Ca?*
and PKA phosphorylation leads to eEF2K phosphorylation and activation, and inhibition of the elongation.
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and the second aa at the P-site, eEF2-GTP pushes (translocates)
the mRNA and allows the third aa-tRNA to become positioned
on the third codon at the A-site. Simultaneously, the first
Met-tRNA is removed from the P-site and is replaced by the
second aa-tRNA previously on the A-site. When the ribosome
reaches a stop codon, no complementary tRNA exists to fill the
A-site. At that point, the release factor ERF1 (ETF]I) takes position
in the A-site, and along with ERF3A-B (GSPTI1-2) hydrolyzes the

peptide chain (protein) attached to the last t-RNA to terminate
translation.

Regulation of Protein Translation

In general, in eukaryotic cells, initiation can be controlled at
multiple levels. The eIF4BP proteins (4E-BP) interact with
eIF4E, preventing its interaction with eIF4G and, therefore,
inhibiting translation initiation (7). 4E-BP are regulated at
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multiple phosphorylation sites, often by the mammalian target
of rapamycin (mTOR), which reduces 4E-BP interactions with
eIF4E and enhances translation initiation (8). In addition, the
cyclin-dependent kinase 2 (CDK2) phosphorylates 4E-BP on
Thr70 leading to its release from eIF4E (9).

Eukaryotic translation initiation factor 4E (eIF4E) can be
phosphorylated on Ser209, which decreases its affinity for the
5'-cap structure and, therefore, inhibits translation (10, 11).
eIF4E is phosphorylated by the mitogen-activated protein kinase
(MAPK) signal-integrating kinases Mnkl and Mnk2 (MKNKI
and 2), which are downstream targets of the MAPK (ERK and
p38) (10, 11). Also among the eIF4 family, eIF4B is phosphoryl-
ated by p70S6K and p90S6K (RSK) at Ser422, which increases its
interaction with eIF3, enhancing translation initiation (12).

When the inactive form of elF2, eIF2-GDP, leaves the 40S
during initiation, it must be recharged with GTP for continuous
translation initiation. Then, eIF2-GDP is converted to eIF2-GTP
by eIF2B, which is a guanine-nucleotide-exchange factor (GEF).
eIF2B is phosphorylated at multiple sites that includes two
residues phosphorylated by casein kinase 2 (CSNK2A1) that are
required for eIF2B/elF2 interactions, eIF2 recycling and transla-
tion initiation (13). eIF2 is phosphorylated at Ser51 by as many
as four kinases, all of which inhibit the e[F2-eIF2B interaction,
demonstrating a critical role in protein synthesis (14).

The delivery of aa-tRNA required for elongation is driven by
the hydrolysis of eEF1A-GTP to eEF1A-GDP. Thus, the GEF
eEF1B acts on eEF1A-GDP as eIF2B does on eIF2-GDP. eEF1 is
also targeted by a variety of kinases, including PKC, CSNK2, and
cyclin-dependent kinase 1 (CDK1), but the role of the phospho-
rylation states of these elongation factors remains uncertain (15).

Phosphorylation by eEF2 kinase on Thr56 impairs eEF2’s abil-
ity to bind to the 40S subunit of the ribosome (16). Thr56 phos-
phorylation is enhanced if Ser595 is previously phosphorylated
(17). The eEF2 kinase activity is calcium/calmodulin-dependent.
Its activation after Ca®* flux leads to the attenuation of elonga-
tion. Of note, increased eEF2 kinase activity may provide mRNA
with poor translation initiation efficiency a greater chance of
being synthesized (18). eEF2 kinase is itself regulated at multiple
phosphorylation sites, typically by the mammalian target of
rapamycin complex 1 (mTORC1) that reduces its activity (19).
AMP-activated protein kinase (AMPK) and the MAPK can also
phosphorylate eEF2 kinase leading to translation enhancement
(18). Conversely, cAMP/PKA signaling pathway phosphorylates
Ser500 (20), rending eEF2 activity independent of Ca** jons and
activating the kinase. Figure 2 summarizes these different signal-
ing events and control points.

General Translation in EOS

Recently, using two-dimensional liquid chromatography coupled
with high-resolution mass spectrometry, 6,813 proteins were
identified in unstimulated human blood EOS ((3), and see article
by Mosher etal., in this issue for more details). In addition, 4,802 site-
specific phosphorylation events were simultaneously identified (3).
Furthermore, using RNA-Seq, ~7,981 protein-coding genes
expressed by unstimulated human blood EOS were identified (21).
The cellular content (mRNA and protein) and phosphorylation
state of the main proteins involved in the initiation, elongation,

and termination of protein translation have been extracted from
the published proteome and transcriptome (shown in Table 1).
Notably, Table 1 shows examples of the disconnections between
mRNA and protein levels, which suggests that production of cer-
tain proteins is tightly regulated at the translational level in EOS
(i.e., EIF4G2, ETF], etc.). For instance, while ratio of protein to
mRNA expression generally reached ~1,000 and above, ratios for
EIF4G2 and ETF1 were only 107 and 160, respectively (Table 1),
suggesting marginal translation for these two transcripts in resting
EOS. With the possible exception of the inhibitor of elongation,
eEF2K, resting blood EOS possess all the essential proteins
involved in protein translation. However, the identification of
eEF2 phosphorylation on Thr56 (Table 1) suggests the exist-
ence of eEF2K activity, preventing the eEF2/40S interaction and
blockade of translation elongation (16). In addition, the lack of
phosphorylation of eIF2B (Table 1) suggests a possible lack of
elF2B/elF2 interactions and reduced recycling of eIF2 into its
active form (eIF2-GTP), which would dampen translation initia-
tion (13). Conversely, in agreement with our previous report (22),
4E-BP is phosphorylated in resting EOS (Table 1). This indicates
that 4E-BP does not act as a blocker of eIF4E binding to the 5’
cap in resting EOS and, therefore, other factors are responsible for
restricting protein translation in resting EOS. Thus, the combined
lack of eIF2B phosphorylation with the phosphorylation of eEF2
on Thr56 suggests attenuation of both initiation and elongation of
protein translation in resting EOS (22).

IL-5, GM-CSE and IL-3 are critical cytokines for EOS develop-
ment and function. Each interacts with a specific a-chain recep-
tor and a common, associated B-chain (24, 25). Not surprisingly,
these receptors can generate both common and unique signals
(22, 26-28). As indicated above, we have shown that 4E-BP is
highly phosphorylated in resting EOS (22). After activation with
IL-3, IL-5, or GM-CSE 4E-BP phosphorylation state remains
largely unaffected (22), suggesting that the increased translation
induced by these cytokines is likely 4E-BP-independent. In addi-
tion to 4E-BP, we have unpublished observations indicating that
EIF4B phosphorylation at Ser422 was unaffected by GM-CSE
Therefore, as for 4E-BP, eIF4B activity cannot explain the signifi-
cant enhancement of translation in GM-CSF-activated cells (22).
However, a slight but significant increase in the phosphorylation
of eIF4B was observed in EOS activated by IL-3 for 20 h (unpub-
lished data). This phosphorylation on Ser422 may account for the
differences in translation seen in IL-3- versus GM-CSF-activated
EOS (22). The signaling accounting for regulated translation in
IL-3 or GM-CSF-activated EOS remains largely unstudied.

SIGNALING AND PROTEIN TRANSLATION

Two major intracellular signaling pathways regulate translation
in eukaryotic cells: the phosphoinositide 3-kinase (PI3K)/Akt/
mTOR and the MAPK pathways. These two pathways are generally
triggered by extracellular stimuli via membrane receptors but also
respond to intracellular ATP levels and amino acid availability.

PI3K/Akt/mTOR Signaling

Ligation of growth factors with tyrosine kinase or G-protein
coupled (GPC) receptors typically leads to phosphorylation of the
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TABLE 1 | Proteins involved in initiation, elongation, and termination, and present in fresh human blood EOS.

Protein/gene name mRNA expression Protein expression

Protein phosphorylated sites

Functional consequence of the phosphorylation

(RPKM) (iBAQ/10000) state
Initiation factors
EIF4E 4 28085 Not detected elFAE is functional?
EIFAEBP1 (4E-BP) 17 21457 T68 Allows elF4E activity to initiate translation (9)
EIF4EBP2 46 65650 Not detected
EIF4G1 19 12611 51238, T1218, S1194
EIF4G2 220 23543 Not detected
EIF4A1 115 127510 Not detected
EIF4B 42 37156 Y233, S406, S359, S459
PABPC1 230 90073 Not detected
EIF3A 20 19128 T574
EIF5B 9 7267 S164
EIF2A Not detect. 7911 Not detected
EIF2B1 22 17511 Not detected No elF2B/elF2 interaction, translation initiation is
impaired (13, 23)
CSNK2A1 (CK2) 20 24012
CSNK2B (CK2) 7 27489
Elongation factors
EEF1A1 122 779580 Not detect.
EEF1B2 10 170360 Not detect.
EEF2 78 306930 T57 (Thr56), T59 Inhibits Ribosome binding, elongation is impaired (16)
EEF2K 2 2726 Not detected
Termination factors
ETF1 33 5269 Not detected
GSPT1 7 42129 Not detected
GSPT2 Not detected 204 Not detected

For RNA Seq analysis, reads per kilobase per million mapped reads (RPKM) > 2.0 were used as positive mRNA expression by freshly purified blood EOS (5 x 10° cells) (21).
75 million EOS from 3 diifferent donors were analyzed using two-dimensional liquid chromatography coupled with high-resolution mass spectrometry to generate a proteome and
phospho-proteome (3). Protein intensity-based absolute quantification (IBAQ) and phosphorylated sites are shown.

membrane phospholipid, phosphatidylinositol-4,5-biphosphate
(PI-4,5-P,) into phosphatidylinositol-3,4,5-triphosphate (PIPs),
by the class I lipid kinase PI3K. This transformation into PIP3
is reversed by phosphatases such as the phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) and the SH2-
domain containing inositol phosphatase (SHIP) (29). PIP3 drives
the phosphorylation and activation of Akt (also called, PKB), via
3-phosphoinositol-dependent kinase 1 (PDK1) (30). Akt activity
is also augmented by the mTORC2 complex, composed of mTOR
and rictor (rapamycin-insensitive companion of mTOR) (29). Akt
canin turn phosphorylate and inhibit the glycogen synthase kinase
3 (GSK3) leading to dephosphorylation and activation of eIF2B
with translation initiation (31). In addition, Akt phosphorylates
five sites leading to the inhibition of the GTPase activity of tuber-
ous sclerosis complex 2 (TSC2), on the small GTPase Ras homolog
enriched in brain (RHEB), which in its GTP form stimulates the
kinase activity of mTORC1 (32, 33). Therefore, the activity of
the mTORC1 complex, composed of mTOR, RHEB, the mTOR
associated protein, LST8 (MLST8), and the regulatory-associated
protein of mTOR (Raptor), is downregulated by unphosphoryl-
ated TSC2 that is derepressed by Akt kinase activity.
Downstream mTORC1, the TOS (target of rapamycin
signaling)-containing 4E-BP and p70S6K are phosphorylated. As
seen above, phosphorylated 4E-BP is inactive and allows eIF4E
to bind eIF4G to initiate translation. In dividing cells, mTOR
phosphorylates p70S6K at Thr389, which in turn can phospho-
rylate ribosomal S6 protein (RPS6), eIF4B and programmed cell

death 4 (PDCD4). While the function of phosphorylated RPS6
remains largely unknown, eIF4B and PDCD4 are positive and
negative regulators, respectively, of the RNA helicase, eIF4A (34).
mTORCI also downregulates the activity of the eEF2 Kinase,
which then subsequently enhances the elongation step of transla-
tion by eEF2. The general protein translational capacity is also
enhanced by mTOR via increased transcription (more mRNA),
and stimulation of the translation of mRNAs containing a string of
5’—pyrimidines (5"TOP mRNA) (35). In addition to its activation
by growth factors, mTOR also senses cellular nutrient, oxygen,
and energy level (36). As its name implies, most of mTOR effects
are neutralized by rapamycin. The FKBP12-Rapamycin complex
quickly binds close to the kinase domain (37), leading to mTOR
conformational changes, dissociation from Raptor (38, 39) and
inhibition of some of mMTORCI functions (40). By binding newly
produced mTOR, FKBP12-rapamycin complex also inhibits the
assembly of mTORC2 (41). Rapamycin also inhibits the binding
of phosphatidic acid (PA) to mTOR, reducing the stabilization of
the mTORC1 and mTORC2 complexes (42). PA is synthetized
during membrane phospholipid biogenesis (43), and its intra-
cellular level modulates the amount of rapamycin required to
inhibit mTOR (44). Interestingly, low doses of rapamycin inhibit
mTOR-induced p70S6K phosphorylation while much higher
doses are required to block mTOR-induced 4E-BP Thr37/Thr46
phosphorylation (45). As a result, other compounds that are
stronger inhibitors of mMTORCI1 and C2 than rapamycin, such as
PP242 and AZD8055, were developed.
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mTOR Signaling in EOS

Surprisingly, mTOR has not been studied in EOS, although its
inhibitor, rapamycin has shown effects on EOS in vitro and in vivo.
As shown in Table 2, resting human blood EOS express relatively
little mTOR, but very high amount of FKBP12. FKBP12 is bound
by both rapamycin and FK506 and is required for these drugs
to exert their inhibitory effects in cells. Interestingly, nanomolar
doses of FK506 strongly inhibit calcium ionophore-induced
cytokine (GM-CSF) production in EOS, while micromolar doses
of rapamycin does not (46). Due to the competition between
rapamycin and FK506 on FKBP12, high amount of rapamycin
antagonizes the FK506-mediated inhibition of cytokine pro-
duction in EOS (46). However, rapamycin is more potent than
FK506 in inhibiting IL-5-induced prolonged EOS survival (46).
The divergence between FK506 and rapamycin has also been
described in T lymphocyte and mast cells, where rapamycin
modulates proliferation rather that gene expression (47, 48).
Another study (49) confirmed that rapamycin reduces IL-5-
induced pro-survival signaling in EOS but the effect was modest
and required high doses of drug for at least 72 h. In the same
study, rapamycin also partially inhibited IL-5-induced eosino-
phil cationic protein (ECP) release from EOS (49). In addition,
mTOR has important functions during EOS differentiation as
rapamycin inhibited mouse EOS differentiation downstream of
IL-5 (50). This is in agreement with the dependence of T cell
proliferation and differentiation on mTOR (51). Remarkably,
rapamycin has no inhibitory effect on mouse EOS recruitment

TABLE 2 | Proteins present in human blood eosinophil (EOS) and involved in the
phosphoinositide 3-kinase/mammalian target of rapamycin pathway.

Protein/gene name Protein expression Phosphorylated
(iBAQ/10000) sites
AKT1 (PKB) 6656 Not detected
AKT2 (PKB) 2282 S478
FKBP1A (FKBP12) 1997100 Not detected
GSK3A 9069 Not detected
GSK3B 12297 S9
INPP5D (SHIP) 53856 S243, S971, S1039
MLST8 3323 Not detected
MTOR 1503 Not detected
PDCD4 41522 T90, S94
PDPK1 21325 Not detected
PIK3CA 94 Not detected
PIK3CB 2190 Not detected
PIK3CD 8867 Not detected
PIK3CG 9815 Not detected
PTEN 9587 Not detected
RHEB 10969 Not detected
RICTOR 1251 Not detected
RPS6 143160 S235, S326
RPS6KB1 (p70S6K) 970 Not detected
RPS6KB2 (p70S6Kb) 1869 Not detected
RPTOR 710 S863
TSCA 3037 Not detected
TSC2 2707 S1420

75 million EOS from 3 different donors were analyzed using two-dimensional liquid
chromatography coupled with high-resolution mass spectrometry to generate a
proteome and phospho-proteome in resting EOS (3). Intensity-based absolute
quantification (iIBAQ) and phosphosites are shown.

into the BALF after exposure to dust-mite allergen in chronic
allergic models (52), suggesting that the role of mTOR signaling
is confined to development and possibly survival but not cell
migration.

In both human and mouse EOS, PI3K is required for a variety
of functions. These include chemokine-induced EOS granule
proteins release (53), platelet-activating factor (PAF)-induced
chemotaxis but not LTC4 release (54). The PI3K/Akt pathway is
also essential for IL-5-induced P2-integrin adhesion to bovine
serum albumin (BSA) (55), and IL-5-induced guinea pig EOS
mobilization from the bone marrow (56). In EOS, the PI3K/Akt
pathway can be activated by fMLP or RANTES after priming
with IL-5 or IL-3 (57). Prostaglandin E, (PGE,) via EP4 induces
PI3K/PDK1-dependent increase in Akt phosphorylation, which
consequently inhibits eotaxin-induced EOS shape changes and
chemotaxis (30). Therefore, the PI3K/PDK1/Akt pathway is
important in EOS and regulates a variety of functions depending
on its activator.

MAPK Signaling

The MAPK (ERK and p38) signaling pathways are involved
in most of cellular functions, including differentiation and
proliferation. ERK1, ERK2, p38a, and p38p are coded by four
different genes (MAPK3, MAPK1, MAPK14, and MAPKI1).
Following intracellular or extracellular activation, the MAP
kinase kinase kinases (MEKK) are activated, leading to
phosphorylation of MAP kinase kinases (MEK) and, finally,
MAPK are phosphorylated (58). ERK1/2 alone possess more
than 150 substrates involved in a large variety of cell functions,
including transcription, cell death, autophagy metabolism, and
translation (59). Among the kinases activated by ERK or p38
are kinases involved in protein translation, including p90S6K
(RSK), the MAPK-interacting kinases (Mnk), and the MAPK-
activated protein kinase 2 (MK2) (2). The latter has an impor-
tant role in 3'UTR directed, mRNA binding protein-dependent
translation. P90S6K are activated by ERK signaling that can
then phosphorylate TSC2 at Ser1798, activating mTORCI
and protein synthesis (60, 61). Of note, ERK may also directly
phosphorylate and inhibit TSC2, leading to increased mTORCI1
activity (62). Like p70S6K, p90S6K also phosphorylates both
elF4B and eEF2 kinase, which enhances eIF4B/eIF3 interac-
tions and eEF2 function and, consequently, protein initiation
and elongation (12, 23). While Mnk2 activity is thought to
be constitutive, Mnk1 phosphorylation and activation can be
triggered downstream ERK and p38 leading to eI[F4E phospho-
rylation at Ser209 (63). Although this phosphorylation inhibits
eIF4E binding to the 5'-cap, it may also control the translation
of specific mRNAs (63).

MAPK Signaling in EOS

Mitogen-activated protein kinases have important roles in many
critical events, including EOS survival, migration, adhesion,
production of inflammatory mediators, and degranulation. In
EOS, ERK and p38 are phosphorylated and active following
stimulation with a variety of mediators, including the p-chain
cytokines (IL-3, IL-5, and GM-CSEF), chemokines, f{MLP, the PAF,
and matrix proteins (26, 28, 53, 57, 64-71). Table 3 shows the
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TABLE 3 | Proteins present in human eosinophil and involved in the mitogen-
activated protein kinase signaling upstream of protein translation.

Protein/gene name Protein expression Phosphorylated sites

(iBAQ/10000)

MAPK3 (ERK1) 57843 Not detected
MAPK1 (ERK2) 119320 Not detected
MAPK14 (p38a) 22843 Not detected
MAPK11 (p38p) Not detected Not detected
RPSBKAT (p90S6K, RSK1) 75911 T393, S389, S372
RPSBKA2 (p90S6K, RSK3) 21015 T595, S402
RPSBKA3 (p90S6K, RSK2) 26924 T577, S227, S386,

T231, S369
MKNKT1 (Mnk1) 3601 S221
MKNK2 (Mnk2) 112 Not detected
MAPKAPK2 (MK2) 44194 Not detected
MAP2K2 (MEK2, upstream 153200 S§226, T394
ERK)
MAP2K4 (MEK4, upstream 14813 S91, T89
p38)
MAP3K3 (MEKK3, upstream 5375 S$178, S270, S281
ERK)

75 million EOS from 3 diifferent donors were analyzed using two-dimensional liquid
chromatography coupled with high-resolution mass spectrometry to generate a
proteome and phospho-proteome in resting EOS (3). Intensity-based absolute
quantification (iIBAQ) and phosphosites are shown.

expression levels of ERK, and their downstream targets, RSK1-3
(p90S6K), all of which are phosphorylated at a detectable level in
resting cells. However, EOS contain little Mnk1/2 (Table 3), sug-
gesting that the MAPK activation likely does not regulate protein
translation via eIF4E phosphorylation (Figure 2); and despite its
phosphorylation, the low level of Mnk2 probably have little effect
on eIF4E phosphorylation. Consistent with MAPK activation,
upstream MEK and MEKK were also phosphorylated at multiple
sites in circulating EOS (Table 3). These data suggest that such
cells are not truly resting but have been partially activated or
primed either in vivo or during isolation.

MESSENGER RNA-SPECIFIC PROTEIN
TRANSLATION

mRNA translation is clearly not an all or nothing event. Agonists
may increase or decrease ribosomal mobilization of all, the major-
ity or subsets of mRNAs. This may occur through a slowdown
of global elongation by phosphorylated eEF2 allowing poorly
translated mRNAs to enter initiation and to be translated when
elongation becomes derepressed (18). Alternatively, increased
eIF4A helicase activity may preferentially facilitate the translation
of mRNAs possessing secondary structures in their 5'-UTR that
require unwinding prior to initiation.

Selective regulation requires the recognition of unique cis-
elements within the mRNA by sequence-specific mRNA binding
proteins. In this way, subsets of mRNAs can be selectively identi-
fied and regulated for differential translation and mRNA decay.
One well-studied example is the pyrimidine-rich domain termed
terminal oligopyrimidine (TOP). mRNA containing TOP usually
code for elongation factors and ribosomal proteins (72) and their
translation is preferably induced by the mTOR pathway (73). We
will discuss additional examples below.

IL-3 Induces Translation of

Semaphorin-7A mRNA in EOS

Semaphorin-7A mRNA level is relatively high in resting cells and
changes only slightly in activated blood EOS. However, its trans-
lation remains almost undetectable despite GM-CSF activation
(22). Surprisingly, despite similar mRNA levels, the translation
rate for semaphorin-7A is more than 10-fold higher in IL-3-
versus GM-CSF-activated EOS (22). Consistent with increased
translation, semaphorin-7A mRNA was enriched in polyribo-
some fractions following IL-3 compared to GM-CSF (22). Of
note, TOP mRNAs (EEF1A1 and PABP) were not enriched
in the polyribosome fraction by IL-3, suggesting unique and
highly selective signaling from IL-3 receptor to the translational
machinery.

Freshly purified blood EOSs possess surface semaphorin-7A,
which tendsto decrease overtime during the first 20 h of cell culture
(unpublished data). Activation with IL-5 or GM-CSF maintains
or slightly increases surface semaphorin-7A over this same time
span (27). On the other hand, over a broad range of doses, IL-3
significantly increased surface semaphorin-7A expression (27).
Interestingly, IL-3-induced semaphorin-7A translation occurred
more than 6 h after activation (unpublished data), suggesting that
considerable signaling and possibly the translation of accessory
proteins precedes semaphorin-7A translation initiation.

ERK/p90S6K/RPS6 Signaling Downstream

from the p-Chain Cytokines in EOS

Along with RL13A (74), RPS6 is one of the rare ribosomal
proteins that is phosphorylated following cellular stimulation in
eukaryotic cells (75, 76). In stromal cells, RPS6 phosphorylation
is directly controlled by the kinases p70S6K1 and p70S6K2,
downstream of mTOR (77). In knock-in mice, genetically
modified at RPS6 phospho-sites, aggregate protein synthesis
was decreased in liver and embryonic fibroblasts (78). Other
studies have suggested that RPS6 phosphorylation facilitated
more efficient 40S ribosomal subunit assembly (79). This idea
is supported by structural and biochemical data demonstrating
that phosphorylated RPS6 is located at the interface between the
small and the large ribosomal subunits near the tRNA-binding
sites (80), and is enriched in polyribosomes (75). The correlation
of RPS6 phosphorylation with cell division during mitogenic
activation suggests that RPS6 participates in translation control
in dividing cells (81). However, the role of phosphorylated RPS6
in non-dividing cells, such as EOS, remains unexplored.

We found that all B-chain cytokines strongly induced RPS6
phosphorylation at Ser235 and Ser236. However, while RPS6
phosphorylation persisted for only 1-4 h in EOS culture with
IL-5 or GM-CSE, IL-3 induced continuous RPS6 phosphoryla-
tion for as long as IL-3 remained present in the culture medium
(22). Of note, this unique feature of IL-3 to prolong RPS6
phosphorylation has also been observed in basophils (82, 83).
Anti-IL-3 neutralization rapidly reversed RPS6 phosphoryla-
tion indicating that constant presence of IL-3 was required and
that signaling was likely driven by a labile secondary messenger
following IL-3 activation (22). Interestingly, the relatively
rapid RPS6 dephosphorylation in GM-CSF-activated EOS was
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phosphatase 1 (PP1)-dependent, although total PP1 activity
in cell lysates was the same in GM-CSF- and IL-3-activated
EOS (22). This suggests that PP1 activity toward RPS6 may be
negatively regulated only in IL-3-activated but not in GM-CSEF-
activated EOS. Of note, a 23 KDa ribosomal-associated
inhibitor of PP1, termed ribosomal-associated inhibitor of
phosphatase 1 (RIPP1) has been identified but remains incom-
pletely described (84, 85).

As mentioned above, RPS6 can be phosphorylated down-
stream of the PI3K/Akt/mTOR/p70S6K pathway (77). However,
in EOS neither rapamycin, PI3K nor p70S6K inhibitors
prevented IL-3-induced RPS6 phosphorylation (22). On the
contrary, p90S6K (RSK) inhibitors significantly reduced IL-3-
induced, RPS6 phosphorylation on both Ser235 and Ser236 (22).
GM-CSF activation of p90S6K peaked after 10 min, and p90S6K
was already largely dephosphorylated by 1 h (22). Conversely,
progressive phosphorylation of p90S6K occurred after IL-3,
peaking, at 16-20 h and still detectable until IL-3 was removed
or neutralized in the culture medium (22). P90S6K was the first
RPS6-phosphorylating kinase described in Xenopus oocytes (86),
but has since been implicated in cell proliferation and survival
(87). P90S6K includes three isoforms (RSK1, 2, and 3), all with
inducible phosphorylation-dependent activity and similar
functions. P90S6K phosphorylation is downstream of ERK
and phosphorylated p90S6K has been found associated with
polyribosomes (88). Phosphorylation on Thr573 is sequentially
followed by Thr359, Ser363, and finally Ser380. All four sites
are strongly phosphorylated following IL-3-activated EOS (22).
Ultimately 3’-phosphoinositol-dependent kinase-1 (PDK1)
phosphorylates Ser221 leading to maximal p90S6K activation
(89). In addition to RPS6, p90S6K also phosphorylates eIF4B
and GSK3 (12, 90). Phosphorylated eIF4B interacts with eIF3A,
enhancing translation initiation (91). P90S6K inactivates GSK3,
which would in turn dephosphorylate and activate eIF2B, thus
promoting eIF2 recycling and increasing translation initiation
[(90); Figure 2]. While the dephosphorylation of eIF2B possibly
occurs via changes in PP1 activity (90), differential activation of
p90S6K by the different p-chain cytokines was not accompanied
by changes in PP1 activity (22), suggesting that IL-3-induced
and prolonged p90S6K activation does not affect translation via
the GSK3/PP1/eIF2B pathway. As proposed above, the B-chain
cytokines could differentially regulate a ribosomal specific PP1
regulatory protein (85).

Upstream, p90S6K phosphorylation is known to be regulated
by the MAPK and particularly by ERK1/2 (92). Consistent with
these data, a selective inhibitor of both MEK1 and MEK2 (U0126)
added 3 h after IL-3, blocked the phosphorylation of p90S6K on
Ser380 and RPS6 in EOS in culture. Another MAPK, p38, has also
been implicated as a potential activator of p90S6K in dendritic
cells (93). However, a p38 inhibitor (SB203580) had no effect on
P90S6K phosphorylation in IL-3-activated EOS.

In addition to semaphorin-7A, we have more recently shown
that the low-affinity IgG receptors, FCGR2B and FCGR2C
(CD32B and CD32C) were upregulated at the translational level
by IL-3, in a p90S6K-dependent manner (94). Therefore, we have
so far identified two transcripts whose translation is exclusively
enhanced by the prolonged effect of IL-3 through ERK/p90S6K

signaling. MS proteomic analysis of EOS treated with IL-3 with
and without ERK inhibitors will yield insight into the identity of
other similarly regulated mRNA.

mRNA-BINDING PROTEINS AND
CONTROL OF PROTEIN TRANSLATION

Overview

RNA-binding proteins (RBP) regulate all aspects of RNA metabo-
lism, including biogenesis, cellular localization and transport,
stability, and translation. With the emergence of high throughput
screening and quantitative proteomics, several hundred (approxi-
mately 500) potential RBP have been identified (95). Given
their obvious importance, enormous effort has been directed to
expand our knowledge on how RNA-protein interactions deter-
mine RNA function and cell fate. It bears reiterating that mRNA
is not a rod but a complex 3-dimensional shape. As such, RBP
can interact with mRNA via structure, sequence or structure, and
sequence elements. A simple example is 5'-cap binding protein
eIF4E. A more complex example is PABP, which interacts with
poly A tails, a combination of sequence (Poly A) and structure.
The iron-response binding protein (IRE-BP) interacts with a
sequence presented on a stem-loop and bulge (96). Alterations
in the size of the loop, the distance between the loop and bulge
or the loop sequence ablates binding. Given these levels of target
specificity, some RBPs will no doubt be successfully targeted with
therapeutics to treat human disease.

Once transcribed from genomic DNA, newly produced pre-
mRNAs are immediately covered by a number of nuclear RBP to
protect from degradation by nucleases, guide splicing and prepare
for cytoplasmic transport. As mature mRNA are translocated, the
inventory of bound proteins are often replaced with a new set
of RBP that determine intracellular location, define degradation
rates as well as translatability (see above) in the cytoplasm. In
response to extrinsic and intrinsic stimuli, free and bound RBP
are subject to post-translational modifications (PTM) (e.g.,
phosphorylation, ubiquitination, acetylation, and methylation)
that may induce conformational changes and alter the association
between RBP and target mRNA (97, 98). Depending on stimulus
and cell type, the modified RBP may associate with or dissociate
from mRNA, affecting the transcript stability as well as its transla-
tion, clearly affecting protein production. RBP bind to RNA via
a variety of domains, including the so-called RNA-recognition
motif (RRM), zinc finger motives, K-homology domains (KH),
RGG boxes, and DEAD/DEAH boxes (97). Often more than one
binding domain are present allowing simultaneous interactions
with multiple mRNAs, multiple sites within one mRNA target
or between specific mRNA sequences and organelles such as
ribosomes or stress granules. RBP can also form higher order
structures through protein-protein interactions either as homo-
or heterodimers/trimers, etc. As a rule, RBP that interact with
5" or 3’ ends of mRNA often regulate translation initiation (e.g.,
translation initiation factors and their partners; PABP) while
those that bind to coding regions can affect translation, localiza-
tion, or mRNA decay (e.g., IRE-BP). 3’ UTR RBP (e.g., AUFI,
HuR, TTP, TIA-1, TIAR, FMRP, PTB, KSRP, hnRNPs, nucleolin,
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and CUGBP) are most often involved in mRNA localization and
decay (99).

Regulation of mRNA Binding Proteins in
EOS and Their Potential Effect on Protein

Translation
It is well known that many rapidly inducible mRNA coding for
pro-inflammatory cytokines and oncoproteins are very short-
lived. Inevitably, these mRNA contain cis-acting sequences
into their 3’-UTR (100). The best-characterized instability
determinant is composed of adenosine-uridine (AU)-rich ele-
ment (ARE) repeats that are found in 3’-UTR of GM-CSE, IL-3,
IL-5, IL-2, IFN-y, and TNF-a and other cytokine mRNA. The
life-span of ARE mRNA are regulated by a subset of binding
proteins (AUBPs) that preferentially target the ARE and stabilize
or further destabilize the transcripts. To date, approximately 20
AUBP have been identified. EOS express 7 AUBP (AUF1, hnRNP
C, YB-1, nucleolin, TIA-1, HuR, and BRF1) (3) and their role
in the regulation of mRNA stability has been demonstrated
by many studies (101-105). In response to an exogenous pro-
survival signal, Y-box binding protein 1 (YB1) and heterogene-
ous nuclear ribonucleoprotein C (hnRNP C) became associated
with, while heterogeneous nuclear ribonucleoprotein D (hnRNP
D or AUF1) dissociated from the ARE of GM-CSF mRNA (101,
106). These interactions were accompanied by the multiple
phosphorylation of AUF1 (Ser83, Ser87, and Thr91) likely by
ERK, CK1, GSK3p, or PKA (103, 107-109). Presumably, phos-
phorylation reduced the affinity of AUF1 for the ARE. AUF1
also undergoes post-transcriptional, alternative splicing events
(110), yielding four AUF1 mRNAs and isoform variants (p37,
p40, p42, and p45), all of which are detectable in human EOS
(106). Thus, the regulatory control by AUF1 isoforms appears to
be highly complex and includes their potential to form heterodi-
mers (111) with a different affinity for ARE containing mRNAs
(p37 > p42 > p45 > p40) (112, 113). While AUF1 has additional
functions, its best-characterized function is to accelerate the
decay of associated ARE-rich mRNAs. The p37 isoform has been
shown to interact with the exosome in EOS (103) and exhibit the
greatest destabilizing activity toward ARE-containing mRNAs
compared to other isoforms (114).

mRNA turnover is often linked to translation (115) and the
role of AUBP in RNA translation has been extensively studied in
many systems. Similar mechanisms may occur in EOS although
no direct evidence has yet been published. As mentioned above,
PI3K/Akt/mTOR and MAPK cascades are the major signaling
pathways that control global RNA translation upstream of the
ribosomal machinery. These pathways have also been linked to
AUBP-mediated mRNA decay in many cell types. EOS possess
all translational machinery (Table 1) and can activate those
kinase pathways when stimulated with various agonists (fMLP,
RANTES, eotaxin, IL-5, IL-3, and PGE2) (30, 57). For example,
ERK is activated by hyaluronic acid, IL-3 or IL-5, and likely drives
AUF1 phosphorylation (102, 103), impacting the translation and
decay of multiple ARE mRNA, including GM-CSE. These data
suggest that ARE mRNA will be subject to translation control in
EOS. This has been investigated by analysis of transfected mRNA,

which has revealed striking differences in protein production
despite similar cytosolic steady state levels of coding mRNA
(116). Below, we discuss well-defined AUBP and their potential
roles in target mRNA translation in EOS.

Heterogeneous Nuclear Ribonucleoprotein D

In eukaryotic cells, AUF1 (hnRNP D) is one of the best-
characterized AUBPs and has a multiplicity of functions. It is
a positive regulator of mRNA translation (117) but can also
accelerate transcript decay. These two events may or may not be
coupled. For example, AUF1 weakly targets Myc mRNAs for an
accelerated decay but strongly promotes its translation by suc-
cessfully competing with the cytotoxic granule-associated RNA
binding protein TIA-1 and TIA-1-like 1 (TIAR) for a common
binding site (118). Consistent with this observation, cells lacking
AUF1 exhibited an increase binding of the translation-inhibitory
TIA-1/TIAR to ARE mRNA, resulting in translation repression
of the mRNA encoding TGF-f-activated kinase 1 (TAK1) and
IL-10 (119, 120). Depending on the cell and its activation state,
AUF1 can also assemble factors necessary for mRNA transla-
tion, including eIF4G, chaperones (hsp27 and hsp70), and
PABP, thereby affecting translation (121-123). In EOS, eIF4G
is phosphorylated by a brief (5 min) exposure to IL-5 (3), a
condition that favors AUF1 phosphorylation and global protein
translation (22). As EOS express high levels of PABP-C1 (major
cytoplasmic PABP isoform) (3, 124), activated AUF1 may facili-
tate the displacement of TIA-1/TTIAR by PABP-C1 and promote
phospho-elF4G-mediated translation initiation. Taken together,
these results strongly indicate that modulation of translation
efficiency by AUF1 is a common cellular event, which may not
necessarily couple with ARE-mediated decay. Interestingly,
AUF1 can also function as an inhibitor as was reported in EV71
virus translation. In this model, AUF1 binding to a stem-loop
structure within IRES displaced HuR and Ago2, whose associa-
tion promotes IRES-dependent translation and subsequent viral
replication.

Y-Box Binding Protein-1

In EOS, an increase in YB-1 content led to the stabilization of
GM-CSF mRNA. Binding was mediated through 3" UTR ARE
and resulted in increased GM-CSF translation and release with
subsequent pro-survival signaling (101, 102). YB-1 can also sta-
bilize non-ARE containing mRNA (125, 126), suggesting that it
associates with other cis-elements or acts through another protein
effector(s). Consistent with this notion, as the YB-1/mRNA ratio
increases, so does the translation efficiency of the affected mRNA
(125, 126). At high YB-1/mRNA ratios associated with maximal
mRNA stabilization, YB-1 displaces eIF4F from the messenger
ribonucleoprotein (mRNP) complex, possibly inhibiting the
translation of the stabilized mRNA (127). This mechanism was
not observed in EOS for GM-CSF expression, however (101, 102),
which may reflect the ordinarily high basal levels of YB-1 in these
cells. Thus, it is not entirely clear how endogenous AUBP such as
YB-1 influence eIF4F-mRNA interactions and regulate mRNA
stability and translation in these cells. In cells, at low YB-1/
mRNA ratios, eIF4F is known to bind effectively to mRNA near
the 5’ cap-structure and drive translation (125, 126). YB-1 can
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be phosphorylated at a single site (Ser316) within the C-terminal
domain (CTD) by multiple kinases (Akt, ERK2, GSK3-f, and
JNK) (3), which leads to increased IL-2 mRNA stability and
cytokine production (128). YB-1 binds to mRNA as a monomer
through the cold-shock domain (CSD) and the CTD (125),
which can unfold mRNA secondary structures, likely facilitating
interactions with the translation initiation machinery. Inhibition
of translation is mainly attributed to the CTD. Similarly to the
full length YB-1, CTD displaces eIF4G from mRNP while the
CSD displaces eIF4E, eIF4A, and elF4B by interacting with
the 5’-Cap-structure or with its adjacent region (125, 126). After
EOS exposure to IL-5, eIF4G (Ser1238, Thr1218, and Ser1194)
and eIF4B (Tyr233, Ser406, Ser359, and Ser459) are rapidly
phosphorylated (3). YB-1 can also be phosphorylated by Akt
(98, 129, 130), which lowers its affinity for the 5'-cap-structure
(or/and adjacent mRNA region) (130). This may also facilitate the
assembly of the translation initiation complex. Of note, circadian
changes of YB-1 binding to GM-CSF mRNA have been observed
in circulating EOS from subjects with nocturnal asthma, with
lower YB-1/GM-CSF mRNA interaction at 04.00 a.m., suggesting
possible increased GM-CSF protein production and EOS activa-
tion at night (131).

Heterogeneous Nuclear Ribonucleoprotein C

Heterogeneous nuclear ribonucleoprotein C has been predomi-
nantly associated with the regulation of mRNA stability although
several reports describe translational regulation through 5" UTR
interactions (132-135). This function was first identified in rab-
bit reticulocyte lysate supplemented with exogenous hnRNP C.
Those studies revealed hnRNP C bound to a non-ARE domain,
stabilizing APP mRNA and increasing its translation (132). In
neurons, hnRNP C and FMRP were shown to compete for binding
to a coding region element of APP mRNA that modulated APP
mRNA translation in opposite directions (136). Further study
clarified that increased APP translation by hnRNP C was accom-
panied by enhanced mRNA polyadenylation, which was mediated
by a functional IRES found in the 5" UTR of the transcript (137).
Thus, the mRNA-specific translational activation by hnRNP C is
generally independent of ARE and is through interactions with
distinct 3’ or coding region (132, 136) target sequences, IRES
(133),5" UTR, or heptameric U sequence in IRES (138). Whether
similar mechanisms occur in EOS is unknown although hnRNP
C was reported to bind GM-CSF mRNA and associated with
transcript stability (103). To date, neither cytoplasmic kinases nor
phosphosites on hnRNP C have been identified although several
RNA-dependent protein kinases (PKA, PKC, CDK-II, and PKR)
have been associated with hyperphosphorylation of hnRNP C1
(small isoform of hnRNP C) in nuclear extracts (139).

Other AUBPs

HuR (stabilizer of ARE mRNA) and TIA-1 (U-rich binding
protein) bind to GM-CSF and TGF-f mRNA and are associated
with transcript stability in EOS. While the role of HuR in mRNA
translation has not been reported, TIA-1 is believed to repress
the translation of TNF-a (140), COX-2 (141), cytochrome c
(142), and 5° TOP mRNAs (143). TIA-1 binds to the ARE of
TNF-a mRNA, but has no effect on the mRNA decay. Instead,

TIA-1 represses TNF-a translation by promoting its sequestra-
tion in non-polysomal mRNP complexes or the so-called stress
granules (144). TIA-1 can also recruit multifunctional RBP,
including PTB, La, hnRNP K, and hnRNP Al, all of which
are expressed by EOS (145). However, it remains unknown
whether this recruitment is associated with TIA-1-mediated
translational repression. TIA-1 can be phosphorylated by
FASTK but the phosphorylation sites have not been mapped
(146, 147). On a similar note, the mRNA stabilizing protein,
Sjogren syndrome type B antigen (SSB or La) plays a unique
role in translation initiation (148-151). La is largely nuclear but
acts as an RNA chaperone in the cytoplasm when translation
starts. La binds in close proximity to the translation start site
and unwinds second structure of mRNA to expose embedded
AUG start codons. Similar actions were also observed for the
translation of virus-encoded mRNA (152-154). This unique
feature of La is critically important in facilitating translation
initiation because the translation start sites of certain mRNA are
buried in strong stem-loop or secondary structures and are not
efficiently recognized by the scanning 43S ribosomal subunit.
La is phosphorylated on Thr301, Ser366, and Thr389 by AKT
and CK2 (151, 155, 156), which contributes to its nuclear or
cytoplasmic distribution (157).

REGULATION OF TRANSLATION AND
POTENTIAL THERAPEUTIC TARGETS

Endogenous GM-CSF Effects on EOS
Biology and the Use of Pin-1 As a

Potential Therapeutic Target

We have described above how RBP regulate mRNA stability
and translatability, particularly of GM-CSF mRNA in EOS.
GM-CSF plays a pivotal role in the modulation of EOS differ-
entiation, function, and survival. The cytokine is upregulated
in eosinophilic diseases and a major contributor to enhancing
EOS survival in the lungs of patients during active asthma (158).
Recombinant GM-CSF promotes EOS survival about five times
as potently as equal concentrations of IL-5 (159). In asthmatics,
GM-CSF is produced by a wide spectrum of cell types, including
lung epithelial cells, lymphocytes, alveolar macrophages, EOS,
endothelial cells, and fibroblasts. As EOS typically increase by
20-fold in the lung within a few days of an allergen challenge
(160), autocrine GM-CSF is an important source in order to
support survival. The level of endogenous GM-CSF in BAL fluid
is low (161-163) compared to IL-5 in both mice and humans
(164). However, intranasal delivery of Adeno-GM-CSF to the
airways of OVA-sensitized mice resulted in sustained accumula-
tion of various inflammatory cell types, most noticeably EOS, in
the lung for more than 2 weeks post OVA aerosol challenge (165,
166). Conversely, neutralization of endogenous GM-CSF dur-
ing aeroallergen exposure significantly inhibited eosinophilic
inflammation and airway hyper-responsiveness. This suggests
that small amount of endogenous GM-CSF can significantly
contribute to the development and persistence of eosinophilic
airway inflammation. In vitro, purified peripheral blood EOS
synthesize small amounts (~1 pg/ml) of anti-apoptotic GM-CSF
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(167, 168), after stimulation with a variety of factors (fibronec-
tin, hyaluronic acid, TNF-a, IL-3, IL-5, IL-15, integrins, IFN-y,
calcium ionophore, cross-linking of cell surface molecules) (67,
102, 167, 169-174). Activation-induced survival was blocked
by the addition of neutralizing anti-GM-CSF even 2 days after
the initiation of culture, indicating that the cells continuously
release low levels of GM-CSF on which survival depends (103,
172-174). Similarly, the majority of BAL EOS obtained 48 h
after segmental allergen challenge died in vitro at 6 days in the
presence of neutralizing anti-GM-CSEF. Both in situ hybridiza-
tion (tissue EOS) (175) and qPCR (purified EOS) (67, 172, 173)
analyses have demonstrated that increased GM-CSF mRNA was
associated with GM-CSF protein secretion and prolonged EOS
survival.

Pin1

While all ARE mRNA have relatively short half-lives
(20 min-2 h), GM-CSF mRNA is extremely labile (#1/2 < 6 min)
in resting EOS but show significantly increased stability
(increased by fourfold to sixfold) after cell activation. This
conversion likely reflects alterations in the composition of
interacting AUBP (67, 103, 172, 173). Multiple AUBP, including
AUF1, HuR, YB-1, and hnRNP C associate with and regulate
the decay of GM-CSF mRNA in EOS (101-103). Cell activation
triggered occupancy of GM-CSF mRNA by YB1, hnRNP C, and
HuR, which displaced AUF1. ERK-mediated phosphorylation
likely caused a decrease in affinity for GM-CSF mRNA by AUF1
(103), which led to remodeling of the GM-CSF mRNP complex.
Co-immunoprecipitation and gene knockout studies have found
that Pinl, a cis-trans peptidyl prolyl isomerase, interacts with
multiple AUBPs, including AUF1, HuR, KSRP, SLBP, and the
translation regulators eIF4E and 4E-BP1/2 (103, 176-178). Pinl
is essential for cell-cycle progression through interactions with
cyclinD (179). Pinl is the only known eukaryotic isomerase with
specificity for Ser-Pro or Thr-Pro peptide bonds. Isomerization
is bidirectional with cis to trans or trans to cis conversions but
occurs approximately 1000-fold faster when the N-terminal Ser
or Thr has been phosphorylated (180). Structurally, Pin1 has two
domains, including a ~40 amino acid N-terminal WW domain
and a C-terminal isomerase domain. The WW domain binds
pSer/pThr-Pro motifs while the catalytic domain is responsible
for substrate isomerization. Pinl-mediated isomerization has
profound effects on target-protein folding, altering subsequent
protein-protein and protein-nucleic acid interactions, protein
stability and subcellular localization thereby altering a variety
of cellular processes, including cell cycle progression, apopto-
sis, innate and acquired immunity, and gene regulation. We
showed that Pinl was reproducibly pulled down with AUF1
in human EOS and T cells irrespective of cell activation (103,
105). Cell activation also increased Pinl activity, which likely
isomerized phosphorylated AUFI1. These events occurred
with a simultaneous reduction of AUF1 binding to GM-CSF
mRNA. Conversely, inhibition of Pinl reduced isomerase
activity, reconstituted the AUF1-GM-CSF mRNP complex and
accelerated transcript decay. Consistent with this in vitro data,
EOS obtained from the blood or BALF from patients with active
asthma showed significantly elevated Pinl isomerase activity.

In vivo Pinl blockade significantly reduced pulmonary EOS
counts, GM-CSF production, and cell viability in rat models of
asthma (181). These observations indicate that Pin1 is a critical
regulator of GM-CSF mRNA turnover and production, which
in turn controls the survival of activated EOS in the lungs of
asthmatics.

In addition to its role in mRNA stabilization, Pinl signaling
amplifies or suppresses the action of kinases, phosphatases,
transcription factors, cell cycle regulators, and apoptotic effectors
(124, 180). This broad targeting specificity of Pinl arises from its
short consensus target (pSer/pThr-Pro) as well as the phospho-
rylation frequency of S/T-P sites, which are found in numerous
proteins. Pinl activity can be modulated either positively or
negatively without change in protein content, in response to
injury or environmental cues. Chronic activation or suppres-
sion can be pathologic as seen in immune disorders, fibrosis,
cancer, and neurodegeneration (105, 182, 183). Specifically, Pinl
overexpression or amplification is highly correlated with cancer
progression and metastasis while Pinl loss is seen in evolving
Alzheimer Disease. Pathology may result from loss of regulation
of RBP with alterations in cytokine mRNA stability and transla-
tion. Thus, pharmacologic modulation of Pin1 activity with small
molecule inhibitors may provide a novel approach to eosinophilic
diseases, such as asthma. Unfortunately, current Pinl inhibitors
lack specificity or are excessively toxic.

IL-3 Signaling in EOS

TPI ASMS is a drug in development, targeting the common
B-chain receptor for all IL-5, GM-CSE, and IL-3, in the form of
RNA-targeted inhaled oligonucleotide antisense phosphorotio-
ates (184). Although TPI ASMS8 seems to be well tolerated and
leads to some reduction of EOS and eosinophilic hematopoietic
progenitor (CD34*IL5R*), other alternative therapeutic targets
more specific to each of the 3 cytokine should be developed.

So far, we have identified semaphorin-7A and FCGR2B/C
(CD32) as specific genes exclusively responding to IL-3 activation
via prolonged ERK/p90S6K signaling. It is probable that addi-
tional genes are similarly regulated at a translation level by IL-3/
ERK/p90S6K. Likely other candidate genes may share specific
mRNA cis-elements whose identity may be inferred by homology
searches among IL-3 upregulated mRNA. We started analyzing
how semaphorin-7A or FCGR2 affect EOS function. We found
that IL-3-activated EOS adhere to the only known semaphorin-7A
ligand, plexin-C1 (27). Plexin-C1 is expressed by many cell types,
including lymphocytes, monocytes, dendritic cells, and neutro-
phils (185), and has an important role in the migration of these
inflammatory cells. Plexin-C1 is also expressed by stromal cells
(186), which could facilitate migration or activate EOS in fibrotic
tissue. Interestingly, IL-3-activated EOS migration on plexin-C1
was largely resistant to semaphorin-7A blockade while neutraliz-
ing anti-aMp2 integrin were far more inhibitory (187). Migration
in the absence of chemotaxis indicates that a haptotaxis process
is operative for plexin-C1- or periostin-mediated migration (187,
188). Semphorin-7A signaling may also skew fibroblasts toward
a pro-fibrotic, more mesenchymal phenotype (27, 189, 190),
although we recently demonstrated anti-fibrotic functions for
endogenous semaphorin-7A expressed by lung fibroblasts (191).
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The upregulation of CD32 by IL-3 on EOS has a profound
impact on EOS function. EOS-driven pathology in tissue
requires both EOS migration from circulating blood to the
site of inflammation and the release (degranulation) of pre-
formed toxic proteins and mediators of the inflammation.
IL-3-activated EOS strongly degranulate on heat-aggregated
(HA)-IgG, with extrusion of ~25% of their total cellular
eosinophil-derived neurotoxin (EDN) in 6 h (94) compared to
less than 10% after IL-5 (94). Degranulation on HA-IgG was
CD32-dependent (94). Thus, IL-3 and its downstream intra-
cellular effectors may be potential therapeutic targets to limit
EOS degranulation and EOS-driven pathologies. The use of
anti-IL-5 therapies on patients with severe eosinophilic asthma
has reduced asthma exacerbations and blood eosinophilia
(192, 193), see other article by Nair in this issue. However,
airway EOS are still present and active despite treatment (194,
195). This partially reflects loss of the surface IL-5 receptor
expression by airway EOS (22, 196, 197). Conversely, IL-3 and
the surface IL-3 receptor are upregulated and highly expressed
on airway EOS (27, 198). Therefore, combined targeting of the
IL-3 and IL-5 pathways may provide additive or synergistic
benefits.

Ribosomal S6 Protein

Whether RPS6 phosphorylation in EOS induces a unique profile
of proteins (e.g., semaphorin-7A, CD32, etc.), downstream of
IL-3/ERK/P90S6K signaling, is unclear. If so, phospho-RPS6
would be a possible therapeutic target to reduce EOS-related
pathology. On the positive side, knock-in mice lacking the
ability to phosphorylate RPS6 have modest deficits (199) and
show limited changes in global protein synthesis in vivo and in
embryonic fibroblasts (78). However, B-cell development may
be adversely affected by RPS6 knock-in (78). RPS6 phospho-
rylation can be blocked in EOS by small molecules inhibitors of
P90S6K, such as BI-D1870 (200). However, the consequences of
p90S6K inhibition probably include transcriptional silencing,
blockade of cell proliferation, and cell death (87, 201). Thus,
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while potentially attractive, inhibition of this pathway remains
hypothetical.

CONCLUSION

The three p-chain cytokines, IL-3, IL-5, and GM-CSF are all
present in human eosinophilic diseases and have both highly
redundant and yet critically unique roles in the EOS biology. Their
signaling affects differentiation, maturation, survival, migration,
piecemeal release of immune-mediators, and degranulation. IL-3
is unique among the p-chain cytokines in generating prolonged
intracellular signaling leading to the translation of a subset of
EOS mRNA. Signaling requires ERK and p90S6K activation and
culminates in the phosphorylation of RPS6. The control of both
translation and decay of cytokine mRNA ultimately involves an
interplay between mRNA-BP, especially those that target ARE. The
AUBP in turn are often regulated by the action of Pin1, leading to
multi-level control over cytokine gene expression. Critical, unan-
swered questions include the identification of RPS6-dependent
mRNA as well as additional Pinl RBP interactors and whether
drugs can be developed to target these important pathways.
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We recently identified and quantified >7,000 proteins in non-activated human peripheral
blood eosinophils using liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS) and described phosphoproteomic changes that accompany acute acti-
vation of eosinophils by interleukin-5 (IL5) (1). These data comprise a treasure trove of
information about eosinophils. We illustrate the power of label-free LC-MS/MS quan-
tification by considering four examples: complexity of eosinophil STATs, contribution
of immunoproteasome subunits to eosinophil proteasomes, complement of integrin
subunits, and contribution of platelet proteins originating from platelet—eosinophil
complexes to the overall proteome. We describe how isobaric labeling enables robust
sample-to-sample comparisons and relate the 220 phosphosites that changed signifi-
cantly upon treatment with IL5 to previous studies of eosinophil activation. Finally, we
review previous attempts to leverage the power of mass spectrometry to discern dif-
ferences between eosinophils of healthy subjects and those with eosinophil-associated
conditions and point out features of label-free quantification and isobaric labeling that
are important in planning future mass spectrometric studies.

Keywords: eosinophils, mass spectrometry-based proteomics, phosphorylation sites, interleukin-5, STAT3,
integrins, immunoproteasome

INTRODUCTION

Eosinophils derive from precursors set aside early in hematopoietic differentiation (2) and are easily
identified in a Giemsa-stained blood smear by their abundant plump red granules and bilobed
nucleus. Eosinophils have nuanced roles in normal physiology and responses to injury or patho-
genic agents (3, 4), contributing to tissue homeostasis in the gut and adipose tissue and featuring
prominently in inflammation associated with allergic diseases, malignancies, viral and helminthic
infections, and orderly tissue repair (4-8). Eosinophils have the potential to participate in the patho-
genesis of disease by diverse mechanisms, including release of a unique set of granule components,
secretion of cytokines, and elaboration of mediators (3, 4). The need for better understanding of
eosinophils in the context of eosinophil-associated diseases was highlighted in the report of a
taskforce assembled by the National Institutes of Health (9).

Eosinophils were not among the >200 tissues, cell lines, and purified cell populations analyzed
to assemble draft human proteomes published in 2014 (10, 11). We recently reported two high-
resolution mass spectrometric investigations of human peripheral blood eosinophils: (1) iden-
tification and quantification of the proteins of non-activated eosinophils and (2) description of
phosphoproteomic changes that accompany acute activation by interleukin-5 (IL5) (1). These data
represent important information about eosinophils. An explicit goal of this review is to facilitate
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access to and increase the usefulness of the data presented in
supplementary spreadsheets of our paper.

QUANTITATIVE ANALYSIS OF THE
EOSINOPHIL PROTEOME

The workhorse of modern global proteomics is reversed-phase
liquid chromatographic (LC) separation of proteolytically
generated peptides coupled to online nano-electrospray ioniza-
tion of the effluent and identification of peptide mass/charge
(m/z) and sequence by tandem mass spectrometry (MS/MS)
(12). Peptide cations detected in the MS' scan are subjected to
dissociation and subsequent MS? scan, yielding an ion series
that can indicate amino acid sequence and the presence of post-
translational modification. The resulting spectra are compared
with peptides generated in silico to determine which of the
~2 % 10* encoded human proteins and many more proteoforms
(13) arising from differential mRNA splicing are present in
the sample based on peptide spectral matches. To increase the
probability of identification of any given peptide, peptides can
be fractionated by a preliminary LC separation after which
each fraction is analyzed in a separate liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) run. This
paradigm routinely identifies thousands of proteins and pro-
teoforms from biological samples (10-12). Estimates of relative
abundance of identified proteins, called label-free quantification
(LFQ), can be made by intensity-based absolute quantification
(iBAQ), which sums signal intensities of all identified peptides
for a given protein and divides by the number of theoretically
observable peptides based on the in silico digest (14). The tech-
nology has been improving continuously to increase proteome
coverage, speed of analysis, and quality of data with the goal of
increasing applicability to biological experimentation and clini-
cal samples. For instance, our group is able to quantify nearly
90% of the estimated 4,500 proteins in the yeast proteome in
~1 h of analysis (12, 15).

We assembled a map of the proteome of 75 X 10° non-activated
peripheral blood eosinophils pooled from three different human
volunteer donors with allergic rhinitis or asthma (1). Heparinized
blood, 200 mL, was obtained from each, granulocytes were iso-
lated by centrifugation in a Percoll gradient, and eosinophils
were isolated from the granulocyte fraction by negative selection
with magnetic beads bearing antibodies to CD3, CD14, CD16,
and glycophorin-A (16, 17). Cells were lysed via probe sonica-
tion in a urea buffer, and proteins were digested with trypsin.
Phosphopeptides were enriched by immobilized metal affinity
chromatography (IMAC). Non-enriched and enriched samples
were separated by high pH reversed-phase chromatography into
30 and 20 fractions, respectively, and fractions were analyzed by
LC-MS/MS on an Orbitrap Fusion. The UniProt human proteins-
plus-proteoforms database as of April 4, 2014, was queried using
MaxQuant with the Andromeda search engine that included the
iBAQ algorithm (14, 18, 19), yielding iBAQ intensities that can
be translated into absolute molar abundances by assuming direct
proportionality.

We identified 7,086 proteins based on 100,892 different tryptic
peptides (1). Estimates of cellular abundance correlated well with

the intensities of the protein spots seen in the two-dimensional
gels of an earlier published proteomic study (20), with actin
being the most abundant protein in both. The 15 most abundant
proteins accounted for 25% of protein molecules. These include
the granule proteins RNASE2 (eosinophil-derived neurotoxin),
RNASE3 (eosinophil cationic protein), C-terminal remnant of
PRG2 (major basic protein 1), C-terminal remnant of PRG3
(major basic protein 2),and CLC (Charcot-Leyden crystal protein,
galectin 10); proteins associated with actin cytoskeleton (ACTB,
PENT1, and CFL1); and histones. The abundances (molecules per
eosinophil) of RNASE2 (1.8 x 10%), RNASE3 (2.5 X 10%), PRG2
(6.4 x 10%), and eosinophil peroxidase (1.7 X 10°) previously
had been quantified by radioimmunoassay (21), thus allowing
calculations of the absolute abundances of other proteins. The
iBAQ intensities in Sheet 1 of the paper’s supporting XLSL file
entitled “Summary of proteins identified in global analysis...
ordered from most to least abundant” ranged from 1.3 x 10"
for ACTB (cytoplasmic actin) to 3.1 X 10° for KIAA1211 (1).
The ratios of the iBAQ intensities to cellular abundances of the
four granule proteins average 360, and division by this number
can be used to convert iBAQ score to molecules per cell. We
also localized 4,802 sites of phosphorylation as described in the
paper’s supporting XLSL file entitled “Summary of phosphosites
identified in global analysis...” (1).

Selected entries from the “global analysis” file have been pasted
into Sheet 1 of the XLSX in the supplement of this review. A single
entry may describe a single protein or a group that may consist
of proteins of the same or nearly identical sequence encoded by
separate genes, as for several of the histones; different proteoforms
encoded by a single gene; or a single proteoform. In addition,
frequently peptides will be matched to several entries in a protein
database rather than to a single group (22). Each entry, therefore,
contains information about rank in abundance; UniProt ID(s) of
all proteins and majority proteins in the group; protein names(s);
gene name(s); number of proteins in the group; number of pep-
tides matching the group; number of peptides defined as “razor,”
i.e,, specific for the protein group, and “unique,” i.e., specific for
a given proteoform within the group; % sequence covered by the
identified peptides; molecular weight and sequence length of the
longest proteoform within the group; posterior error probability
of misidentification of the protein group; sum of peptide ion
intensities; and iBAQ intensity score.

To drill down and exploit this information, one needs to consult
UniProt' and, because UniProt is uneven in its annotation of pos-
sible proteoforms, one may need also to consult the literature and
transcriptomic and genomic databases and perhaps to perform
directed experiments. We illustrate such issues with the entries
on eosinophil STATs in Sheet 1. STAT2, STAT5A, STAT5B, and
STAT6 are encoded by separate genes, and each has a single entry.
The entries for STAT2, STAT5A, and STAT6 describe groups
of two or three proteoforms differentially spliced at or near
the N-terminus that cannot be distinguished by the available
proteomic data. STAT5A and STAT5B share sequence similarity
such that of the identified peptides, 23 are assigned to both, 13

'http://www.uniprot.org/.
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are unique to STAT5B, and 11 are unique to STAT5A. STAT1
and STAT3 each have two entries that describe differentially
spliced proteoforms originating from single genes. For STAT1,
the dominant proteoform was canonical 750-residue STAT1aq,
and the minor proteoform was 712-residue STAT1f with a
truncated C-terminus due to a frameshift introduced by splicing.
The analysis identified four peptides unique for STAT1a and one
unique for STAT1f. The dominant proteoform of STAT3 was 770
residues in length, and the minor proteoform was 769 residues;
these each have a single unique peptide in which Ser701 is present
(S) or absent (AS). STAT3, such as STAT1, is subjected to splicing
that generates o and f proteoforms, as was first observed at the
transcript level in eosinophils (23). However, our analysis did not
identify a peptide spectral match unique for STAT3p. The splic-
ing events responsible for inclusion (S) or exclusion (AS) of the
codon for Ser701 and the o or p variants are close to one another,
such that we were able to use quantitative PCR to demonstrate the
presence and proportions of the four possible STAT3 transcripts,
S-a, AS-a, S-B, and AS-p, in eosinophils (24). In accord with the
iBAQ data, AS-encoding transcripts were in the minority. We
note that even if a tryptic peptide defining the p variants had
been detected, we would not have known whether the peptide was
derived from the S or AS variant or a mixture. Examination of
the amino acid sequences of the four splice variants, however,
indicates that such information likely could be obtained by sub-
stituting AspN protease for trypsin. AspN should generate four
different peptides that span the sequences determined by the two
splicing events.

The iBAQ intensities in Sheet 1 inform thinking about the
complexity inherent in signaling by different eosinophil STATS.
The intensities and hence abundances of STAT1, STAT3, and
STAT5B are similar, with approximately 600,000 copies of each
protein per eosinophil based on comparisons to the iBAQ intensi-
ties of the four granular proteins. STAT6 and STAT2 were present
at approximately 70 and 12% the abundances of the three major
STATs but at greater abundance than STAT5A. The complete
“global analysis” file (1) allows comparisons of the abundances of
numerous other classes of eosinophil proteins that have similar
and perhaps overlapping functions, such as the tyrosine kinases
that activate STATS.

The other entries in Sheet 1 concern proteasome subunit beta-
type (PSMB) subunits of the 20S proteasome and illustrate the
power of quantitative proteomics in dealing with complexes with
known structure and stoichiometry. Such complexes account for
a considerable fraction of the proteome (25) and are described on
the CORUM website.> The PSMB5, PSMB6, and PSMB7 subunits
of the constitutive 20S proteasome are replaced by the PSMBS,
PSMB9Y, and PSMB10 subunits of immunoproteasomes in T-cells
and monocytes (11). The switch involves the three catalytic protea-
some subunits and results in preferential generation of peptides
with a hydrophobic C-terminus that can be processed to fit in the
groove of MHC class I molecules (26). The ratios of iBAQ intensi-
ties of PSMB8/PSMB5, PSMB9/PSMB6, and PSMB10/PSMB7 for
eosinophils are 18, 3.7, and 2.1, respectively, comparable to the

*http://mips.helmholtz-muenchen.de/corum/.

valuesof31,2.9,and 2.1 reported for monocytes in Proteomics DB’
[an easily navigated repository of human proteomics data (10)].
The comparable enrichment in immunoproteasome subunits in
monocytes and eosinophils bears on the issue of whether eosino-
phils are important antigen-presenting cells (27).

Figure 1 illustrates a second example of insights to be gained
from quantitative proteomics. Shown are our data and recently
published transcriptomic RNA-Seq data (28) for the eight
a-integrin (ITGA) and four B-integrin (ITGB) subunits detected
in eosinophils. Lines connect the nine aff dimers (29) that are
possible between these subunits, and iBAQ intensities and mRNA
abundance as RPKM (reads per kilobase per million mapped
reads) are given (Figure 1). Several features are noteworthy. First,
the iBAQ intensities are compatible with the proposed pairing
of dimers. Second, the iBAQ intensities in general correlate with
mRNA abundance. Third, protein and mRNA are missing for
ITGAD, which is inconsistent with the prevailing view that there
is a pool of aDp2 that can be mobilized acutely to the eosinophil
surface (29, 30). Fourth, the ITGA2B and ITGB3 subunits of
alIbf3, the major integrin of platelets, are abundant as proteins
but not as mRNA.

Issue of Contaminating Platelets

Platelets, which adhere to a fraction of circulating eosinophils
(31, 32), carry an idiosyncratic mix of RNAs (33). To investigate
whether the higher-than-expected abundance of ITGA2B and
ITGBS3 as proteins but not as transcripts was due to contamination
by platelets, we purified eosinophils by negative selection with
antibody to ITGB3 in addition to the standard antibody “cocktail”
described above. We then compared the proteomes of purified
platelets, eosinophils purified by the standard method, and

*https://www.proteomicsdb.org/.

ITGAM
3900x10°
RPKM 80

ITGA2B
250x10°8
RPKM 2

ITGAL
190x10°
RPKM 60

140x10°
RPKM 7

ITGA4
120x10°¢
RPKM 35

FIGURE 1 | Depiction of integrin expression in eosinophils as assessed by
intensity-based absolute quantification (iBAQ) intensities and RNA-Seq. Lines
connect the nine ap dimers that are possible between these subunits, and
iBAQ intensities and mRNA abundance as RPKM (reads per kilobase per
million mapped reads) are given.
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eosinophils purified with the extra depletion with anti-ITGB3 (1).
ITGA2B and ITGB3, along with several platelet granule specific
proteins, were outliers in a plot of ratios of standard eosinophils
versus depleted eosinophils on one axis and platelets versus
depleted eosinophils on the other. These data, which are compiled
in our paper’s supporting XLSL file entitled “Summary of LFQ
of eosinophil, platelets, and platelet-depleted eosinophils...” (1)
can serve as a guide to assess platelet contamination in future
proteomic studies of eosinophils.

PHOSPHOPROTEOME OF
UNSTIMULATED AND IL5-STIMULATED
EOSINOPHILS

We used 10-plexed isobaric labeling to identify phosphorylation
sites that change in eosinophils acutely activated with IL5. The
advantage of isobaric labeling over LFQ is that if a phosphopeptide
is identified, its relative abundance in relation to the same peptide
in other samples can be estimated (34). Half of 20 x 10° cells col-
lected from each of five donors remained non-stimulated, and
half were incubated for 5 min with IL5, 20 ng/mL. Incubations
were stopped by plunging the tubes into liquid nitrogen. The
5-min stimulation induces maximal polarization and activation
of MAPK1/3, STAT1, and STAT5 (17). When all 10 samples had
been collected, cell pellets were thawed, cells were lysed, trypsin
was added, and peptides from each sample were labeled separately
with one of a 10-chemical set of tandem mass tags. Each of the 10
tags had the same mass, allowing the same peptides from multiple

samples to be observed during the MS' scan as a single m/z peak
and isolated together for fragmentation. Each tag, however, had
a unique distribution of heavy isotopes such that each tag yields
a unique reporter ion upon fragmentation, and thus the relative
amounts of the peptide in different samples can be determined
based on relative intensities of the reporter ions in the MS? scan.
Peptides were enriched for phosphorylated peptides using IMAC
before LC-MS/MS, and both unenriched and enriched peptides
were analyzed. The Open Mass Spectrometry Search Algorithm
(OMSSA) search algorithm was used along with our in-house
software suite Coon OMSSA Proteomic Analysis Software Suite
(COMPASS) (35, 36). Phosphorylation localization was performed
with the Phospho RS 3.0 algorithm implemented into COMPASS.
Statistical significance was determined using a two-tailed and
equal variance t-test, n = 5.

Results from the isobaric labeling study were tabulated in
Data Sheet in Supplementary Material entitled “Summary of
proteins and phosphosites quantified in comparative analysis of
unstimulated and acutely activated eosinophils” (1). The numbers
of identified proteins (4,446) and phosphosites (1,819) were less
than in the label-free analysis described above. The comparison
of five individuals afforded the opportunity to assess individual-
to-individual variation in protein abundances. The major
differences were in HLA proteins. As would be expected given
the short time of stimulation, only 16 proteins (0.3%) changed
significantly (p < 0.001) between the resting and activated states.
In contrast, 220 phosphorylation sites (12.1%) in 171 proteins
changed significantly (p < 0.001) upon activation, 173 increasing
and 47 decreasing (Table 1). Motif-X (37, 38) identified recurrent

TABLE 1 | Summary of phosphorylation changes described in Sheet 2 of the Supplementary XLSX.

Process Sites Proteins Up Down Notable examples

Chromatin 7 7 7 0 Known CDK2 site in BAP18
Replication 2 2 2 0 -

Transcription, templated 3 3 3 0 pS300 of LRRFIP1 up 22-fold
Transcription, general 11 10 9 2 pS43 of PBXIP up 12-fold
mRNA, splicing 17 14 10 7 4 decreased sites in SRRM2
mMRNA, nuclear export 3 2 3 0 2 increased sites in ZC3H11A
mRNA, translation 9 8 5 4 pY233 of EIF4B up 13.6-fold
miRNA, processing 3 1 3 0 Single region of DDX17 helicase
Signaling, kinase 18 14 14 4 pS226 of MAP2K2 up 3.1-fold
Signaling, phosphatase 5 5 2 3 pY546 of PTPN11 up 20-fold
Signaling, scaffold 13 12 12 1 pS1134 of SOS1 up 6.4-fold
Signaling, small GTPase 21 19 17 4 S1834 of DOCKS5 up 9.1-fold
Signaling, PI 7 6 5 2 pS1259 of PLCG2 up 9.1-fold
Signaling, ubiquitin 7 6 7 0 2 increased sites in HECTD1
Cytoskeleton, IF 11 5 10 1 6 sites in VIM including pY11
Cytoskeleton, microfilament 34 17 31 4 Multiple sites in EVL and RCSD1
Cytoskeleton, microtubule 7 7 4 3 pT154 of MAPRE1 up 3.1-fold
Vesicle-related 12 12 7 5 pT154 of PACS up 15-fold
Podosome-related 2 1 2 0 2 sites in BIN2

Membrane protein 5 5 2 3 pS405 of SELPLG tail up 5.9-fold
Metabolic 7 3 5 2 4 sites in NCF1

Unknown 16 12 14 2 5 sites in NHSL2

The entries have been parsed for numbers of changed sites and proteins harboring the sites associated with each process and numbers of sites for which the phosphorylation
increased or decreased. In addition, noteworthy examples of changes are given for all except one of the processes.

PI, phosphotidyl inositol; IF, intermediate filament.

In Sheet 2, the phosphorylated residues in FAM21B, LMNB2, PI4KA, and ARL6IP4 are renumbered compared with the entries for these proteins in original paper. The renumbering

is in response to changes in the annotations of these proteins in UniProt.
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increased phosphorylation of Ser or Thr in motifs that are targets
for MAPK or CAMIIK kinases.

The top 18 most upregulated sites (8- to 25-fold increase)
included phosphorylation of Tyr546 of tyrosine-protein phos-
phatase non-receptor type 11 (PTPN11, also known as SHP2) and
Ser5 of plastin-2 (LCP1) both known to be critical early activation
events in eosinophils (39, 40); Ser1259 of phospholipase C-y2
(PLCG2); and Ser320 of p47°1°X (NCF1), which controls activa-
tion of the respiratory burst oxidase (41). Sheet 2 lists all 220 sites
with information about gene name, residue modified, fold change,
p-value for the change, iBAQ intensity of the protein in the “global
analysis” XLSX of our paper (1), name of protein, assignment of
the protein to a single pathway or function, and implications of
the phosphorylation. The last two determinations were made after
inspection of information on the protein organized in UniProt
and PhosphoSite.* Significant changes were found in proteins
that varied in abundance by as much as 22,000-fold. Only 13 of
the significantly changed sites are unknown, i.e., not presently
described in PhosphoSite. The proteins were assigned to 22 dif-
ferent processes (Table 1), and a notable example of a changed
site is given for all except one category. The significance of the
changed phosphorylation site varies from obvious to obscure. For
instance, the increased phosphorylation of $226 of MAP2K2, the
dual specificity kinase that activates MAPK1/3 (ERK2/1), involves
one of the serines in the activation loop targeted for O-acetylation
by Yersinia Yop], a modification that inactivates MAP2K2 (42). In
contrast, the four sites of decreased phosphorylation in SRRM2,
a highly repetitive nuclear matrix protein involved in mRNA
splicing, constitute a miniscule subset of the >280 sites listed
in PhosphoSite as being phosphorylated in SRRM2. Changes in
proteins associated with cytoskeleton were the most common
but accounted for <25% of changed sites. Overall, the data are
perhaps best interpreted as a snapshot at 5 min of a cell that is
activated by IL5 to undergo simultaneous shape change, oxidative
burst, new gene transcription, new mRNA processing and transla-
tion, and extensive shuttling of components among membrane
compartments.

PROSPECTS FOR THE FUTURE

We have identified and quantified 7,086 proteins associated with
non-activated peripheral blood eosinophils and demonstrated
significant changes in 220 phosphosites in response to IL5 (1).
For comparison, 10,225 proteins have been identified in HeLa
cells (43), 7,952 in human embryonic stem cells (36), and
~4,200 in human platelets (44). Can the analyses of eosinophils
be improved, what are the relative advantages of LFQ versus
multiplexed isobaric labeling, and can such analyses lead to a
better understanding of eosinophils in the context of eosinophil-
associated diseases?

Our global data constitute a “version 1.0” of the eosinophil
proteome that surely merits a “version 2.0 More comprehensive
coverage is important for finding peptides that define presently
poorly characterized proteins and proteoforms such as AS and

*http://www.phosphosite.org.

p variants of STAT3 described above and enabling one to exploit
ongoing refinement of the human proteins-plus-proteoforms
databases against which peptide sequence matches are made.
Analyses of peptides generated by proteases other than trypsin
such as chymotrypsin, LysN, LysC, AspN, and GluC can greatly
increase % coverage of the sequences of identified proteins as well
as increasing the number of identified proteins (12, 45). Such
deep coverage requires preliminary fractionation of peptides and
multiple LC-MS/MS analyses of the fractions. About 10® purified
eosinophils are needed, necessitating pooling of eosinophils from
multiple donors inasmuch as only 2.5 X 107 eosinophils will be
purified from 200 mL of blood from a donor with a high normal
eosinophil count of 250/pL if the yield is 50%. Our experience
indicates that the analysis should be done on eosinophils purified
by negative selection with antibody to ITGB3 in addition to anti-
bodies to CD3, CD14, CD16, and glycophorin-A. We emphasize
that no analysis will be ideal. The negative selections cannot
remove other cell types completely, and the deeper one goes into
the proteome the greater the chance of finding proteins from
contaminating components of blood. In addition, workflows that
avoid membrane-disrupting detergents, as ours does, may miss
multipass membrane proteins with short loops and tails.

Prior proteomic studies have described alterations in amounts
of eosinophil proteins in subjects with atopic dermatitis and
eosinophilia (46), mildly elevated eosinophil counts associated
with seasonal birch pollen allergy (47), and eosinophilia asso-
ciated with Fasciola hepatica infection (48). In these studies,
eosinophil proteins from affected individuals or healthy controls
were separated by two-dimensional electrophoresis to produce
high-resolution maps of protein-stained spots. The maps were
compared by image analysis programs plus manual input, spots
that stained differentially were identified, proteins in these spots
were subjected to in-gel trypsinization, and tryptic peptides
were identified by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry. The numbers
of proteins identified were considerably less than the number of
spots subjected to trypsinization and MALDI-TOF because the
same protein often was identified in multiple spots, presumably
because of multiple proteoforms as described above or posttrans-
lational modifications. One only has to examine the 2-dimen-
sional maps upon which the quantification is based to realize
the enormous amount of careful work that went into the studies.
Nevertheless, the protein changes reported were not consistent,
and the papers fail to identify a set of eosinophil proteins associ-
ated with increased eosinophil counts. The most complete study
employing 2-D electrophoresis and MALDI-TOF identified 426
unique eosinophil proteins (20) as compared with the >7,000 and
>4,400 that we identified in our LFQ and multiplexed isobaric
labeling studies, respectively (1). With its vastly deeper coverage,
ability to distinguish proteoforms and pinpoint post-translational
modifications, standardized workflows, and intensity-based read-
outs that are amenable to facile statistical analyses, LC-MS/
MS combined with LFQ or multiplexed isobaric labeling offers
powerful and complementary approaches to the question of
whether certain proteins in blood eosinophils are altered or pre-
dict therapeutic outcomes in patients with eosinophil-associated
diseases.
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The MaxLFQ algorithm, which is part of MaxQuant software
suite, allows comparisons of protein abundance in different sam-
ples even though peptides from each sample are analyzed sepa-
rately and the mix of quantifiable peptides from a given protein
may vary from sample to sample (49). A recent study of individual
variations in the 1,000 most abundant blood plasma proteins is an
excellent example of the utility of LFQ (50). With 20 X 10° eosino-
phils that can be purified routinely from individual subjects, it
should be possible to perform LFQ of the ~5,000 eosinophil pro-
teins that account for >99% of cellular molar abundance (1). One
advantage of LFQ is the ability to analyze samples upon collection
and, should data have clinical significance, communicate results
within a clinically useful turnaround time. Multiplexed isobaric
labeling would work well for comparisons of well-defined sets
of subjects, such as those with mild versus severe asthma, for
which samples could be archived over time and analyzed in
batch. As above, the outstanding advantage of isobaric labeling
is that the same peptide from all individuals will be detected and
allow determination of the relative abundances of the peptide in
the different individuals based on ion intensities in the reporter
region (34). Being able to compare abundance of a given peptide
in all individuals would be especially important in analyses of
changes in specific phosphosites. The method suffers from
contamination of the reporter region by reporter ions derived
from co-isolated contaminating ions with resultant compression
of ratios of reporter ion intensities (34). This problem, however,
would lead to underestimation rather than overestimation of
differences (51, 52). Once biomarkers are identified by either
LFQ or isobaric labeling, it should be possible to devise a focused
proteomic screen that employs multiple reactions monitoring for
selected peptides with a set of these peptides labeled with heavy
atoms serving as internal standards in an absolute quantification
strategy (53, 54).

Planners of disease-oriented studies face the decision of
whether to analyze eosinophils purified by the standard method,
purified eosinophils also depleted of eosinophils to which plate-
lets are adherent, or both types of purified eosinophils. Because
platelets may modify eosinophil activity (31, 32), we favor not
depleting eosinophils of eosinophil-platelet complexes, thereby
not removing what may be the most interesting population of
blood eosinophils. Abundances of proteins known to be specific
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United Kingdom

This review will describe the structure and function of the eosinophil. The roles of several
relevant cell surface molecules and receptors will be discussed. We will also explore
the systemic and local processes triggering eosinophil differentiation, maturation, and
migration to the lungs in asthma, as well as the cytokine-mediated pathways that result
in eosinophil activation and degranulation, i.e., the release of multiple pro-inflammatory
substances from eosinophil-specific granules, including cationic proteins, cytokines,
chemokines growth factors, and enzymes. We will discuss the current understanding of
the roles that eosinophils play in key asthma processes such as airway hyperresponsive-
ness, mucus hypersecretion, and airway remodeling, in addition to the evidence relating
to eosinophil-pathogen interactions within the lungs.

Keywords: eosinophils, asthma, IL-5, eosinophil receptors, respiratory tract infections, asthma exacerbation

INTRODUCTION

The three main processes responsible for the clinical features of asthma are well recognized:
bronchoconstriction, mucus hypersecretion, and airway inflammation. However, the underlying
pathophysiology responsible for these processes is complex and nuanced, involving multiple cell
types and cytokines (1). Furthermore, the activity and clinical impact of each cellular and subcel-
lular component varies considerably between individuals and can change over time, as well as in
response to drug therapy and environmental/lifestyle influences.

Among these myriad cellular interactions and this extremely heterogeneous patient group, it is
possible to identify certain key cells that are commonly involved—of which, arguably, the eosinophil
is the most important.

Eosinophil precursors originate in the bone marrow and following differentiation traffic to
the lungs (among other sites) via the bloodstream (2). While high concentrations of circulating
eosinophils are often measured in asthmatic patients, of more clinical relevance is the lung tissue
eosinophilia that is also frequently present.

The phenotype of “severe eosinophilic asthma” refers to a subgroup of asthmatic patients with
evidence of eosinophilia that often require high maintenance doses of oral corticosteroids to
maintain reasonable disease control. The notoriously non-specific mechanisms of action of corti-
costeroid therapy give rise to numerous well-documented adverse effects (3), which have driven
decades of research focused on the development of targeted anti-eosinophil drug therapies. In order
to understand how to better assist this group of patients, who currently have an unmet clinical
need, it is helpful to understand the eosinophil itself, and the role that it plays in asthma. Targeted
anti-eosinophil therapies will be touched upon but will be covered in greater detail by other reviews
in this Research Topic.
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EOSINOPHIL CELL STRUCTURE

Eosinophils are granulocytes, typically measuring 10-16 pum in
diameter. They possess segmented (usually bi-lobed) nuclei and
their nucleus: cytoplasm ratio is approximately 30%. Eosinophils
stain with acidophilic dyes—a feature noted in 1879 by Paul
Ehrlich, who first described eosinophils and appreciated their
increased presence in patients with asthma and helminth infec-
tions, among other conditions (4). See Figure 1 for an overview
of the eosinophil ultrastructure.

The presence of large specific granules, also known as sec-
ondary granules, is a characteristic feature that distinguishes
eosinophils from other granulocytes (neutrophils and baso-
phils). Specific granules consist of a dense crystalline core and
a matrix, surrounded by a membrane (5). They contain a large
number of mediators capable of inducing inflammation and/or
tissue damage, including basic proteins, cytokines, chemokines,
growth factors, and enzymes. The predominant substances are
the proteins: major basic protein (MBP) is located in the core,
while the matrix contains eosinophil cationic protein (ECP),
eosinophil peroxidase (EPO), and eosinophil-derived neuro-
toxin (EDN) (6).

Primary granules tend to be smaller than specific granules.
They are the principal location of Charcot-Leyden crystal protein
(galactin-10): hexagonal bipyramidal crystals, which exhibit

lysophospholipase activity and have been identified in tissues
subject to eosinophilic inflammation (7).

Lipid bodies are particularly important when considering the
role of eosinophils in asthma, due to their involvement in the
production of eicosanoids, including cysteinal leukotrienes, pros-
taglandins, and thromboxane (2). Lipid bodies are a key site of
arachidonic acid esterification and eicosanoid production due to
their high concentrations of relevant enzymes such as cyclooxy-
genases, 5-lipoxygenase, and leukotriene C4-synthase (5).

Golgi bodies, endoplasmic reticulum, and mitochondria are
also present and fulfill the fundamental duties of protein and
adenosine triphosphate production within the eosinophil.

The histological appearance of eosinophils varies depending
on the level of activation. For example, higher numbers of vesicles
such as eosinophil sombrero vesicles may be seen when the cell is
undergoing piecemeal degranulation (PMD), a process described
in detail further on.

EOSINOPHIL SURFACE MOLECULES
AND RECEPTORS

The varied roles of the eosinophil are reflected in its wide
repertoire of surface molecules and receptors, which integrate
eosinophils with both the innate and adaptive immune systems.
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FIGURE 1 | Eosinophil ultrastructure. Schematic representation of an eosinophil showing the major organelles (black labels) and cell surface receptors (blue labels).
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Cytokine and Growth Factor Receptors
The heterodimeric receptor for IL-5 is thought to be the most
important cytokine receptor expressed by eosinophils. The
beta-subunit is identical to the beta-subunit of the receptors for
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and IL-3 (both of which are also present on eosinophil cell
membranes). The alpha-subunit, IL-5Ra, is specific to IL-5 and
has been identified as a therapeutic target for severe eosinophilic
asthma and other eosinophil-mediated conditions. The IL-5
receptor is also expressed by basophils.

Eosinophils also express receptors for multiple other cytokines
and growth factors, including for IL-4, IL-13, IL-33, thymic stro-
mal lymphopoietin, and transforming growth factor-p (TGF-p).

Chemoattractant Receptors

Chemokines are small cytokines, which stimulate the migration
of specific subsets of leukocytes. Chemokines are divided into
four groups, depending on the presence or absence of one or
more interposing amino acid(s) between two cysteine residues
(known as CXC-, CX3C-, and CC-chemokines), or the presence
of only one cysteine residue (XC-chemokines) (8).

CC-chemokine receptor-3 (CCR3) is an important G protein-
coupled receptor expressed on eosinophil cell membranes. CCR3
binds to all three subtypes of eotaxin (a variety of CC-chemokine
that functions as a selective eosinophil chemoattractant). CCR3
also binds to several other chemokines including monocyte
chemoattractant protein-3 (MCP-3) and MCP-4. The airways of
patients with asthma have been shown to contain higher numbers
of cells expressing mRNA for CCR3 and its ligands, compared
to non-asthmatic control subjects (9). In mouse models of aller-
gic airway inflammation, antigen-induced airway eosinophilia
may be inhibited by the administration of either a monoclonal
antibody against CCR3 (10) or a low molecular weight CCR3-
antagonist (11).

CCRI is another key chemokine receptor on eosinophils,
which is activated by chemoattractant cytokine ligand-3 (CCL-3)
and CCL-5 (also known as RANTES—regulated on activation,
normal T cell expressed and secreted).

Lipid Mediator Receptors

Eosinophils possess cell surface receptors for lipid mediators such
as leukotrienes, prostaglandins, and platelet-activating factor, all
of which have been shown to have a role in asthma pathophysiol-
ogy (12-14).

Pattern Recognition Receptors (PRRs)
Pattern recognition receptors react to microbial pathogen-
associated molecular patterns (PAMPs) or host-derived damage-
associated molecular patterns (DAMPs) and regulate the immune
response to these indicators of infection and/or tissue damage (15).

Toll-like receptors (TLRs) are a family of PRRs, which are
expressed by eosinophils, as well as multiple other cell lines. In
humans there are 10 types of TLRs. TLRs are transmembrane
glycoproteins, some of which are located at the cell surface and
some in endosomes. The cytoplasmic domain resembles that
of the IL-1 receptor, and the intracellular signals generated are
therefore similar (16).

Eosinophils also express several other families of PRR, includ-
ing retinoic acid-inducible gene-I-like receptors, nucleotide-
binding oligomerisation domain-like (NOD-like) receptors, and
the receptor for advanced glycation endproducts (RAGE) (15).

Fc Receptors

Fc receptors to IgA, IgD, IgE, IgG, and IgM are expressed on the
surface of eosinophils, facilitating interaction with the adaptive
immune system.

The high-affinity FceR1 receptor binds IgE and signals via
intracellular tyrosine kinases. On mast cells and basophils,
where FceR1 is expressed as a tetramer (afy2), stimulation by
IgE results in degranulation. However, on eosinophils, FceR1 is
usually expressed in very small quantities as a trimer (without a §
chain) and has no role in eosinophil activation (17). In contrast,
cross-linking of FcaRI and FcyRII, with IgA and IgG, respectively,
has been shown to trigger eosinophil activation (18).

Major Histocompatibility Complex-II
(MHC-II)

Eosinophils have an additional role as antigen-presenting
cells, facilitated by the presence of MHC-II molecules and
co-stimulatory molecules such as CD80 and CD86. In allergic
patients, evaluated after segmental antigen challenge, expression
of HLA-DR (a subtype of MHC-II molecule) was found to be
approximately four times greater in lung eosinophils compared
to blood eosinophils (19).

Adhesion Receptors

Adhesion receptors, as their name suggests, allow cells such
as the eosinophil to adhere to the extracellular matrix (ECM)
and to other cells. They also allow the eosinophil to sense its
surroundings and respond accordingly. Adhesion receptors are
divided into four main groups: integrins, cadherins, selectins,
and immunoglobulin-like cell adhesion molecules (Ig-CAM).
Integrins and selectins are the main forms of adhesion receptors
expressed on eosinophil cell membranes.

Eosinophils express seven types of integrins, which are trans-
membrane glycoproteins, consisting of an « and a p chain (20).
Examples include very late antigen-4 (VLA-4, CD49d/CD29)
and the complement receptor CR3 (CD11b/CD18), which is
otherwise known as macrophage-1 antigen (Mac-1).

Selectins are single-chain transmembrane glycoproteins with
multiple domains. There are three families: E-, L-, and P-selectin;
the latter two are expressed by human eosinophils, whereas
E-selectin is present on activated endothelium (21).

Siglec-8

Siglec-8 is a sialic acid immunoglobulin-like lectin (a carbo-
hydrate-binding protein) expressed by eosinophils, mast cells,
and basophils. Its physiological role has not yet been identi-
fied, although it is thought to represent a potential therapeutic
target for eosinophil-mediated disease, due to the observation
that administration of an antibody targeted against Siglec-8
can induce selective eosinophil apoptosis and inhibit mast cell
degranulation (22).

Frontiers in Medicine | www.frontiersin.org

50

June 2017 | Volume 4 | Article 93


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive

McBrien and Menzies-Gow

The Biology of Eosinophils and Their Role in Asthma

EOSINOPHIL DIFFERENTIATION,
MATURATION, MIGRATION, ACTIVATION,
AND DEGRANULATION

Eosinophils develop from pluripotent CD34+ granulocyte pro-
genitor cells.
Differentiation and maturation occurs as follows:

Myeloblast — Promyelocyte — Eosinophil myelocyte
— Eosinophil metamyelocyte — Eosinophil.

Allergen challenge of mild asthmatics results in increased
expression of IL-5Ra on CD34+ cells in the bone marrow,
associated with blood and sputum eosinophilia (23). Eosinophil
differentiation usually occurs in the bone marrow. However,
eosinophil precursors have been isolated from the peripheral
blood of atopic subjects at significantly higher concentrations
compared to non-atopic controls (24). Increased numbers of
CD34+/IL-5Ra+ eosinophil precursors have also been identified
in bronchial biopsies of atopic asthmatics, compared to non-
asthmatic control subjects (both atopic and non-atopic) (25).
Eosinophil-lineage committed cells have also been identified in
lung tissue in a mouse model of allergic airway inflammation (26).
More recently, eosinophil progenitors isolated from the blood of
patients with severe eosinophilic asthma have been shown to have
an exaggerated clonogenic response to IL-5 in vitro, compared
to eosinophil precursors from mild asthmatics, suggesting that
in situ eosinophilopoiesis may have a clinically relevant role in
severe eosinophilic asthma (27).

The differentiation of eosinophils is regulated by the transcrip-
tion factors GATA-binding protein 1 (GATA-1), PU.1, and the
CCAAT-enhancing binding protein (c/EBP) family. GATA-1 and
PU.1 synergistically promote transcription of MBP (28). GATA-1
is thought to have the most important role, as disruption of the
GATA-1 gene in mice results in a strain completely devoid of
eosinophils (29).

The cytokines IL-3, IL-5, and GM-CSF also synergistically
contribute to the development of mature eosinophils (30). IL-5
is the most eosinophil-specific and also promotes the release of
eosinophils from the bone marrow to the bloodstream, acting
synergistically with eotaxin (31, 32). Eosinophils are present in
relatively low numbers in peripheral blood, usually accounting
for no more than 5% of the total white blood cell count (33).
They have a relatively short blood half-life of approximately
18 h (34). Migration to specific body sites, including the lungs
and intestines, is mediated by eosinophil chemoattractants such
as eotaxins. Eotaxins are a variety of CC-chemokines. There are
three known subtypes: eotaxin-1 (CCL-11), eotaxin-2 (CCL-24),
and eotaxin-3 (CCL-26). These bind to CCR3 receptors on the
cell membranes of eosinophils and induce chemotaxis. 5-oxo 6,
8,11, 14-eicosatetraenoic acid (5-0xo-ETE) is another eosinophil
chemoattractant.

In vitro, the presence of prostaglandin-D2 (PGD2) has been
shown to significantly enhance the chemoattractant effects of
eotaxin-1 and 5-oxo-ETE on eosinophils and—unlike eotaxin-1
or 5-0x0-ETE—PGD?2 retains its chemoattractant effect in the
presence of blood or plasma (35). It is therefore proposed that

PGD2 acts as the initial chemoattractant, triggering the migra-
tion of circulating eosinophils to specific tissues, where eotaxins
and 5-oxo-ETE then predominate. PGD2 is released from
activated mast cells (36) and acts via CRTh2 (chemoattractant
receptor-homologous molecule expressed on Tu2 cells).

In allergic inflammation and asthma, circulating eosinophils
adhere to the vascular endothelium and roll along it, before
extravasating to the lung tissue. Initial tethering to the endothe-
lium occurs as a result of the eosinophil cell membrane adhesion
receptor P-selectin binding to P-selectin glycoprotein ligand-1 on
the endothelium (37). Binding of the integrin VLA-4 to vascular
cell adhesion molecule-1 promotes eosinophil activation and
extravasation (37). IL-13 results in increased eosinophil expres-
sion of P-selectin and increased P-selectin mediated adhesion to
endothelial cells (38).

The eosinophil’s ability to store several preformed cytotoxic
mediators ready for rapid release upon appropriate stimulation
facilitates a much quicker reaction to pro-inflammatory stimuli,
compared to other cells, whose responses depend on upregulat-
ing the transcription of genes coding for such proteins.

The bronchial epithelium produces the cytokines IL-25, IL-33,
and thymic stromal lymphopoietin, collectively known as the
alarmins, in response to irritants such as allergens, pollutants,
and pathogens. These cytokines trigger an inflammatory cascade
involving, among others, T helper-2 (Tu2) cells and type-2 innate
lymphoid cells (ILC2s), resulting in increased production of
numerous cytokines including IL-4, IL-5, and IL-13, therefore
prompting eosinophil activation (1, 39).

High mobility group box 1 protein, acting via receptors TLR-2,
TLR-4, and RAGE, also promotes eosinophilia, although less is
known regarding its mechanism of action (2).

Specific granule contents may be released via three different
degranulation processes. Conventional exocytosis entails the
specific granules fusing with the eosinophil cell membrane,
resulting in the release of the entire contents of the specific
granule. Alternatively, the eosinophil may be lysed (cytolysis),
releasing all the cell contents, including the intact specific
granules. These extracellular granules can be found in tissues
affected by eosinophil-mediated disease and may subsequently
release their contents in response to pro-inflammatory stimuli
(40). However, the most common mechanism of eosinophil
granulation is termed piecemeal degranulation (PMD). In this
process, vesicles (both round and tubular) are released from
specific granules and travel to the cell membrane to discharge
their contents to the extracellular domain (41). The tubular
vesicles tend to curl into a hoop-like morphology, giving rise
to the term “eosinophil sombrero vesicles” (42). Vesicles with
particular contents may be selectively released in response to
particular cytokines, allowing eosinophils to supply a specific
combination of cytotoxic mediators on demand (42, 43).

The activation of TLRs on eosinophils has been shown to
promote adhesion and the release of certain cytokines and
superoxides (44). Activation of TLR-2 and TLR-9 triggers
eosinophil degranulation (44, 45). In vitro, eosinophils from
atopic subjects have been shown to produce more IL-8 and EDN
in response to stimulation of TLR-7 and TLR-9, compared to
healthy controls (45).

Frontiers in Medicine | www.frontiersin.org

51

June 2017 | Volume 4 | Article 93


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive

McBrien and Menzies-Gow

The Biology of Eosinophils and Their Role in Asthma

Eosinophil survival is promoted by IL-3, IL-5, GM-CSE,
and eotaxin (37). Activation of TLR-7 (the most abundant TLR
subtype expressed by eosinophils) also enhances eosinophil
survival (45).

IL-3, IL-5, AND GM-CSF

Among the type-2 cytokines, IL-3, IL-5,and GM-CSF are particu-
larly important for the initiation and perpetuation of eosinophilic
airway inflammation. These three cytokines are closely linked, in
that the genes for all three are all located on chromosome 5, and
their receptors also share a common f-subunit (fc).

Monoclonal antibodies against IL-5 have been developed in
order to treat eosinophil-mediated diseases such as eosinophilic
asthma. Although inhibition of IL-5 activity in this manner
(using mepolizumab) results in significant depletion of circulat-
ing eosinophils, the effect on bronchial tissue eosinophilia is less
marked, with a median reduction of 55% (46). The residual tissue
eosinophilia may reflect ongoing effects mediated by IL-3 and
GM-CSE.

In a mouse model of allergic airways inflammation, allergen-
induced lung tissue eosinophilia was abolished in mice bred to
lack the common B-subunit, therefore incapable of responding to
IL-3,IL-5, and GM-CSF (47). In the same study, lung tissue from
fBc-deficient mice was found to contain fewer myeloid dendritic
cells, and the local Tu2 cells showed a reduced ability to prolifer-
ate and produce type-2 cytokines (47). These findings suggest a
multifactorial role for the common f-subunit in the regulation of
allergic airway inflammation.

THE ROLE OF THE EOSINOPHIL IN
HEALTH

In comparison to the roles that eosinophils play in diseases and
infections, relatively little is known about their purpose in health.
However, an increasing number of homeostatic mechanisms have
been attributed to—or at least associated with—eosinophils in
recent years. This has prompted a call for a fundamental change
of the perception of eosinophils purely as cytotoxic effector cells
(48, 49).

In health, eosinophils are found in the thymus, spleen,
lymph nodes, and gastrointestinal (GI) tract (50). The number
of eosinophils in the thymus declines with age (51). Eosinophils
may have a role in T cell selection. In a mouse model of MHC
I-restricted acute negative selection, eosinophil recruitment to
the corticomedullary region of the thymus and association with
apoptotic bodies has been demonstrated (52). Eosinophils also
enhance the ability of macrophages to phagocytose apoptotic
thymic cells (53).

Eosinophils migrate to the GI tract during embryonic devel-
opment, i.e., prior to the development of any viable gut flora
(54). In health, they are present throughout the GI tract—with
the notable exception of the esophagus. Eosinophils contribute
to the immune defense against gut microorganisms, due to
multiple antimicrobial properties. (The antimicrobial properties
of eosinophils are discussed in detail further on, with specific

relation to respiratory pathogens.) Other potential homeostatic
roles for eosinophils within the gut are not currently well defined
but may relate to their ability to interact with the enteric neuronal
system and increase smooth muscle reactivity (via release of
MBP) (55).

In murine white adipose tissue, a positive correlation was
identified between eosinophil counts and the numbers of
arginase-1-expressing macrophages (56). Macrophages express-
ing arginase-1 are thought to contribute to glucose homeostasis,
although macrophage classification is contentious (57). In a more
recent study involving more than 9,000 human participants, the
peripheral blood eosinophil percentage was found to be inversely
associated with the risk of type-2 diabetes mellitus and insulin
resistance (58).

Eosinophils have also been implicated in the regeneration
of liver tissue (59) and skeletal muscle (60). The increased pres-
ence of eosinophils in preovulatory ovarian follicles (61) and in
endometrium (62) has prompted speculation that they may have
arole in tissue remodeling related to ovulation and menstruation.

Eosinophils also perform several important immunomodula-
tory functions, discussed in the following section.

THE EOSINOPHIL’S ROLE IN ASTHMA
PATHOPHYSIOLOGY

Asthma pathophysiology is complex, and the relative contribu-
tions of the various cytokine networks involved vary between
patients. Core features include airway hyperresponsiveness
(AHR), mucus hypersecretion, tissue damage, and airway
remodeling. See Figure 2 for an overview of the eosinophil’s role
in asthma pathophysiology.

It has long been observed that eosinophil counts in periph-
eral blood and bronchoalveolar lavage (BAL) fluid are higher
in asthmatics compared to healthy controls (63). Analysis of
BAL fluid obtained from patients with atopic asthma reveals
increased expression of Tu2 cytokines (64), including IL-5,
which are strongly associated with eosinophilic inflammation
(65). In general, the degree of eosinophilia correlates with
disease severity and exacerbation frequency (63, 66). However,
non-eosinophilic asthma phenotypes are also recognized (67).
Peripheral blood eosinophilia may also occur in numerous other
conditions (see Box 1).

AHR and Mucus Hypersecretion
Eosinophils may be prompted to release a number of different
mediators with the capacity to cause AHR. Human MBP is
known to result in AHR when administered to primates (70)
and rats (71). In the former study, administration of EPO also
caused AHR, although ECP and EDN did not (70). Data from
the latter study suggested the mechanism of action involved the
stimulation of bradykinin production (71). MBP can also trigger
mast cells and basophils to release histamine, a potent mediator
of bronchial hyperreactivity (72, 73).

Eosinophils are a source of several cytokines including IL-13,
which causes AHR, and also promotes mucus hypersecretion
via enhanced differentiation of goblet cells (74). IL-13 is also
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FIGURE 2 | The role of eosinophils in asthma. An overview of the main stimuli for eosinophilic airway inflammation (gray boxes) and the means by which eosinophils
elicit the main pathophysiological changes associated with asthma (green boxes). Abbreviations: MBP, major basic protein; EPO, eosinophil peroxidase; IL,
interleukin; TGF-, transforming growth factor-p; GM-CSF, granulocyte-macrophage colony-stimulating factor; PGD2, prostaglandin-D2; 5-oxo-ETE, 5-ox0 6, 8, 11,
14-eicosatetraenoic acid; PAMPs, pathogen associated molecular patterns; DAMPs, damage associated molecular patterns; Ig, immunoglobulin.

N , N produced by T2 cells and ILC2s. Lipid mediators such as leukot-
BOX 1 | Alternative (i.e., non-asthma) causes of peripheral eosinophilia X K K K . K
(68, 69). rienes, which are produced in eosinophil lipid bodies (and mast
cells), also cause AHR and mucus hypersecretion (75).
Eosinophilic granulomatosis with polyangiitis (EGPA) St}ldles X 1nv01v1ng two dlffer?nt strains Of. eOSI.nOP hil-
Allergic bronchopulmonary aspergillosis deficient mice have attempted to clarify the role of eosinophils in an
Sarcoidosis ovalbumin model of asthma but yielded seemingly contradictory
results. In one study, performed by Lee et al., eosinophil-deficient
mice were protected from AHR and mucus hypersecretion (76).

Respiratory

Hematological and neoplastic
Myeloproliferative hypereosinophilic syndrome

Lymphocytic-variant hypereosinophilic syndrome However, another study, led by Humbles, found that eosinophil
Certain leukemias and lymphomas deficiency was not protective in this regard (77). Several theories
Systemic mastocytosis have been put forward to explain the conflicting results, including

Solid tumors—adenocarcinomas, squamous cell carcinomas, large cell lung

. " , evidence of residual lung eosinophils in the Humbles study and
carcinomas, transitional cell carcinoma of the bladder

differences between the underlying mouse strains (78).
Infective In terms of practical application, the existence in humans of
Parasitic infection, in particular helminths . s s . .
Y ‘ . ‘ eosinophilic bronchitis, a condition characterized by marked
uman immunodeficiency virus X K . X R
airway eosinophilia in the absence of AHR, calls into question the
Dermatological concept that eosinophils—acting alone—have a clinically signifi-
gzzzr:;: nfestation cant impact on AHR. In patients with mild asthma, administra-
tion of a monoclonal antibody to IL-5 has been shown to reduce
latrogenic o , blood and sputum eosinophilia but had no effect on AHR (79).
Certain drug hypersensitivity reactions This may reflect the cellular redundancy of AHR pathophysiol-
Graft vs host disease A . A A
ogy, which involves several cell types including Tu2 cells, ILC2s,
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and mast cells. In addition, the current evidence relating to AHR
does not specifically study the pathophysiology of asthma exacer-
bations, during which it is possible that eosinophil degranulation
may contribute to worsening AHR.

Tissue Damage and Airway Remodeling
Postulation that eosinophils are major effectors of lung tissue dam-
age in asthma is well founded, given their propensity to release
highly charged basic proteins, which exert multiple cytotoxic
effects. MBP is toxic to respiratory epithelial cells in vitro and has
been identified in postmortem lung tissue specimens of patients
who have died of asthma, in association with epithelial damage
(80). ECP and EDN share 67% amino acid sequence homology
and tend to be grouped together as eosinophil-associated RNases,
although ECP’s RNase activity is much less potent (81). ECP
binds to cell membranes and alters their permeability (82). EDN,
as its name suggests, is neurotoxic. It was first identified following
the observation that, in rabbits, the intracerebral administration
of eosinophils resulted in the destruction of cerebellar Purkinje
cells and neurological features named “the Gordon phenomenon”
(83, 84). EPO catalyzes the oxidation of halides and thiocyanate,
resulting in cytotoxic reactive oxidant species (85).

Cell damage triggers the activation of repair pathways which,
if excessive, may contribute to structural changes referred to
as airway remodeling. The underlying pathological processes
include hyperplasia of fibroblasts, airway smooth muscle (ASM)
and goblet cells, deposition of ECM proteins, and angiogenesis
(86). Airway remodeling is associated with the severity of asthma
(87). It has been hypothesized that airway remodeling is respon-
sible for the accelerated decline in lung function and development
of fixed airway obstruction observed in some asthmatic patients.
However, bronchial biopsies of children with difficult asthma
have been shown to display reticular basement membrane thick-
ening to a similar degree compared with adult asthmatics (88).
Furthermore, there is evidence that some pathological features
of airway remodeling can become evident within 24 h of allergen
exposure (89).

Eosinophils release multiple growth factors and fibrogenic
mediators that promote airway remodeling (see Table 1). For
example, eosinophilsareknown to produce TGF-f in disease states
involving the skin (atopy) (90), nose (nasal polyposis) (91), and
blood (idiopathic hypereosinophilic syndrome) (92). Eosinophils
are the main source of TGF-p in bronchial biopsies taken from
asthmatic patients (93) and can also stimulate epithelial cells to
produce a number of mediators, including TGF-p (94). TGF-p
is implicated in tissue remodeling via fibroblast proliferation
and increased production of collagen and glycosaminoglycans
(95-97).

Eosinophils isolated from asthmatics, when cocultured with
ASM cells, promote enhanced ASM proliferation, which is inhib-
ited by the addition of the leukotriene antagonist montelukast
(117). 1t appears that eosinophils and ASM enjoy a reciprocal
relationship, as ASM cells are also known to produce pro-
eosinophil cytokines (118). Mouse studies lend further support
to the assertion that eosinophils have an important role in airway
remodeling, as eosinophil-deficient mice are protected against
airway deposition of collagen and smooth muscle (77).

Treatment with the anti-IL-5 monoclonal antibody mepoli-
zumab has been shown to reduce bronchial tissue eosinophilia,
in association with decreased TGF-p1 in BAL specimens, and
reduced reticular basement membrane procollagen III, tenascin,
and lumican (119).

Asthma Exacerbations

Airway eosinophilia is an early feature of asthma exacerbations.
In a study of steroid-dependent asthmatic patients, whose pred-
nisolone dose was gradually reduced to below their maintenance
requirement, the sputum eosinophil count started to rise 4 weeks
before the blood eosinophil count and 6 weeks prior to spiromet-
ric and symptomatic deterioration (120). In fact, the adoption
of an asthma treatment strategy based on sputum eosinophilia
rather than traditional markers of disease activity (such as
symptoms and spirometry) was found to reduce the frequency
of exacerbations, with no overall increase in the average daily
corticosteroid dose (121).

The primary action of anti-IL-5 therapies appears to be
a reduction in exacerbation frequency. Administration of
mepolizumab to selected patient groups reduced exacerbation
rates by approximately 50% (122-124). A similar reduction in
exacerbation rates was seen with reslizumab, another anti-IL-5
monoclonal antibody (125). Mepolizumab has also been found
to have a moderate glucocorticoid-sparing effect in a phase III
clinical trial (126).

Benralizumab is a monoclonal antibody targeted against the
alpha subunit of the IL-5 receptor (IL-5Rx). As well as blocking
theinteraction between IL-5 and its receptor, benralizumab causes
eosinophil cell death via antibody-dependent cell-mediated
cytotoxicity (127), resulting in striking (95%) airway eosinophil
depletion (128). Phase III clinical trials have demonstrated reduc-
tions in exacerbation rates (129, 130).

Immunomodulation

In addition to the direct effects of eosinophils on asthma patho-
physiology, they have an important role in immunomodulation
(2). MBP, released from eosinophil-specific granules, stimulates
inflammatory responses from neutrophils (increased produc-
tion of superoxide and IL-8) (131) and mast cells (increased
histamine release) (72). Nerve growth factor (also released from
specific granules) has also been shown to prolong the survival of
neutrophils (132) and mast cells (133). EDN promotes the activa-
tion of dendritic cells (134), which in turn trigger the prolifera-
tion of T cells (both helper and cytotoxic) and B cells via antigen
presentation. Eosinophils themselves can also present antigens
to T cells (135, 136).

The cytokines released from eosinophil-specific granules
have various immunomodulatory effects. For example, IL-4 and
IL-13 simulate the proliferation of B cells and IgE production
(137, 138), and IL-6 enhances survival of plasma cells (139, 140)
Eosinophil-specific granules are also capable of releasing sev-
eral chemokines. Depending on the stimulation they receive,
these include CCL-17 and CCL-22, which attract Tu2 cells,
and CXCL-9 and CXCL-10, which are Tyl chemokines (141).
In addition, eosinophils express indoleamine 2,3-dioxygenase
(IDO), an enzyme that catalyzes the production of kynurenine,
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TABLE 1 | Factors produced by eosinophils that are associated with airway remodeling.

Factor Mechanism(s) and evidence

TGF-p

of tenascin and procollagen-1 (90).

remodelling (100).

Epithelial/submucosal expression of TGF-p correlates with basement membrane thickness and fibroblast numbers (98).
In allergen-challenged human atopic skin, eosinophils expressing TGF-p1 are associated with myofibroblast formation and deposition

TGF-p induces hypertrophy and increased contractility of ASM in vitro (99).
Administration of anti-TGF-f antibody to mice with established eosinophilic airway inflammation significantly reduces airway

MMP-9 and TIMP-1

MMP-9 breaks down ECM proteins; TIMP-1 inhibits MMP-9.
Sputum MMP-9 and TIMP-1 concentrations are higher in asthmatics compared to controls; The MMP-9/TIMP-1 ratio is lower in

patients with asthma and chronic bronchitis, and positively correlates with FEV1 (101).

MMP-9 is required for angiogenesis in mice (102).

VEGF, bFGF, and angiogenin

positively correlates with vascular area (103).

VEGF, bFGF, and angiogenin promote angiogenesis.
Bronchial biopsies of asthmatics exhibit greater immunoreactivity to VEGF, bFGF, and angiogenin; Immunoreactivity to these factors

Specific granule proteins

MBP and ECP are toxic to airway epithelial cells.
Damaged airway epithelium produces TGF-p (104).
ECP induces fibroblast migration (105) and inhibits fibroblast-mediated proteoglycan degradation (106).

IL-17 ¢ Fibroblasts isolated from bronchial biopsies produce more IL-6 and IL-11 (profibrotic cytokines) when stimulated by IL-17 (107).
* |n a mouse model of asthma, administration of IL-17A results in increased vascular remodelling; in vitro, IL-17A accelerates EPC
migration (108).
IL-13 e Mice bred to overexpress IL-13 exhibit eosinophilic airway inflammation, epithelial cell hypertrophy, mucus metaplasia, and
subepithelial fibrosis (109).
® In vitro, IL-13 induces human bronchial epithelial cells to release TGF-p (110).
HB-EGF ® Recombinant HB-EGF promotes migration of ASM cells in vitro and accelerates the thickening of the ASM layer in a mouse model of
asthma (111).
NGF o NGF causes migration of vascular smooth muscle cells and fibroblasts, and proliferation of epithelial cells and ASM cells (112).

In mice with chronic allergen-induced airway inflammation, anti-NGF antibodies reduce airway collagen deposition (113).

Cysteinyl leukotrienes

In a mouse model of allergen-induced airway remodelling, administration of montelukast (a CysLT1 receptor blocker) reverses

established ASM layer thickening and subepithelial fibrosis (114).

SCF

SCF promotes mast cell proliferation and activation.
Mast cells produce TNF-a, which can damage bronchial epithelial cells (115) and stimulate fibroblasts to produce TGF-p (116).

TGF, transforming growth factor; MMPF, matrix metalloproteinase; ECM, extracellular matrix; TIMF, tissue inhibitor of metalloproteinase; FEV'1, forced expiratory volume in 1 's; VEGF,
vascular endothelial growth factor; bFGF, basic fibroblast growth factor; MBF, major basic protein; ECF, eosinophil cationic protein; IL, interleukin; EPC, endothelial progenitor cell;
HB-EGF, heparin-binding epidermal growth factor-like growth factor; ASM, airway smooth muscle; NGF, nerve growth factor; CysLT1, cysteinyl leukotriene 1; SCF, stem cell factor;

TNF, tumor necrosis factor.

suppressing Tyl activity and promoting a type-2 inflammatory
milieu (142, 143).

See Figure 3 for an overview of the eosinophil’s immunomod-
ulatory roles in asthma.

INTERACTIONS BETWEEN EOSINOPHILS
AND RESPIRATORY PATHOGENS

Eosinophils have traditionally been regarded as end-stage
effector cells, responding to infections directly, i.e., by releasing
substances that are toxic to pathogens (in particular, helminths)
and resulting in the unwanted secondary effect of human tissue
damage. However, research performed over the last 30 years
has revealed additional roles fulfilled by the eosinophil, involv-
ing links with both the innate and adaptive immune systems.
These roles include antigen presentation and interaction with
other parts of the immune system, such as the complement
pathway (144).

Pattern recognition receptors on the cell membranes of
eosinophils allow them to detect the presence of PAMPs such as
lipopolysaccharide (LPS) and beta-glucans, cell wall components

of bacteria and fungi, respectively (144). The cysteine and serine
proteases produced by mites and fungi activate eosinophils via
protease-activated receptors (5). TLR-7, the most common TLR
expressed by eosinophils, is activated by viral single-stranded
RNA (2).

The contents of eosinophil-specific granules are directly cyto-
toxic to pathogens. MBP causes disruption of cell membranes
due to its highly basic nature (145). ECP has antiviral activity
(146) and can also agglutinate Gram-negative bacteria by binding
to LPS and peptidoglycans (147). EDN is only mildly toxic to
helminths, compared to MBP and ECP (148). However, EDN
significantly reduces the infectivity of respiratory syncytial virus
group B, indicating a role in the immune response to viruses
(149). EPO facilitates the generation of toxic reactive oxygen
species (150).

In addition to releasing cytotoxic proteins, eosinophils have
been shown to phagocytose bacteria (albeit less efficiently than
neutrophils) (151). More recently, the “catapult-like” extrusion of
“traps” consisting of mitochondrial DNA and eosinophil gran-
ule contents, in response to Gram-negative bacteria, has been
observed (152).
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FIGURE 3 | The immunomodulatory role of eosinophils in asthma. Eosinophils may influence other leukocytes both directly (e.g., IL-6-induced B cell activation) and
indirectly (e.g., by enhancing antigen presentation by dendritic cells). Abbreviations: TGF-, transforming growth factor-; IgE, immunoglobulin E; IL, interleukin; MBP,
major basic protein; EPO, eosinophil peroxidase; NGF, nerve growth factor; Tu1, type 1 T helper cell; Tu2, type 2 T helper cell.

Eosinophils express receptors for various complement pro- The lung is known to harbor communities of bacteria, known
teins, including C3a and C5a, which are known to promote  as the lung microbiome, during health, which are deranged in
eosinophil recruitment, extravasation, and activation (153, 154).  disease states including asthma (161, 162). Data have recently

Complement is thought to facilitate eosinophil adherence to,and ~ been published suggesting a possible link between the level of
damage of, nematode larvae (155), although the development  eosinophilia and microbiome community structure in asthma
of secondary immunity is unaffected in complement-deficient  (163). Further dedicated studies, examining subject groups
mice (156). matched for baseline characteristics, are required.

As fungi are known to trigger the production of Tu2-
associated cytokines (i.e., type-2 cytokines) and eosinophilia, it ~ CONCLUSION
has been hypothesized that subclinical fungal infection/coloni-
zation of the airways may play a role in the genesis of diseases ~ Although eosinophils have been associated with asthma since
characterized by eosinophilia. Such diseases include severe  their initial discovery, our understanding of their roles in health
eosinophilic asthma, as well as related conditions (e.g., chronic ~ and disease has evolved significantly over time. The eosinophil’s
rhinosinusitis). One study of patients undergoing sinus surgery  status as a cytotoxic effector cell appears to be justified, due its
found that 74% of those with Tu2-associated conditions had evi-  capacity to release potent destructive basic proteins, capable of
dence of airway surface mycosis, compared to just 16% of controls ~ antimicrobial effects as well as host tissue damage. However, its
(157). However, potential confounding factors such as inhaled  ability to modulate the innate and adaptive immune systems may

and/or systemic corticosteroid usage must be considered. be just as important.
The increased susceptibility to respiratory viral infections An appreciation of the numerous receptors expressed by
observed in patients with asthma has been linked to reduced pro- eosinophils offers some insight into the many different interac-

duction of type I and type III interferons (158, 159). Eosinophils  tions this versatile cell is capable of. Not only is the eosinophil
may contribute to this impairment by producing TGF-B, which  recruited to the lungs in the context of pro-inflammatory type-2
has been shown to diminish the ability of bronchial epithelial ~ cytokines but it is also a promoter of the type-2 inflammatory
cells to produce interferons in response to human rhinovirus  milieu, taking on roles such as antigen presentation and cytokine-
in vitro (160). mediated modulation of local lymphocytes.
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There is strong evidence that eosinophils contribute to airway
remodeling in asthma. Mechanisms also exist by which eosino-
phils could promote AHR and mucus hypersecretion.

The development of new anti-eosinophilic drugs, capable of
selective depletion of eosinophils, offers great potential to explore
further questions relating to the role of eosinophils in asthma and
the consequences of their eradication. Research into variation
in eosinophil-related gene expression between individuals may
provide further insights regarding the relative contributions of
eosinophils in different asthma phenotypes and the potential
application of personalized medicine to this field.
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Eosinophils are typically considered to be specialized effector cells that are recruited to
the tissues as a result of T helper type 2 (Th2) cell responses associated with helminth
infections or allergic diseases such as asthma. Once at the site of injury, eosinophils
release their cytotoxic granule proteins as well as preformed cytokines and lipid medi-
ators, contributing to parasite destruction but also to exacerbation of inflammation
and tissue damage. Accumulating evidence indicates that, besides their roles in Th2
responses, eosinophils also regulate homeostatic processes at steady state, thereby
challenging the exclusive paradigm of the eosinophil as a destructive and inflammatory
cell. Indeed, under baseline conditions, eosinophils rapidly leave the bloodstream to
enter tissues, mainly the gastrointestinal tract, lungs, adipose tissue, thymus, uterus,
and mammary glands, where they regulate a variety of important biological functions,
such as immunoregulation, control of glucose homeostasis, protection against obesity,
regulation of mammary gland development, and preparation of the uterus for pregnancy.
This article provides an overview of the characteristics and functions of these homeo-
static eosinophils.

Keywords: eosinophils, homeostasis, immunomodulation, mucosae, innate immunity

INTRODUCTION

Eosinophils have long been perceived as terminally differentiated cytotoxic and destructive cells
that play an effector role mainly in helminthic infections and allergic reactions, such as asthma
(1). However, several recent studies have challenged the simplistic view of eosinophils as being
exclusively involved in parasite destruction and allergic inflammation. Indeed, at steady state, blood
eosinophils rapidly migrate into the gastrointestinal tract, lungs, adipose tissue, thymus, uterus, and
mammary glands, where they are now known to exert a variety of essential homeostatic functions
(2, 3). In this Mini Review, we summarize the advances in our understanding of the biology (distribu-
tion, phenotypic and morphological features, and ontogeny) and functions of these homeostatic
eosinophils (hEos).

DISTRIBUTION OF hEos

In both humans and mice, most hEos are found in the non-esophageal portions of the gastro-
intestinal tract, where they principally reside in the lamina propria of the small intestine (4-7).
Depending on the bibliographic source, the numbers of hEos in the gastrointestinal tract of mice
are estimated to be 1.5- to 10-fold higher than in the blood (i.e., ranging from 3 X 10° to 2 X 10°
cells) (8, 9). Pulmonary hEos are located in the lung parenchyma of both humans and mice (10). In
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C57BL/6 mice, the numbers of lung hEos exceed 4 X 10°, which
corresponds to two times the numbers of eosinophils present in
the entire circulation (10). In the adipose tissue of mice, hEos
account for 4-5% of the stromal/vascular fraction cells (11). In
the other organs, hEos reside only transiently (8, 12-16). In mice,
the numbers of thymic hEos increase drastically after birth to
reach a peak at 2 weeks of age (15). Their numbers then diminish
significantly but rise again at 16 weeks when thymic involution
starts (15). During the first recruitment phase, hEos concentrate
in the cortico-medullary region of the thymus, whereas they are
more prominent in the medulla at latter time points (15). It is
noteworthy that, in humans, hEos seem to be already present in
the thymus of fetuses (14). In rodents, infiltration of the uterus by
hEos coincides with the estrus cycle (12, 13). Numerous hEos are
indeed observed in the uterus just prior to estrus, during estrus
and 1 day postestrus, whereas only few hEos are present during
diestrus (12, 13). The vast majority of these cells are located in the
endometrium adjacent to the muscular layer (16). In mice, hEos
also home to the mammary gland during postnatal development
(17). Mammary hEos are principally found around the growing
terminal end buds from 3 weeks until 8 weeks of age (17).

In vivo studies in humans and mice have shown that eosino-
phils spend only a short time (i.e., half-life between 3 and 24 h) in
the circulation (8, 18, 19). By contrast, hEos remain for a longer
time in the tissues. Indeed, their half-life is about 36 h in the
lung and up to 6 days in the intestines, thymus, and uterus (8)
(Figure 1). The longevity of tissue hEos seems to correlate with
CDl1c expression. Indeed, while intestine, uterus, and thymus
hEos express CD11c, lung, and blood hEos do not express this
marker (8, 10) (Figure 1).

Time-course studies in mice have revealed that hEos are not
present in the lung at birth but gradually increase in numbers
to reach a maximal density by day 7 (10). This observation sug-
gests a link between the colonization of the lung by hEos and
the development of the microbiota. Paradoxically, however, hEos
recruitment to the gastrointestinal tract seems to be independent
of the bacterial flora. Indeed, prenatal mice have detectable hEos
in their intestines, and germ-free mice display hEos levels similar
to those of control colonized mice (5).

The basal recruitment of hEos to tissues is mainly driven by
eotaxin-1 (CCL11), a chemokine produced by local cells such
as epithelial cells, endothelial cells, fibroblasts, and monocytes
(20-23). Correspondingly, hEos numbers are drastically
reduced in the gastrointestinal tract, thymus, and uterus of
eotaxin-1-deficient mice (5, 16, 24). Loss of CCR3, the major
eotaxin-1 receptor (25, 26), results in defective tissue homing
of hEos to the intestines but has no effect on the numbers of
lung and thymus hEos (27), which likely relates to the fact that
eotaxin-1 may act through alternative receptors such as CCR5
(28). Interleukin (IL)-5 and IL-13, two T helper type 2 (Th2)
cytokines, may also promote, although to a lesser extent than
eotaxin-1, trafficking of hEos under normal conditions (3, 5).
IL-13 enhances eotaxin-1 production (29), while IL-5 supports
eosinophil generation from bone marrow progenitors, enhances
their sensitivity to eotaxin-1, and sustains their survival (30-32).
It has been recently shown that the major source of basal IL-5
and IL-13 in the gastrointestinal tract and the adipose tissue are

type 2 innate lymphoid cells (ILC2s) (29, 33). Moreover, after
food intake, the vasoactive intestinal peptide stimulates intesti-
nal ILC2 to enhance their secretion of IL-5 and IL-13, linking
eosinophil levels with metabolic cycling (29).

MORPHOLOGICAL AND PHENOTYPIC
FEATURES OF hEos

hEos have been mainly characterized in mice. They display most
of the typical features of eosinophils, including red staining gran-
ules containing toxic cationic proteins (e.g., major basic proteins)
and combined expression of CCR3, Siglec-F, and CD125 (i.e., the
subunit o of the IL-5 receptor) (8,9, 34) (Figure 1). They may also
express CD11b (intestines, thymus, and adipose tissue), F4/80
(mammary glands, lung, and adipose tissue), CD69 (intestines
and thymus), and CD44 (intestines and thymus) (6, 8, 10, 11, 15,
17, 35). In addition, most tissue hEos have a segmented nucleus
and express CD11c (8, 13, 15, 16, 24, 35). Lung hEos represent an
exception and rather resemble resting blood eosinophils. Indeed,
both blood and lung eosinophils have a ring-shaped nucleus
(as is the case for mammary hEos as well), express CD62L,
display only intermediate levels of Siglec-F, and are negative for
CDl1c (8, 10, 17, 36, 37) (Figure 1). In mouse eosinophils, such
characteristics, especially the presence of a ring-shaped nucleus,
are considered a sign of cell immaturity (38, 39), suggesting
that pulmonary hEos retain an immature phenotype when
spreading into the lungs. However, they undergo piecemeal
degranulation and are capable of phagocytosis, demonstrating
their functionality (10). Interestingly, the number, localization,
and morphological, phenotypic, and transcriptomic features of
lung hEos remain unchanged, and differ from those of inflam-
matory eosinophils (iEos), during allergic airway inflammation
(10). iEos, which are abundantly recruited to the lung during
airway allergy, are indeed defined as SiglecF"CD62L-CD101"
cells with a segmented nucleus (CD101 being an iEos marker
that is not expressed by lung hEos) (10). These observations
suggest that hEos and iEos represent distinct eosinophil subsets.
In line with this hypothesis, hEos- and iEos-like eosinophils are
present in the blood of asthmatic mice (10), indicating that the
differentiation of both subsets occurs even before their recruit-
ment to the tissues. Furthermore, the parenchymal hEos found
in non-asthmatic human lungs (Siglec-8*CD62L*IL-3R" cells)
are phenotypically distinct from the iEos isolated from the sputa
of eosinophilic asthmatic patients (Siglec-8*CD62L"°IL-3RM
cells), confirming the mouse findings (10).

ORIGIN OF hEos

Eosinophil development depends on a complex interplay of
several transcription factors, including GATA-binding pro-
tein-1 (GATA-1), CCAAT/enhancer-binding protein-a and -¢
(C/EBP-a and -g), E26 family transcription factor PU.1 (PU.1),
and X-box-binding protein-1 (1, 3, 40-42). Among these tran-
scription factors, GATA-1 is the most selective, as attested by
the fact that AdbIGATA mice, in which the double palindromic
GATA-1-binding site in the Gatal promoter has been genetically
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FIGURE 1 | Schematic overview of the origin, interleukin (IL)-5 dependence, phenotype, and functions of homeostatic eosinophils (hEos) in mice. hEos are
produced in the bone marrow from the EoP precursor independently of IL-5. Conversely, inflammatory eosinophils (iEos) require IL-5 for their production. hEos are
uniformly characterized by expression of Siglec-F, F4/80, CD125, and CCR3. hEos transit through the blood circulation to home into tissues at baseline. Blood hEos
have a ring-shaped nucleus and express CD62L, while iEos have a segmented nucleus and do not express CD62L but express CD101. hEos homing to the tissues
is either dependent (dark red) or independent (white) on IL-5. The IL-5-(in)dependence of thymic and mammary gland hEos remains unknown. Tissue hEos display
distinct phenotype, half-life (T1.2), and homeostatic functions. The surface phenotype depicted shows whether hEos express (colored symbols) or do not express
(white symbols) the indicated surface markers. When marker expression is undefined, the symbol is not present. The function described in italic has been

suggested, but a clear demonstration is still lacking. h, hours.

deleted, specifically lack eosinophils, including blood and tissue
hEos (7, 10, 11, 36, 43). IL-5, which is the most specific cytokine
for the eosinophil lineage, is dispensable for the steady-state
production of eosinophils. Indeed, the basal numbers of blood
eosinophils are only moderately reduced in IL-5-deficient mice,
which are, however, unable to develop eosinophilia in the context
of a Th2 response (44). Interestingly, recruitment of hEos to the
tissues is independent (lungs), partly dependent (gastrointestinal
tract and uterus), or entirely dependent (adipose tissue) on local
IL-5 production (5, 10, 33, 44, 45) (Figure 1). Given that IL-5
enhances eosinophil survival following migration into the tis-
sues, and that hEos that partly depend on IL-5 (gastrointestinal
tract and uterus) have a higher half-life (see Distribution of hEos)
than the IL-5-independent ones (lungs), one may speculate that
the longevity of tissue hEos is directly linked to their dependence
on IL-5. All these observations, if applicable to humans, could

also explain why residual eosinophils are found in the blood and
lungs of patients treated with anti-a-IL-5 antibodies (46-48).

FUNCTIONS OF hEos

Depending on the type of tissue they infiltrate, hEos are fulfilling
completely different tasks, suggesting the local environment is
able to drive hEos functions according to its specific needs. Here,
we will review the tissue-specific homeostatic functions of hEos,
also summarized in Figure 1.

Gastrointestinal Tract

Small intestinal hEos are now considered as actively contribut-
ing to intestinal homeostasis, allowing the host to cope with
the constant and intense exposition to potentially pathogenic
microorganisms and foreign and food antigens. In two
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independent studies, hEos have been shown to be required for
the development and maintenance of immunoglobulin (Ig)
A-producing plasma cells (7, 35), concordant with the function
of bone marrow eosinophils in supporting plasma cell survival
(49). They also promote class switching toward secretory IgA,
components involved in the neutralization and regulation
of intestinal microorganisms (7, 35). In addition, eosinophil
deficiency has been associated with altered gut microbiota
composition (7, 35), altered development of Peyer’s patches, and
decreased mucus production in the small intestine (35), as well as
increased numbers of Th17 cells (50) and decreased numbers of
regulatory T cells and dendritic cells in gut-associated tissues (7).
In vitro, Chen and colleagues have shown that small intestinal
hEosare able to induce differentiation of naive T cells into Foxp3*
regulatory T cells through IL-1f- and retinoic acid-dependent
mechanisms (51). More recently, small intestinal hEos have also
been shown to suppress the in vitro differentiation of Th17 cells
and intestinal T cell-derived IL-17 production by secreting large
amounts of the IL-1 receptor antagonist IL-1Ra (50). Altogether,
these findings are concordant with the idea that small intestinal
hEos contribute to intestinal homeostasis by regulating adaptive
humoral IgA responses and cellular T cell responses.

Adipose Tissue
Eosinophils have been emerging as central regulators of adipose
tissue metabolism and metabolic health. In adipose tissues, hEos
are present together with alternatively activated macrophages
(AAMs), and such hEos produce IL-4, thereby favoring the
polarization of adipose macrophages toward the alternatively
activated phenotype (11). AAMs play a crucial role in glucose
homeostasis and development of beige fat, which improves
glucose tolerance, insulin reactivity, and, hence, protects against
obesity (11, 52, 53). In the absence of adipose hEos, AAMs are
greatly reduced and biogenesis of beige fat is impaired (11, 54).
Moreover, eosinophil-deficient mice on high-fat diet develop
obesity, insulin resistance, and impaired glucose tolerance (11).
Conversely, wild-type mice on a high-fat diet but infected with
the gastrointestinal nematode Nippostrongylus brasiliensis, which
triggered a greater eosinophil recruitment in the adipose tissues,
exhibit a long-lasting improved sensitivity to insulin and glucose
tolerance (11).

This important hEos/macrophage axis is regulated by ILC2s,
which sustain adipose hEos and AAMs (33), and is promoted by
microbiota depletion (55) and caloric restriction (56).

Uterus

It is known for decades that hEos infiltrate the non-pregnant
uterus of rodents and humans in a cyclic manner, with a peak
during estrus (13, 57, 58), but few studies have assessed their
potential contribution to the physiology of uterus and to repro-
ductive functions. Gouon-Evans and Pollard examined eotaxin-
deficient animals, in which recruitment of hEos to the uterus
was impaired, and found a delay in the establishment of the first
estrus cycle along with the first age of parturition in those animals
compared to wild-type controls (16). While these observations
point toward a potential role for hEos in preparing the uterus for
pregnancy (16), they must be balanced by the fact that the timing

of establishment of subsequent estrus cycles in mature mice is not
affected by the absence of eosinophils (16). Most importantly, no
fertility issues have been reported in constitutively eosinophil-
deficient mice (36, 59), demonstrating that hEos are not essential
for normal reproduction.

Thymus

The presence of thymic hEos in the close vicinity of immature
double-negative thymocytes and their abundance in neonates
suggest that they may contribute to the process of central toler-
ance and negative T-cell selection (15). Supporting this, thymic
hEos numbers rapidly increase and hEos cluster with apoptotic
bodies in an acute model of MHC-I-dependent negative selec-
tion (15). Another report proposes that hEos may contribute
to the clearance of apoptotic cells, as eosinophil-deficient mice
subjected to irradiation-induced thymocyte death are impaired
in their ability to phagocyte apoptotic cells (43). However, the
definitive proof of a homeostatic role for thymic eosinophils in
the process of negative T-cell selection is currently lacking.

Mammary Gland

A role for eosinophils in regulating postnatal mammary gland
development has been proposed in mice (17). Indeed, ablation
of hEos recruitment to the mammary glands in eotaxin-deficient
animals resulted in a reduced number of branches of the mam-
mary ductal tree and of terminal end buds (i.e., the precursors
of alveolar buds) (17). A similar phenotype was observed in the
mammary tissue of IL-5-deficient mice as compared to the one
from wild-type mice, although the specific contribution of IL-5
itself vs. IL-5-dependent eosinophils has not been assessed in this
model (60). Nevertheless, such IL-5-mediated developmental
events appear to have functional consequences, as IL-5-deficient
nursing dams gave rise to decreased litter size and weanling
survival, a phenomenon rescued when IL-5-deficient pups were
nursed by IL-5-sufficient dams (60).

Lungs

Microarray analyses revealed that lung hEos, unlike lung iEos,
express several genes, such as Anxal, Nedd4, Runx3, Serpinbla,
and Ldlr, that are implicated in the maintenance of lung immune
homeostasis, and especially in the negative regulation of Th2 cell
responses (10). In line with this observation, eosinophil-deficient
AdbIGATA mice exhibit increased sensitivity to house dust mites
(10), confirming that lung hEos are endowed with the capacity
to prevent Th2-driven airway allergy. This immunosuppressive
function of lung hEos is linked to their unique ability to inhibit
the maturation, and therefore the pro-Th2 function, of allergen-
loaded dendritic cells (10).

CONCLUSION

Although hEos are far from being fully characterized, it is fas-
cinating to see how fast our understanding of the complexity of
their phenotype and functions is growing. The fact that these
cells exert crucial homeostatic roles at multiple levels merits
further investigations and is of medical importance. Indeed, anti-
eotaxin-1 and eosinophil-depleting agents, such as humanized
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anti-IL-5 receptor antibodies and anti-Siglec-8 molecules, are
currently being developed to treat eosinophilic disorders such
as allergic asthma (9, 61-66), and one has to keep in mind the
possibility that such drugs may disrupt tissue homeostasis by
preventing organ-specific homing of hEos or by affecting their
survival or functions.
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Asthma is an inflammatory disease usually characterized by increased Type 2 cytokines
and by an infiltration of eosinophils to the airways. While the production of Type 2 cyto-
kines has been associated with T2 lymphocytes, increasing evidence indicates that
group 2 innate lymphoid cells (ILC2) play an important role in the production of the
Type 2 cytokines interleukin (IL)-5 and IL-13, which likely amplifies the recruitment of
eosinophils from the blood to the airways. In that regard, recent asthma treatments
have been focusing on blocking Type 2 cytokines, notably IL-4, IL-5, and IL-13. These
treatments mainly result in decreased blood or sputum eosinophil counts as well as
decreased asthma symptoms. This supports that therapies blocking eosinophil recruit-
ment and activation are valuable tools in the management of asthma and its severity.
Herein, we review the mechanisms involved in eosinophil and ILC2 recruitment to the
airways, with an emphasis on eotaxins, other chemokines as well as their receptors.
We also discuss the involvement of other chemoattractants, notably the bioactive lipids
5-oxo-eicosatetraenoic acid, prostaglandin D», and 2-arachidonoyl-glycerol. Given that
eosinophil biology differs between human and mice, we also highlight and discuss their
responsiveness toward the different eosinophil chemoattractants.

Keywords: eosinophil, group 2 innate lymphoid cells, 2-arachidonoyl-glycerol, chemokine, eotaxin, asthma

INTRODUCTION

Asthma is a respiratory disease characterized by inflammation and hyperresponsiveness of the air-
ways and roughly affects 300 million people worldwide (1). Eosinophils play a pivotal role in asthma
by generating many mediators inducing bronchoconstriction and/or contributing to inflammation
and remodeling (2). Airway eosinophilia is observed in many subjects with asthma and increases
with disease severity and exacerbations (3). The anti-inflammatory treatment of asthma is primar-
ily based on inhaled corticosteroids (4). The dose is adjusted to decrease eosinophil counts in the
blood and/or in induced sputum, which results in a reduction of asthma exacerbations. However, the
chronic use of corticosteroids is linked with significant systemic side effects even at low doses, and
some severe asthmatics remain symptomatic and have high sputum eosinophil counts despite the
use of high doses of corticosteroids (5). This stresses the need of developing new therapeutics that
could limit both bronchoconstriction and inflammation.
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Increased eosinophil numbers are observed in many asthmat-
ics, notably those characterized by a Type 2-like inflammation,
characterized by an increased production of the cytokines inter-
leukin (IL)-4, IL-5, and IL-13 (6). As such, it is well accepted that
the Type 2 cytokines IL-4, IL-5, and IL-13 are linked to increased
eosinophil numbers, either by promoting eosinophil survival
(IL-5) or by inducing the production of eosinophil chemoattract-
ants (IL-4 and IL-13) (7, 8). While Tu2 lymphocytes participate
in the release of Type 2 cytokines, group 2 innate lymphoid cells
(ILC2) are being increasingly recognized as a significant source of
Type 2 cytokines as well (9, 10). Asthma treatments that focused
on blocking Type 2 cytokines (IL-4, IL-5, and IL-13) decrease
blood or sputum eosinophil counts and asthma symptoms in
subjects with severe asthma presenting a high eosinophil count
in their induced sputum (11-25). This article reviews the current
evidence regarding eosinophil and ILC2 chemoattractants and
their involvement in asthma and its severity.

DISCOVERY TIMELINE OF THE MAIN
EOSINOPHIL CHEMOATTRACTANTS

The extensive investigation of how eosinophils were recruited
really began in the 1970s. Complement component 5a (C5a)
has been known to induce guinea pig eosinophil migration
since 1970 (26-29), and its impact on human eosinophils was
documented in 1973 (26). Histamine was next documented as
an eosinophil chemoattractant in 1975 (30) although its effect is
limited (31-34).

In 1980s, other eosinophil chemoattractants were character-
ized, notably platelet-activating factor (PAF), leukotriene (LT) By,
and N-formylmethionyl-leucyl-phenylalanine (fMLP). Numerous
reports indicate that PAF induces the migration of eosinophils
(29, 35-41). Even if LTB, is mainly characterized as a neutrophil
chemoattractant, it also induces human eosinophil migration (29,
37,42,43). fMLP is a weak chemoattractant for eosinophil migra-
tion: some studies unraveled a weak migration of eosinophils (29,
37, 44, 45) while others did not find any effect (38, 46).

The expansion of the chemokine field in the 1990s allowed the
characterization of additional eosinophil chemoattractants. CCL5
[regulated on activation, normal T cell expressed and secreted
(RANTES)] was the first chemokine documented as a human
eosinophil chemoattractant in 1992 (47) and was shown to induce
both the migration and transmigration of human eosinophils
(48-57). The effect of CCL3 (MIP-1ar) on human eosinophil migra-
tion was also evaluated in 1992 (47). However, the ability of CCL3
as an eosinophil chemoattractant is low, as later reports indicated
that at optimal concentration, the CCL3-induced migration of
eosinophil corresponded to about 33% of that induced by CCL5
(48, 52, 57). Of note, one study showed that ~20% of individuals
responded to CCL3 to the same extent than CCL11, while the
others poorly responded to CCL3 and this was linked to CCR1
(58). In mid-1990s, other chemokines were tested for their ability
to elicit human eosinophil migration, notably CCL7 (MCP-3),
CCL8 (MCP-2), and CCL13 (MCP-4) (34, 48, 50-53, 55-57,
59, 60). However, their impact on human eosinophil migration
was limited.

The discovery of eotaxins was a substantial leap forward in
understanding how eosinophils were selectively recruited into
the tissues. CCL11 (eotaxin-1) was first discovered by Jose et al.
in guinea pigs (61, 62). Two years later it was confirmed as a
selective chemoattractant of human eosinophils in 1996 (63) and
several studies confirmed its potency in several migration models
(55, 64-66). A year later, CCL24 (eotaxin-2) was discovered (67)
and was confirmed as being as efficient as CCL11 (34, 55-57, 65).
Last but not the least, CCL26 (eotaxin-3) was discovered in
1999 (68, 69), and it is the most efficient eotaxin to induce the
migration or transmigration of asthmatic eosinophils (65).
Of note, CCL26 appears also critical for eosinophil migration/
tissue eosinophilia in other human disorders characterized by
eosinophil recruitment, notably eosinophilic esophagitis and
Churg-Strauss syndrome (70, 71).

Itwasalsointhe mid-1990s thatadditional bioactivelipids from
the 5-lipoxygenase pathway were documented as human eosino-
phil chemoattractants. 5-Oxo-eicosatetraenoic acid (5-KETE)
was identified as a potent chemoattractant of eosinophils in 1996
(72, 73). To this date, 5-KETE is the most efficient human
eosinophil chemotactic factor in cellulo (41, 43, 65, 66). LTD;4
was the first cysteinyl leukotriene (CysLTs) to be defined as a
direct chemoattractant of human eosinophils (74) but induces a
weak migration (75-78). It was also reported that LTC, and LTE,
induce an eosinophil migration comparable to LTD, (79).

The new millennia also expanded our knowledge on how
human eosinophils could be recruited into the tissue. In that
regard, CXCL12 (SDF-1) was shown to induce the recruitment of
eosinophils (65, 80, 81). Furthermore, a 2001 study demonstrated
that prostaglandin (PG) D, selectively induced the migration
of eosinophils, Th2 lymphocytes cells, and basophils (82), and
increasing evidence support the development of DP,/CRTH2
antagonists for the management of asthma (83). However,
PGD, seems to induce a limited recruitment of eosinophils
(66, 84-88). Of note, PGD, increases CCL11- and 5-KETE-
induced-eosinophil migration (87). Finally, in 2004, the endo-
cannabinoid 2-arachidonoyl-glycerol (2-AG) was identified as an
eosinophil chemoattractant (89); this effect of 2-AG involves the
CB; receptor and is largely potentiated by IL-3, IL-5, and GM-CSF
(66, 90, 91).

HUMAN EOSINOPHIL RECRUITMENT
AND ASTHMA

As underscored in the previous section, many soluble mediators
and chemokines can induce human eosinophil recruitment
and thus participate in asthma pathogenesis. In this section,
we review how these chemoattractants contribute to eosinophil
recruitment in a context of asthma. A differential eosinophil
recruitment could be observed in asthma severity and/or during
asthma exacerbations if there is a dysregulation in the release
of the different chemoattractants or their receptors, notably by
desensitization or internalization. To this end, our data (Figure 1)
indicate that with the exception of the CXCR4 and the CB; recep-
tors, the expression of chemoattractant receptors do not change,
at the mRNA level, in human eosinophils isolated from the blood
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all volunteers signed an informed consent form.
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FIGURE 1 | Expression of chemokines and lipid mediator receptors by human eosinophils. Human eosinophils were isolated from the blood of healthy controls, mild
asthmatics, and severe eosinophilic asthmatics as defined and described in Ref. (92). mMRNAs were quantitated by gPCR array using a custom gPCR array (RT?
Profiler gPCR Multiplex Array Kit, Qiagen, ON, Canada). Chemokine receptor expression (A) and bioactive lipid receptor expression (B) are represented by the ratio
between mRNAs and 18S rRNA control. Results are the mean (+SEM) of 3-4 donors for each group. Approval from the local ethics committee was obtained, and

of healthy subjects, mild and severe eosinophilic asthmatics, as
defined in Ref. (92). This supports the notion that perhaps the
increased recruitment of eosinophils is rather the consequence of
increased chemoattractants in the bronchial tissue.

CHEMOKINES

The most studied chemokines in asthma are CCL5 and eotaxins,
probably because their levels are usually increased in asthmatics
compared to healthy controls in all body fluids tested, namely
bronchoalveolarlavages (BAL), induced sputum, blood, and bron-
chial biopsies (92-115). Moreover, these chemokines are linked to
poor asthma control and increased eosinophil recruitment to the
airways. Indeed, CCLS5 levels are greater in induced sputum from
poorly controlled asthmatics than from controlled asthmatics
(116, 117); subjects undergoing acute exacerbations have higher
CCL11 levels in induced sputum and plasma samples than subjects
with stable asthma or healthy controls (111, 118-120); and CCL24
and CCL26 expression in airway epithelial cells are associated
with lower forced expiratory volume in 1 s (FEV,), more asthma
exacerbations, and increased sputum eosinophil counts (92, 121).
It is not clear whether one chemokine is more important than the
others and if we could target these chemotactic proteins to limit

eosinophil recruitment and asthma exacerbation. In that regard,
different studies evaluated the expression of these chemokines
during allergen challenges, and the obtained data rather indicate
that eosinophil-recruiting chemokines are not necessarily present
at the same time and might have different as well as overlapping
roles. CCL5 levels correlate with eosinophil counts in BAL 4 h
after the challenge (122), but not 24 h after the challenge (123).
CCL11 levels are increased in BAL, induced sputum and bron-
chial biopsies of asthmatics, and are associated with eosinophil
numbers 4 and 24 h after the challenge (104, 124, 125). That
being said, one study reported that CCL11 levels are similar in
bronchial biopsies from asthmatics before and 24 h after allergen
challenge (103). CCL24 expression is significantly increased in
bronchial mucosa from asthmatics 48 h after allergen challenge
(126), but is similar before and 24 h after allergen challenge (103).
As for CCL26, its expression in bronchial biopsies increases 24
and 48 h after allergen challenge (103, 126), but its expression
in bronchial submucosa did not correlate with eosinophil counts
48 h after allergen challenge (126). Additionally, some research
groups documented the impact of these chemokines on eosino-
phil migration in asthma in cellulo. CCL11 and CCL26 induce
a greater migration of eosinophils from asthmatics than from
healthy subjects (65, 127). Finally, while most evidence reflects an
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important role of CCL5 and the eotaxins in asthma, some studies
reported that there was no increase in CCL5 or eotaxin expres-
sion in BAL, airway epithelium brushings, or bronchial biopsies
between asthmatics and healthy controls (92, 103, 121, 128, 129).

Studies on CCL3, CCL7, CCL8, CCL13, and CXCL12 in
relation with asthma are limited. Among the latter, CCL13 is
better associated with eosinophils and asthma. Its expression is
higher in BAL, bronchial biopsies, induced sputum, and plasma
samples from asthmatics than from healthy controls (99, 100, 105,
130, 131). One study reported increased CCL3 levels in BAL
from asthmatics compared to healthy controls (93). Increased
CCL7 levels and CCL7-expressing cells are found in bronchial
biopsies and BAL from asthmatics compared to healthy controls
(94, 95, 100), and serum CCLS levels are higher in asthmatics
compared to healthy controls (132). CXCL12 levels in bronchial
mucosa and BAL are greater in asthmatics than in healthy controls
(133, 134), and CXCL12 levels in BAL correlate with eosinophil
numbers (134).

LIPID MEDIATORS AND OTHERS

Other soluble mediators might also participate in the recruit-
ment of eosinophils in asthma. In that regard, CysLT, receptor
blockade usually decreases eosinophil counts, although it is not
clear whether this is a direct or indirect effect (135-144). LTB,,
histamine, C5a, and PGD, are all associated with asthma, but
their involvement in eosinophil recruitment in asthma is not well
defined. Even if LTB, levels in blood and exhaled breath condensate
are increased in asthma (145-147), the LTB, receptor antagonist,
LY293111, decreases neutrophil but not eosinophil counts in BAL
from asthmatics (148). As for PGD,, some studies demonstrated
similar PGD, levels in BAL or induced sputum of asthmatics,
atopics, and healthy subjects (149-152), but its levels can increase
in the BAL after an allergen challenge (149, 153, 154). Of note, the
antagonism of the PGD; receptor 2 (DP,/CRTH2) improves lung
function and the quality of life of asthmatics compared to placebo
(155, 156). Finally, C5a levels are increased in BAL and in induced
sputum from asthmatics compared to healthy controls after an
allergen challenge (157, 158), and a haplotype of the C5a gene was
identified to be protective against asthma (159).

As for PAF, 5-KETE, fMLP, and 2-AG, their association with
asthma is not well documented and this requires further investi-
gations. For example, we have no idea to which extent 2-AG and
5-KETE levels are modulated in asthma and its severity.

ASTHMA SEVERITY

As underscored with the data from the allergen challenges
presented in the previous section, it is not possible to pinpoint
one chemoattractant explaining the recruitment of human
eosinophils. They rather indicate that they collaborate together
and that they might be involved at different times during the
asthmatic response. In addition, it is possible that the mediators
responsible for eosinophil recruitment might also change as the
disease worsens. For example, CCL11 and/or CCL26 levels are
greater in induced sputum from severe or moderate asthmatics
than from mild asthmatics or healthy controls (92, 160). In plasma

samples, CCL11 levels are associated with asthma severity and
are not significantly affected by corticosteroid treatment (161).
Coleman et al. demonstrated that CCL24 and CCL26, but not
CCL11, mRNA expression in bronchial epithelium increases
with asthma severity and is associated with sputum eosinophil
counts, lower FEV;, and more asthma exacerbations (121). In
contrast, subjects with severe eosinophilic asthma have lower
CCL24 levels in bronchoalveolar lavage fluids and similar CCL24
levels in bronchial epithelial cells compared to healthy controls
(92, 121). For CCL5, Saad-El-Din demonstrated that serum CCL5
levels are greater in subjects with severe or moderate asthma as
compared to subjects with mild asthma and are associated with
blood eosinophil number (114). As for CXCL12, it induces a
greater migration of corticosteroid-treated eosinophils than
untreated eosinophils and that the expression of the CXCL12
receptor, CXCR4, increases in corticosteroid-treated eosinophils
(80), raising the possibility that CXCL12 plays a more important
role in unstable severe eosinophilic asthmatics which are taking
large doses of corticosteroids.

In asthma, CysLTs levels in induced sputum are increased
in moderate asthmatics compared to severe asthmatics and
healthy controls (162). Also, similar sputum CysLTs levels were
found in severe eosinophilic and non-eosinophilic asthmatics
(162). In contrast, exhaled breath condensate levels of CysLTs
correlate with asthma severity (163). In mild-to-moderate
asthmatics or eosinophilic asthmatics, the CysLT1 antagonist
montelukast, alone or in combination with corticosteroids,
decreases sputum or blood eosinophil counts (136, 138, 141,
164). On the other hand, severe eosinophilic asthmatics, severe
non-eosinophilic asthmatics, and moderate uncontrolled
asthmatics have similar sputum or blood eosinophil counts
between montelukast-treated and placebo-treated individuals or
between montelukast/corticosteroid-treated and corticosteroid-
treated asthmatics (165-167). Of note, PGD, and DP,/CRTH2
levels are increased in asthma severity in BAL (151, 152), and
the DP,/CRTH2 antagonist OC000459 improves FEV, and the
quality of life of subjects with eosinophilic uncontrolled asthma
and steroid-free subjects with moderate persistent asthma
(155, 156). Finally, C5a receptor expression on bronchial epithe-
lium is greater in subjects with fatal asthma than mild asthmatics
and healthy controls (168).

OF MICE AND MEN

The potential and/or documented roles of multiple chemoattract-
ant involved in eosinophil recruitment in asthma underscore the
need to revisit this concept and to establish when and how those
actors are involved. The development of experimental asthma
models with mice, rats, or guinea pigs has been very helpful
to broaden our knowledge about asthma pathogenesis and to
identify some eosinophil and ILC2 chemoattractants in allergic
asthma. However, eosinophils and their functional responses are
very different between species (169). In that regard, some chem-
oattractants and their receptors in humans are not expressed in
mice. For instance, the 5-KETE receptor OXE is not expressed
in mice (170, 171), resulting in an absence of 5-KETE-induced
eosinophil migration (170). Additionally, CCL26 is not expressed
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in mice (170) and human CCL26 does not induce the migration
of mouse eosinophils (172, 173). Furthermore, CCL5 does not
induce the migration of mouse eosinophils (172, 174-176).
Globally, three of the most efficient human eosinophil chemoat-
tractants described so far (CCL5, CCL26, and 5-KETE) do not
induce the migration of eosinophils from mice, illustrating major
differences in eosinophil recruitment between mice and humans
and underscoring that transposing eosinophil recruitment data
from mice to humans might be hazardous. The impact of the
different chemoattractants on the migration of eosinophils from
humans and mice is summarized in Table 1 in which the number
of migrated eosinophils in different migration assays is compared.
It should be kept in mind that the presented data involve different
eosinophil migration assays and that a true comparison between
the presented chemoattractant is somewhat subjective. This is why
we defined the different efficiencies using %migration intervals.

MEDIATORS PROMOTING ILC2
RECRUITMENT

First identified in 2010, ILC2 are defined as lymphoid cells
lacking specific lymphocytes lineage markers and the expres-
sion of the DP,/CRTH2 and ST2, the IL-33 receptor (214-218).
They produce, in response to IL-25, IL-33 or thymic stromal
lymphopoietin (TSLP), large amounts of the Tu2 cytokines
IL-5, IL-13 and, to a lesser extent, IL-4. Of note, the number of
ILC2 correlate with sputum eosinophils in allergic asthma (219).
This suggests that ILC2 might play an important role in asthma
(220, 221), especially by directly or indirectly modulating eosino-
phil survival/recruitment. However, the cellular mechanisms by
which ILC2 are recruited to the lungs remain poorly defined and
few studies addressed the impact of chemokines or bioactive
lipids on the migration of ILC2.

Since IL-25, IL-33, and TSLP are potent activators of ILC2,
their ability to induce the migration of ILC2 was first evalu-
ated. IL-33 and TSLP induce a weak migration of human ILC2
(218, 222, 223). However, the impact of IL-25 remains a matter of
debate, as one study reported a weak IL-25-induced ILC2 migra-
tion (223), while another found no effect of IL-25 (218). PGD, and
CysLTs are defined as potent chemoattractants of ILC2. Indeed,
PGD; is almost five times more potent than IL-33 (218, 224),
and the PGD»-induced migration is greater in ILC2 from allergic
subjects compared to healthy subjects (224). Furthermore, mice
lacking DP,/CRTH2 or treated with a DP,/CRTH2 antagonist
have lower ILC2 levels in the lungs after intranasal administra-
tion of PGD, (225). As for CysLTs, ILC2 express the receptor
CysLTR; and its expression is increased in atopic subjects
(223, 226, 227). Interestingly, a research group recently dem-
onstrated that all CysLTs induce the migration of human ILC2
in vitro, LTE, > LTD, > LTC, = IL-33, indicating that perhaps
another CysLT receptor might be involved in this process (223).

Although only IL-33, TSLP, PGD,, and the CysLTs have been
identified as chemoattractants of ILC2, some studies reported that
human ILC2 express the chemokine receptor CCR4 and mouse
ILC2 express the LTB, receptor BLT, (222, 227). Furthermore,
TGF-P increases the basal migration of murine ILC2, which
suggests that it could enhance their response to other chemoat-
tractants (228). Other studies are thus needed to delineate how
ILC2 migrate to the bronchial tissue.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

This review highlights that many chemokines and soluble
mediators are very good to excellent at inducing the migra-
tion of eosinophils ex vivo and their recruitment in vivo. This

TABLE 1 | Eosinophil chemoattractants and their receptors of human and mice.

Eosinophil chemoattractants Human Mice

Receptors Efficiency Receptors Efficiency
CCL11/eotaxin-1 CCR3 (177-179) ++ (55, 56, 64, 66) CCRS3 (172, 180) ++ (181)
CCL24/eotaxin-2 CCR3 (179, 182) ++ (55, 56) CCR3 (172, 180) + (172, 173)
CCL26/eotaxin-3 CCR3 (68, 69) +++ (65, 68, 69) CCR3 (172, 180) - (172,173)
CCL5/RANTES CCR1, CCR3 (58, 177, 178, 183, 184) ++ (47, 52, 55, 56) CCR1, CCR3, CCR5 (172, 180) —(172,174,175)
PAF PAFR (185, 186) ++ (29, 37, 39, 41) PAFR (187) +(181)
Cbha CbhaR (188-190) ++ (29, 47, 52) ChaR (191, 192) ++ (174, 193)
2-AG CB: (89, 194) + (66, 90) n/a n/a
5-KETE OXE (171, 195, 196) +++ (41, 43, 66) n/e —(170)
LTB. BLT; (197, 198) + (29, 37, 64) BLT; (197) + (199)
PGD, DP,/CRTH2 (82, 87) +(87) DP,/CRTH2 (200, 201) + (202, 203)
MLP FPR (204-206) + (29, 37, 52) n/a + (198, 207)
CCL3/MIP-1a CCR1, CCR3 (58, 177, 178, 183, 184) + (47, 48, 52, 57) CCR1, CCR3 (172, 180) + (172,173, 181, 208)
CCL7/MCP-3 CCR1-CCR8 (178, 183, 209) + (52, 55) CCR1-CCRS3 (172, 180) n/a
CCL8/MCP-2 CCR1-CCRS (183, 184, 209) + (562) CCR1-CCRS (172, 180) n/a
CCL13/MCP-4 CCR1-CCRS3 (177, 1883, 209) + (56) CCR1-CCR3 (172, 180) n/a
CXCL12/SDF-1 CXCR4 (80, 210) ++ (65, 80) CXCR4 (172) n/a
LTD4 CysLTy, CysLTe? (211, 212) + (74-77) CysLTy, CysLTe? (213) —(199)

—: no migration, +: weak or no migration, +: migration usually between 10 and 30%.
++: migration usually between 30 and 50%, +++: migration over 50%.

2-AG, 2-arachidonoyl-glycerol; fMLE, N-formylmethionyl-leucyl-phenylalanine; n/a, not available; n/e, not expressed; PFA, platelet-activating factor; PG, prostaglandin.
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underscores that targeting eosinophil recruitment as a thera-
peutic approach in asthma might not be readily successful, as
suggested with the attempt at blocking the eotaxin receptor
CCR3 (229). Additionally, many questions remain unanswered.
For instance, it remains unclear when all those chemoattract-
ants actually play a role during the asthmatic response and this
needs to be addressed, notably by defining the presence of all
eosinophil and ILC2 chemoattractants in the same samples and
at different stages of the disease/exacerbation. Experimental
restrictions such as specie (mouse vs. humans) or the number
of chemoattractants being investigated in a given study make the
obtained data a little blurry, sometimes raising more questions
than answering them. In addition, the involvement of the differ-
ent chemoattractants as the disease worsens remains anecdotal.
Given that severe asthmatics are frequently older than mild and
moderate asthmatics, it is possible that the set of chemoattract-
ant changes with age and perhaps, with gender as well [keeping
in mind that aging modulates sex hormones, which could affect
the synthesis of the different chemoattractants as it is the case for
5-lipoxygenase derivatives (230)]. Another important aspect of
this review is the illustration that some of the best chemoattract-
ants for human eosinophils are not present or are effectless in
murine models (Table 1), raising the question that perhaps data
obtained from animal models should be taken cautiously until

REFERENCES

1. Kroegel C. Global initiative for asthma (GINA) guidelines: 15 years of
application. Expert Rev Clin Immunol (2009) 5:239-49. d0i:10.1586/eci.09.1

2. Busse WW, Sedgwick JB. Eosinophils in asthma. Ann Allergy (1992) 68:286-90.

3. Aleman F, Lim HE Nair P. Eosinophilic endotype of asthma. Immunol Allergy
Clin North Am (2016) 36:559-68. doi:10.1016/j.iac.2016.03.006

4. Directors ABO. Standards for the diagnosis and care of patients with chronic
obstructive pulmonary disease (COPD) and asthma. This official statement
of the American Thoracic Society was adopted by the ATS board of directors,
November 1986. Am Rev Respir Dis (1987) 136:225-44.

5. Walsh GM, Sexton DW, Blaylock MG. Corticosteroids, eosinophils and
bronchial epithelial cells: new insights into the resolution of inflammation in
asthma. J Endocrinol (2003) 178:37-43. doi:10.1677/joe.0.1780037

6. Fahy JV. Type 2 inflammation in asthma — present in most, absent in many.
Nat Rev Immunol (2015) 15:57-65. doi:10.1038/nri3807

7. Busse WW, Lemanske RF Jr. Asthma. N Engl ] Med (2001) 344:350-62.
doi:10.1056/NEJM200102013440507

8. Lemanske RF Jr, Busse WW. 6. Asthma. ] Allergy Clin Immunol (2003)
111:5502-19. doi:10.1067/mai.2003.94

9. Murdoch JR, Lloyd CM. Chronic inflammation and asthma. Mutat Res (2010)
690:24-39. doi:10.1016/j.mrfmmm.2009.09.005

10. Chang YJ, Dekruyff RH, Umetsu DT. The role of type 2 innate lymphoid cells
in asthma. J Leukoc Biol (2013) 94:933-40. doi:10.1189/j1b.0313127

11. Haldar P, Brightling CE, Hargadon B, Gupta S, Monteiro W, Sousa A, et al.
Mepolizumab and exacerbations of refractory eosinophilic asthma. N Engl
J Med (2009) 360:973-84. doi:10.1056/NEJM0a0808991

12. Levine SJ, Wenzel SE. Narrative review: the role of Th2 immune pathway
modulation in the treatment of severe asthma and its phenotypes. Ann Intern
Med (2010) 152:232-7. doi:10.7326/0003-4819-152-4-201002160-00008

13. Corren ], Lemanske RF, Hanania NA, Korenblat PE, Parsey MV, Arron JR,
et al. Lebrikizumab treatment in adults with asthma. N Engl ] Med (2011)
365:1088-98. doi:10.1056/NEJMoal 106469

14. Pavord ID, Korn S, Howarth P, Bleecker ER, Buhl R, Keene ON, et al.
Mepolizumab for severe eosinophilic asthma (DREAM): a multicentre,
double-blind, placebo-controlled trial. Lancet (2012) 380:651-9. doi:10.1016/
$0140-6736(12)60988-X

they are validated in humans. Finally, if ILC2 play a prominent
role in asthma as it is proposed from mouse data, it will be of
crucial importance to rapidly understand the regulation of their
recruitment into the airways, by defining which chemokines,
lipids, and other chemoattractants are promoting their recruit-
ment both in mice and humans, as well as all the receptors
involved in that process.

AUTHOR CONTRIBUTIONS

All the authors listed have made a substantial, direct, and intel-
lectual contribution to the work and approved it for publication.

ACKNOWLEDGMENTS

This work was supported by a grant to ML and NF from the J-D-
Bégin Research Chair. M-CL is supported by a doctoral training
award from the Canadian Institutes of Health Research (CIHR,
GSD-141736). A-SA was supported by a doctoral training
award the Fond de recherche du Québec—Santé (FRQS). M-CL
and A-SA were supported by the CIHR—Québec Respiratory
Health Network Training Program. ML and NF are members
of the inflammation regroupment of the Respiratory Health
Network of the FRQS.

15. Pelaia G, Vatrella A, Maselli R. The potential of biologics for the treatment of
asthma. Nat Rev Drug Discov (2012) 11:958-72. d0i:10.1038/nrd3792

16. Piper E, Brightling C, Niven R, Oh C, Faggioni R, Poon K, et al. A phase II
placebo-controlled study of tralokinumab in moderate-to-severe asthma. Eur
Respir J (2013) 41:330-8. doi:10.1183/09031936.00223411

17. Wenzel S, Ford L, Pearlman D, Spector S, Sher L, Skobieranda F, et al. Dupi-
lumab in persistent asthma with elevated eosinophil levels. N Engl ] Med
(2013) 368:2455-66. doi:10.1056/NEJMoal304048

18. Brightling CE, Chanez P, Leigh R, O’Byrne PM, Korn S, She D, et al. Efficacy
and safety of tralokinumab in patients with severe uncontrolled asthma: a
randomised, double-blind, placebo-controlled, phase 2b trial. Lancet Respir
Med (2015) 3:692-701. doi:10.1016/S2213-2600(15)00197-6

19. Hanania NA, Noonan M, Corren J, Korenblat P, Zheng Y, Fischer SK, et al.
Lebrikizumab in moderate-to-severe asthma: pooled data from two ran-
domised placebo-controlled studies. Thorax (2015) 70:748-56. doi:10.1136/
thoraxjnl-2014-206719

20. Hanania NA, Korenblat P, Chapman KR, Bateman ED, Kopecky P, Paggiaro P,
et al. Efficacy and safety of lebrikizumab in patients with uncontrolled asthma
(LAVOLTA Iand LAVOLTA II): replicate, phase 3, randomised, double-blind,
placebo-controlled trials. Lancet Respir Med (2016) 4:781-96. doi:10.1016/
$2213-2600(16)30265-X

21. Khorasanizadeh M, Eskian M, Assaad AH, Camargo CA Jr, Rezaei N. Efficacy
and safety of benralizumab, a monoclonal antibody against IL-5Ralpha, in
uncontrolled eosinophilic asthma. Int Rev Immunol (2016) 35:294-311.
doi:10.3109/08830185.2015.1128901

22. LiJ,LinC,DuJ,XiaoB,DuC, SunJ,etal. The efficacy and safety of reslizumab for
inadequatelycontrolledasthmawithelevatedblood eosinophil counts:asystem-
aticreviewandmeta-analysis.] Asthma(2017)54:300-7.doi:10.1080/02770903.
2016.1212371

23. Ortega HG, Yancey SW, Mayer B, Gunsoy NB, Keene ON, Bleecker ER, et al.
Severe eosinophilic asthma treated with mepolizumab stratified by baseline
eosinophil thresholds: a secondary analysis of the DREAM and MENSA studies.
Lancet Respir Med (2016) 4(7):549-56. doi:10.1016/S2213-2600(16)30031-5

24. Wenzel S, Castro M, Corren ], Maspero J, Wang L, Zhang B, et al.
Dupilumab efficacy and safety in adults with uncontrolled persistent
asthma despite use of medium-to-high-dose inhaled corticosteroids plus a
long-acting beta2 agonist: a randomised double-blind placebo-controlled

Frontiers in Medicine | www.frontiersin.org

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1586/eci.09.1
https://doi.org/10.1016/j.iac.2016.03.006
https://doi.org/10.1677/joe.0.1780037
https://doi.org/10.1038/nri3807
https://doi.org/10.1056/NEJM200102013440507
https://doi.org/10.1067/mai.2003.94
https://doi.org/10.1016/j.mrfmmm.2009.09.005
https://doi.org/10.1189/jlb.0313127
https://doi.org/10.1056/NEJMoa0808991
https://doi.org/10.7326/0003-4819-152-4-201002160-00008
https://doi.org/10.1056/NEJMoa1106469
https://doi.org/10.1016/S0140-6736(12)60988-X
https://doi.org/10.1016/S0140-6736(12)60988-X
https://doi.org/10.1038/nrd3792
https://doi.org/10.1183/09031936.00223411
https://doi.org/10.1056/NEJMoa1304048
https://doi.org/10.1016/S2213-2600(15)00197-6
https://doi.org/10.1136/thoraxjnl-2014-206719
https://doi.org/10.1136/thoraxjnl-2014-206719
https://doi.org/10.1016/S2213-2600(16)30265-X
https://doi.org/10.1016/S2213-2600(16)30265-X
https://doi.org/10.3109/08830185.2015.1128901
https://doi.org/10.1080/02770903.2016.1212371
https://doi.org/10.1080/02770903.2016.1212371
https://doi.org/10.1016/S2213-2600(16)30031-5

Larose et al.

Mediators Recruiting Eosinophils and ILC2 in Asthma

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

pivotal phase 2b dose-ranging trial. Lancet (2016) 388:31-44. doi:10.1016/
S0140-6736(16)30307-5

Varricchi G, Bagnasco D, Ferrando M, Puggioni F, Passalacqua G, Canonica GW.
Mepolizumab in the management of severe eosinophilic asthma in adults:
current evidence and practical experience. Ther Adv Respir Dis (2017) 11:40-5.
doi:10.1177/1753465816673303

Kay AB. Studies on eosinophil leucocyte migration. I. Eosinophil and neutro-
phil accumulation following antigen-antibody reactions in guinea-pig skin.
Clin Exp Immunol (1970) 6:75-86.

Kay AB. Studies on eosinophil leucocyte migration. II. Factors specifically
chemotactic for eosinophils and neutrophils generated from guinea-pig
serum by antigen-antibody complexes. Clin Exp Immunol (1970) 7:
723-37.

Kay AB, Shin HS, Austen KE Selective attraction of eosinophils and synergism
between eosinophil chemotactic factor of anaphylaxis (ECF-A) and a frag-
ment cleaved from the fifth component of complement (C5a). Immunology
(1973) 24:969-76.

Morita E, Schroder JM, Christophers E. Differential sensitivities of purified
human eosinophils and neutrophils to defined chemotaxins. Scand ] Immunol
(1989) 29:709-16. doi:10.1111/j.1365-3083.1989.tb01175.x

Clark RA, Gallin JI, Kaplan AP. The selective eosinophil chemotactic activity
of histamine. ] Exp Med (1975) 142:1462-76. doi:10.1084/jem.142.6.1462
Turnbull LW, Evans DP, Kay AB. Human eosinophils, acidic tetrapeptides
(ECF-A) and histamine. Interactions in vitro and in vivo. Immmunology (1977)
32:57-63.

Wadee AA, Anderson R, Sher R. In vitro effects of histamine on eosinophil
migration. Int Arch Allergy Appl Immunol (1980) 63:322-9. doi:10.1159/
000232643

O'Reilly M, AlpertR, Jenkinson S, Gladue RP, Foo S, Trim S, et al. Identification
of a histamine H4 receptor on human eosinophils - role in eosinophil che-
motaxis. ] Recept Signal Transduct Res (2002) 22:431-48. doi:10.1081/RRS-
120014612

Ling P, Ngo K, Nguyen S, Thurmond RL, Edwards JP, Karlsson L, et al.
Histamine H4 receptor mediates eosinophil chemotaxis with cell shape change
and adhesion molecule upregulation. Br ] Pharmacol (2004) 142:161-71.
doi:10.1038/s}.bjp.0705899

Wardlaw AJ, Mogbel R, Cromwell O, Kay AB. Platelet-activating factor.
A potent chemotactic and chemokinetic factor for human eosinophils. J Clin
Invest (1986) 78:1701-6. doi:10.1172/JCI112765

Hakansson L, Venge P. Inhibition of neutrophil and eosinophil chemotactic
responses to PAF by the PAF-antagonists WEB-2086, L-652,731, and SRI-
63441. ] Leukoc Biol (1990) 47:449-56.

Erger RA, Casale TB. Comparative studies indicate that platelet-activating
factor is a relatively weak eosinophilotactic mediator. Am ] Respir Cell Mol
Biol (1995) 12:65-70. doi:10.1165/ajrcmb.12.1.7811471

Resnick MB, Colgan SP, Parkos CA, Delp-Archer C, Mcguirk D, Weller PF,
et al. Human eosinophils migrate across an intestinal epithelium in
response to platelet-activating factor. Gastroenterology (1995) 108:409-16.
doi:10.1016/0016-5085(95)90067-5

Erger RA, Casale TB. Eosinophil migration in response to three molecular
species of platelet activating factor. Inflamm Res (1996) 45:265-7. d0i:10.1007/
BF02280988

Okada S, Kita H, George TJ, Gleich GJ, Leiferman KM. Transmigration of
eosinophils through basement membrane components in vitro: syner-
gistic effects of platelet-activating factor and eosinophil-active cytokines.
Am ] Respir Cell Mol Biol (1997) 16:455-63. doi:10.1165/ajrcmb.16.4.
9115757

Guilbert M, Ferland C, Bosse M, Flamand N, Lavigne S, Laviolette M. 5-Oxo-
6,8,11,14-eicosatetraenoic acid induces important eosinophil transmigration
through basement membrane components: comparison of normal and asth-
matic eosinophils. Am ] Respir Cell Mol Biol (1999) 21:97-104. doi:10.1165/
ajrcmb.21.1.3517

Casale TB, Erger RA, Little MM. Platelet-activating factor-induced human
eosinophil transendothelial migration: evidence for a dynamic role of
the endothelium. Am ] Respir Cell Mol Biol (1993) 8:77-82. doi:10.1165/
ajrcmb/8.1.77

O’Flaherty JT, Kuroki M, Nixon AB, Wijkander J, Yee E, Lee SL, et al. 5-
Oxo-eicosatetraenoate is a broadly active, eosinophil-selective stimulus for
human granulocytes. J Immunol (1996) 157:336-42.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Warringa RA, Koenderman L, Kok PT, Kreukniet J, Bruijnzeel PL. Modulation
and induction of eosinophil chemotaxis by granulocyte-macrophage colony-
stimulating factor and interleukin-3. Blood (1991) 77:2694-700.

Warringa RA, Mengelers HJ, Raaijmakers JA, Bruijnzeel PL, Koenderman L.
Upregulation of formyl-peptide and interleukin-8-induced eosinophil
chemotaxis in patients with allergic asthma. J Allergy Clin Immunol (1993)
91:1198-205. doi:10.1016/0091-6749(93)90323-8

Roberts RL, Gallin JI. Rapid method for isolation of normal human peripheral
blood eosinophils on discontinuous Percoll gradients and comparison with
neutrophils. Blood (1985) 65:433-40.

Rot A, Krieger M, Brunner T, Bischoff SC, Schall TJ, Dahinden CA. RANTES
and macrophage inflammatory protein 1 alpha induce the migration and
activation of normal human eosinophil granulocytes. ] Exp Med (1992)
176:1489-95. doi:10.1084/jem.176.6.1489

Dahinden CA, Geiser T, Brunner T, von Tscharner V, Caput D, Ferrara P,
et al. Monocyte chemotactic protein 3 is a most effective basophil- and
eosinophil-activating chemokine. ] Exp Med (1994) 179:751-6. doi:10.1084/
jem.179.2.751

Ebisawa M, Yamada T, Bickel C, Klunk D, Schleimer RP. Eosinophil tran-
sendothelial migration induced by cytokines. III. Effect of the chemokine
RANTES. J Immunol (1994) 153:2153-60.

Noso N, Proost P, Van DJ, Schroder JM. Human monocyte chemotactic
proteins-2 and 3 (MCP-2 and MCP-3) attract human eosinophils and desen-
sitize the chemotactic responses towards RANTES. Biochem Biophys Res
Commun (1994) 200:1470-6. doi:10.1006/bbrc.1994.1616

Weber M, Uguccioni M, Ochensberger B, Baggiolini M, Clark-Lewis I,
Dahinden CA. Monocyte chemotactic protein MCP-2 activates human
basophil and eosinophil leukocytes similar to MCP-3. JImmunol (1995)
154:4166-72.

Kitayama J, Carr MW, Roth SJ, Buccola J, Springer TA. Contrasting responses
to multiple chemotactic stimuli in transendothelial migration: heterologous
desensitization in neutrophils and augmentation of migration in eosinophils.
J Immunol (1997) 158:2340-9.

Stellato C, Collins P, Ponath PD, Soler D, Newman W, La RG, et al. Production
of the novel C-C chemokine MCP-4 by airway cells and comparison of its
biological activity to other C-C chemokines. ] Clin Invest (1997) 99:926-36.
doi:10.1172/JCI119257

Liu L, Zuurbier AE, Mul FP, Verhoeven AJ, Lutter R, Knol EE, et al. Triple role
of platelet-activating factor in eosinophil migration across monolayers of lung
epithelial cells: eosinophil chemoattractant and priming agent and epithelial
cell activator. ] Immunol (1998) 161:3064-70.

Nagase H, Yamaguchi M, Jibiki S, Yamada H, Ohta K, Kawasaki H, et al.
Eosinophil chemotaxis by chemokines: a study by a simple photometric assay.
Allergy (1999) 54:944-50. doi:10.1034/j.1398-9995.1999.00184.x
Shahabuddin S, Ponath P, Schleimer RP. Migration of eosinophils across
endothelial cell monolayers: interactions among IL-5, endothelial-activating
cytokines, and C-C chemokines. J Immunol (2000) 164:3847-54. doi:10.4049/
jimmunol.164.7.3847

Umland SP, Wan Y, Shortall ], Shah H, Jakway J, Garlisi CG, et al. Receptor
reserve analysis of the human CCR3 receptor in eosinophils and CCR3-
transfected cells. J Leukoc Biol (2000) 67:441-7.

Phillips RM, Stubbs VE, Henson MR, Williams TJ, Pease JE, Sabroe I. Variations
in eosinophil chemokine responses: an investigation of CCR1 and CCR3 func-
tion, expression in atopy, and identification of a functional CCR1 promoter.
J Immunol (2003) 170:6190-201. doi:10.4049/jimmunol.170.12.6190
Uguccioni M, Loetscher P, Forssmann U, Dewald B, Li H, Lima SH, et al.
Monocyte chemotactic protein 4 (MCP-4), a novel structural and functional
analogue of MCP-3 and eotaxin. ] Exp Med (1996) 183:2379-84. doi:10.1084/
jem.183.5.2379

Luster AD. Chemokines — chemotactic cytokines that mediate inflammation.
N Engl ] Med (1998) 338:436-45. doi:10.1056/NEJM199802123380706

Jose PJ, Adcock IM, Griffiths-Johnson DA, Berkman N, Wells TN, Williams TJ,
etal. Eotaxin: cloning of an eosinophil chemoattractant cytokine and increased
mRNA expression in allergen-challenged guinea-pig lungs. Biochem Biophys
Res Commun (1994) 205:788-94. doi:10.1006/bbrc.1994.2734

Jose PJ, Griffiths-Johnson DA, Collins PD, Walsh DT, Mogbel R, Totty NE,
et al. Eotaxin: a potent eosinophil chemoattractant cytokine detected in
a guinea pig model of allergic airways inflammation. JExp Med (1994)
179:881-7. doi:10.1084/jem.179.3.881

Frontiers in Medicine | www.frontiersin.org

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1016/S0140-6736(16)30307-5
https://doi.org/10.1016/S0140-6736(16)30307-5
https://doi.org/10.1177/1753465816673303
https://doi.org/10.1111/j.1365-3083.1989.tb01175.x
https://doi.org/10.1084/jem.142.6.1462
https://doi.org/10.1159/000232643
https://doi.org/10.1159/000232643
https://doi.org/10.1081/RRS-120014612
https://doi.org/10.1081/RRS-120014612
https://doi.org/10.1038/sj.bjp.0705899
https://doi.org/10.1172/JCI112765
https://doi.org/10.1165/ajrcmb.12.1.7811471
https://doi.org/10.1016/0016-5085(95)90067-5
https://doi.org/10.1007/BF02280988
https://doi.org/10.1007/BF02280988
https://doi.org/10.1165/ajrcmb.16.4.
9115757
https://doi.org/10.1165/ajrcmb.16.4.
9115757
https://doi.org/10.1165/ajrcmb.21.1.3517
https://doi.org/10.1165/ajrcmb.21.1.3517
https://doi.org/10.1165/ajrcmb/8.1.77
https://doi.org/10.1165/ajrcmb/8.1.77
https://doi.org/10.1016/0091-6749(93)90323-8
https://doi.org/10.1084/jem.176.6.1489
https://doi.org/10.1084/jem.179.2.751
https://doi.org/10.1084/jem.179.2.751
https://doi.org/10.1006/bbrc.1994.1616
https://doi.org/10.1172/JCI119257
https://doi.org/10.1034/j.1398-9995.1999.00184.x
https://doi.org/10.4049/jimmunol.164.7.3847
https://doi.org/10.4049/jimmunol.164.7.3847
https://doi.org/10.4049/jimmunol.170.12.6190
https://doi.org/10.1084/jem.183.5.2379
https://doi.org/10.1084/jem.183.5.2379
https://doi.org/10.1056/NEJM199802123380706
https://doi.org/10.1006/bbrc.1994.2734
https://doi.org/10.1084/jem.179.3.881

Larose et al.

Mediators Recruiting Eosinophils and ILC2 in Asthma

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Garcia-Zepeda EA, Rothenberg ME, Ownbey RT, Celestin ], Leder P, Luster AD.
Human eotaxin is a specific chemoattractant for eosinophil cells and provides
a new mechanism to explain tissue eosinophilia. Nat Med (1996) 2:449-56.
doi:10.1038/nm0496-449

Kikuchi I, Kikuchi S, Kobayashi T, Hagiwara K, Sakamoto Y, Kanazawa M,
et al. Eosinophil trans-basement membrane migration induced by interleukin-
8 and neutrophils. Am ] Respir Cell Mol Biol (2006) 34:760-5. doi:10.1165/
rcmb.2005-03030C

Provost V, Larose MC, Langlois A, Rola-Pleszczynski M, Flamand N,
Laviolette M. CCL26/eotaxin-3 is more effective to induce the migration
of eosinophils of asthmatics than CCL11/eotaxin-1 and CCL24/eotaxin-2.
J Leukoc Biol (2013) 94:213-22. doi:10.1189/j1b.0212074

Larose MC, Turcotte C, Chouinard E, Ferland C, Martin C, Provost V, et al.
Mechanisms of human eosinophil migration induced by the combination
of IL-5 and the endocannabinoid 2-arachidonoyl-glycerol. ] Allergy Clin
Immunol (2014) 133:1480-2.e1481-1483. doi:10.1016/j.jaci.2013.12.1081
Forssmann U, Uguccioni M, Loetscher P, Dahinden CA, Langen H, Thelen M,
et al. Eotaxin-2, a novel CC chemokine that is selective for the chemokine
receptor CCR3, and acts like eotaxin on human eosinophil and basophil
leukocytes. ] Exp Med (1997) 185:2171-6. doi:10.1084/jem.185.12.2171
Kitaura M, Suzuki N, Imai T, Takagi S, Suzuki R, Nakajima T, et al. Molecular
cloning of a novel human CC chemokine (Eotaxin-3) thatis a functional ligand
of CC chemokine receptor 3. ] Biol Chem (1999) 274:27975-80. doi:10.1074/
jbc.274.39.27975

Shinkai A, Yoshisue H, Koike M, Shoji E, Nakagawa S, Saito A, et al. A novel
human CC chemokine, eotaxin-3, which is expressed in IL-4-stimulated vas-
cular endothelial cells, exhibits potent activity toward eosinophils. J Immunol
(1999) 163:1602-10.

Blanchard C, Wang N, Stringer KF, Mishra A, Fulkerson PC, Abonia JP, et al.
Eotaxin-3 and a uniquely conserved gene-expression profile in eosinophilic
esophagitis. ] Clin Invest (2006) 116:536-47. doi:10.1172/JCI26679

Polzer K, Karonitsch T, Neumann T, Eger G, Haberler C, Soleiman A, et al.
Eotaxin-3 is involved in Churg-Strauss syndrome - a serum marker closely
correlating with disease activity. Rheumatology (Oxford) (2008) 47:804-8.
doi:10.1093/rheumatology/ken033

Powell WS, Chung D, Gravel S. 5-Ox0-6,8,11,14-eicosatetraenoic acid is
a potent stimulator of human eosinophil migration. ] Immunol (1995)
154:4123-32.

Powell WS, Gravel S, Gravelle FE Formation of a 5-oxo metabolite of
5,8,11,14,17-eicosapentaenoic acid and its effects on human neutrophils and
eosinophils. J Lipid Res (1995) 36:2590-8.

Spada CS, Krauss AH, Nieves AL, Woodward DFE Effects of leukotrienes B4
(LTB4) and D4 (LTD4) on muotility of isolated normodense human eosino-
phils and neutrophils. Adv Exp Med Biol (1997) 400B:699-706.

Ohshima N, Nagase H, Koshino T, Miyamasu M, Yamaguchi M, Hirai K, et al.
A functional study on CysLT(1) receptors in human eosinophils. Int Arch
Allergy Immunol (2002) 129:67-75. doi:10.1159/000065175

Saito K, Nagata M, Kikuchi I, Sakamoto Y. Leukotriene D4 and eosinophil
transendothelial migration, superoxide generation, and degranulation via
beta2 integrin. Ann Allergy Asthma Immunol (2004) 93:594-600. doi:10.1016/
$1081-1206(10)61269-0

Nagata M, Saito K, Kikuchi I, Hagiwara K, Kanazawa M. Effect of the cys-
teinyl leukotriene antagonist pranlukast on transendothelial migration of
eosinophils. Int Arch Allergy Immunol (2005) 137(Suppl 1):2-6. doi:10.1159/
000085424

Hemelaers L, Henket M, Sele ], Bureau F, Louis R. Cysteinyl-leukotrienes
contribute to sputum eosinophil chemotactic activity in asthmatics. Allergy
(2006) 61:136-9. doi:10.1111/j.1398-9995.2006.00993.x

Fregonese L, Silvestri M, Sabatini F, Rossi GA. Cysteinyl leukotrienes induce
human eosinophil locomotion and adhesion molecule expression via a
CysLT1 receptor-mediated mechanism. Clin Exp Allergy (2002) 32:745-50.
doi:10.1046/j.1365-2222.2002.01384.x

Nagase H, Miyamasu M, Yamaguchi M, Fujisawa T, Ohta K, Yamamoto K,
et al. Expression of CXCR4 in eosinophils: functional analyses and cytokine-
mediated regulation. J Immunol (2000) 164:5935-43. doi:10.4049/jimmunol.
164.11.5935

Smith SG, Imaoka H, Punia N, Irshad A, Janssen LL, Sehmi R, et al. The effect
of PPAR agonists on the migration of mature and immature eosinophils. PPAR
Res (2012) 2012:235231. doi:10.1155/2012/235231

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Hirai H, Tanaka K, Yoshie O, Ogawa K, Kenmotsu K, Takamori Y, et al.
Prostaglandin D2 selectively induces chemotaxis in T helper type 2 cells,
eosinophils, and basophils via seven-transmembrane receptor CRTH2. J Exp
Med (2001) 193:255-61. d0i:10.1084/jem.193.2.255

Kupczyk M, Kuna P. Targeting the PGD2/CRTH2/DP1 signaling pathway
in asthma and allergic disease: current status and future perspectives. Drugs
(2017) 77(12):1281-94. doi:10.1007/s40265-017-0777-2

Gervais FG, Cruz RP, Chateauneuf A, Gale S, Sawyer N, Nantel F, et al. Selective
modulation of chemokinesis, degranulation, and apoptosis in eosinophils
through the PGD2 receptors CRTH2 and DP. ] Allergy Clin Immunol (2001)
108:982-8. d0i:10.1067/mai.2001.119919

Heinemann A, Schuligoi R, Sabroe I, Hartnell A, Peskar BA. Delta 12-
prostaglandin J2, a plasma metabolite of prostaglandin D2, causes eosinophil
mobilization from the bone marrow and primes eosinophils for chemotaxis.
J Immunol (2003) 170:4752-8. doi:10.4049/jimmunol.170.9.4752

Bohm E, Sturm GJ, Weiglhofer I, Sandig H, Shichijo M, Mcnamee A, et al.
11-Dehydro-thromboxane B2, a stable thromboxane metabolite, is a full
agonist of chemoattractant receptor-homologous molecule expressed on
TH2 cells (CRTH2) in human eosinophils and basophils. J Biol Chem (2004)
279:7663-70. d0i:10.1074/jbc.M310270200

Schratl P, Sturm EM, Royer JE Sturm GJ, Lippe I'T, Peskar BA, et al. Hierarchy
of eosinophil chemoattractants: role of p38 mitogen-activated protein kinase.
Eur ] Immunol (2006) 36:2401-9. doi:10.1002/ji.200535672

Chiba T, Ueki S, Ito W, Kato H, Kamada R, Takeda M, et al. The opposing
role of two prostaglandin D2 receptors, DP and CRTH2, in human eosinophil
migration. Ann Allergy Asthma Immunol (2011) 106:511-7. doi:10.1016/j.anai.
2011.01.027

Oka S, Ikeda S, Kishimoto S, Gokoh M, Yanagimoto S, Waku K, et al. 2-
arachidonoylglycerol, an endogenous cannabinoid receptor ligand, induces
the migration of EoL-1 human eosinophilic leukemia cells and human
peripheral blood eosinophils. ] Leukoc Biol (2004) 76:1002-9. doi:10.1189/
jlb.0404252

Kishimoto S, Oka S, Gokoh M, Sugiura T. Chemotaxis of human peripheral
blood eosinophils to 2-arachidonoylglycerol: comparison with other eosin-
ophil chemoattractants. Int Arch Allergy Immunol (2006) 140(Suppl 1):3-7.
doi:10.1159/000092704

Frei RB, Luschnig P, Parzmair GP, Peinhaupt M, Schranz S, Fauland A, et al.
Cannabinoid receptor 2 augments eosinophil responsiveness and aggravates
allergen-induced pulmonary inflammation in mice. Allergy (2016) 71:944-56.
doi:10.1111/all.12858

Larose MC, Chakir J, Archambault AS, Joubert P, Provost V, Laviolette M,
et al. Correlation between CCL26 production by human bronchial epithelial
cells and airway eosinophils: involvement in patients with severe eosino-
philic asthma. ] Allergy Clin Immunol (2015) 136:904-13. doi:10.1016/j.
jaci.2015.02.039

Alam R, York J, Boyars M, Stafford S, Grant JA, Lee ], et al. Increased MCP-1,
RANTES, and MIP-1lalpha in bronchoalveolar lavage fluid of allergic asth-
matic patients. Am J Respir Crit Care Med (1996) 153:1398-404. doi:10.1164/
ajrccm.153.4.8616572

Powell N, Humbert M, Durham SR, Assoufi B, Kay AB, Corrigan CJ. Increased
expression of mRNA encoding RANTES and MCP-3 in the bronchial mucosa
in atopic asthma. Eur Respir J (1996) 9:2454-60. doi:10.1183/09031936.
96.09122454

Humbert M, Ying S, Corrigan C, Menz G, Barkans ], Pfister R, et al.
Bronchial mucosal expression of the genes encoding chemokines RANTES
and MCP-3 in symptomatic atopic and nonatopic asthmatics: relationship to
the eosinophil-active cytokines interleukin (IL)-5, granulocyte macrophage-
colony-stimulating factor, and IL-3. Am ] Respir Cell Mol Biol (1997) 16:1-8.
doi:10.1165/ajrcmb.16.1.8998072

Lamkhioued B, Renzi PM, Abi-Younes S, Garcia-Zepada EA, Allakhverdi Z,
Ghaffar O, et al. Increased expression of eotaxin in bronchoalveolar lavage and
airways of asthmatics contributes to the chemotaxis of eosinophils to the site
of inflammation. J Immunol (1997) 159:4593-601.

Mattoli S, Stacey MA, Sun G, Bellini A, Marini M. Eotaxin expression and
eosinophilic inflammation in asthma. Biochem Biophys Res Commun (1997)
236:299-301. doi:10.1006/bbrc.1997.6958

Nakamura H, Weiss ST, Israel E, Luster AD, Drazen JM, Lilly CM. Eotaxin
and impaired lung function in asthma. Am ] Respir Crit Care Med (1999)
160:1952-6. doi:10.1164/ajrccm.160.6.9811089

Frontiers in Medicine | www.frontiersin.org

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1038/nm0496-449
https://doi.org/10.1165/rcmb.2005-0303OC
https://doi.org/10.1165/rcmb.2005-0303OC
https://doi.org/10.1189/jlb.0212074
https://doi.org/10.1016/j.jaci.2013.12.1081
https://doi.org/10.1084/jem.185.12.2171
https://doi.org/10.1074/jbc.274.39.27975
https://doi.org/10.1074/jbc.274.39.27975
https://doi.org/10.1172/JCI26679
https://doi.org/10.1093/rheumatology/ken033
https://doi.org/10.1159/000065175
https://doi.org/10.1016/S1081-1206(10)61269-0
https://doi.org/10.1016/S1081-1206(10)61269-0
https://doi.org/10.1159/000085424
https://doi.org/10.1159/000085424
https://doi.org/10.1111/j.1398-9995.2006.00993.x
https://doi.org/10.1046/j.1365-2222.2002.01384.x
https://doi.org/10.4049/jimmunol.164.11.5935
https://doi.org/10.4049/jimmunol.164.11.5935
https://doi.org/10.1155/2012/235231
https://doi.org/10.1084/jem.193.2.255
https://doi.org/10.1007/s40265-017-0777-2
https://doi.org/10.1067/mai.2001.119919
https://doi.org/10.4049/jimmunol.170.9.4752
https://doi.org/10.1074/jbc.M310270200
https://doi.org/10.1002/eji.200535672
https://doi.org/10.1016/j.anai.2011.01.027
https://doi.org/10.1016/j.anai.2011.01.027
https://doi.org/10.1189/jlb.0404252
https://doi.org/10.1189/jlb.0404252
https://doi.org/10.1159/000092704
https://doi.org/10.1111/all.12858
https://doi.org/10.1016/j.jaci.2015.02.039
https://doi.org/10.1016/j.jaci.2015.02.039
https://doi.org/10.1164/ajrccm.153.4.8616572
https://doi.org/10.1164/ajrccm.153.4.8616572
https://doi.org/10.1183/09031936.96.09122454
https://doi.org/10.1183/09031936.96.09122454
https://doi.org/10.1165/ajrcmb.16.1.8998072
https://doi.org/10.1006/bbrc.1997.6958
https://doi.org/10.1164/ajrccm.160.6.9811089

Larose et al.

Mediators Recruiting Eosinophils and ILC2 in Asthma

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Taha RA, Minshall EM, Miotto D, Shimbara A, Luster A, Hogg JC, et al.
Eotaxin and monocyte chemotactic protein-4 mRNA expression in small
airways of asthmatic and nonasthmatic individuals. J Allergy Clin Immunol
(1999) 103:476-83. doi:10.1016/S0091-6749(99)70474-4

Ying S, Meng Q, Zeibecoglou K, Robinson DS, Macfarlane A, Humbert M,
et al. Eosinophil chemotactic chemokines (eotaxin, eotaxin-2, RANTES,
monocyte chemoattractant protein-3 (MCP-3), and MCP-4), and C-C
chemokine receptor 3 expression in bronchial biopsies from atopic and
nonatopic (Intrinsic) asthmatics. J Immunol (1999) 163:6321-9.

Jahnz-Ro YK, Plusa T, Mierzejewska J. Eotaxin in serum of patients with
asthma or chronic obstructive pulmonary disease: relationship with eosino-
phil cationic protein and lung function. Mediators Inflamm (2000) 9:175-9.
doi:10.1080/09629350020008691

Yamada H, Yamaguchi M, Yamamoto K, Nakajima T, Hirai K, Morita Y,
et al. Eotaxin in induced sputum of asthmatics: relationship with eosino-
phils and eosinophil cationic protein in sputum. Allergy (2000) 55:392-7.
doi:10.1034/j.1398-9995.2000.00474.x

Berkman N, Ohnona S, Chung FK, Breuer R. Eotaxin-3 but not eotaxin gene
expression is upregulated in asthmatics 24 hours after allergen challenge.
Am ] Respir Cell Mol Biol (2001) 24:682-7. doi:10.1165/ajrcmb.24.6.4301
Lilly CM, Nakamura H, Belostotsky OI, Haley KJ, Garcia-Zepeda EA,
Luster AD, et al. Eotaxin expression after segmental allergen challenge in
subjects with atopic asthma. Am J Respir Crit Care Med (2001) 163:1669-75.
doi:10.1164/ajrccm.163.7.9812044

Taha RA, Laberge S, Hamid Q, Olivenstein R. Increased expression of the
chemoattractant cytokines eotaxin, monocyte chemotactic protein-4,
and interleukin-16 in induced sputum in asthmatic patients. Chest (2001)
120:595-601. doi:10.1378/chest.120.2.595

Komiya A, Nagase H, Yamada H, Sekiya T, Yamaguchi M, Sano Y, et al.
Concerted expression of eotaxin-1, eotaxin-2, and eotaxin-3 in human
bronchial epithelial cells. Cell Immunol (2003) 225:91-100. doi:10.1016/j.
cellimm.2003.10.001

Feltis BN, Reid DW, Ward C, Walters EH. BAL eotaxin and IL-5 in asthma,
and the effects of inhaled corticosteroid and beta2 agonist. Respirology (2004)
9:507-13. doi:10.1111/j.1440-1843.2004.00624.x

Hadjicharalambous C, Dent G, May RD, Handy RL, Anderson IK, Davies DE,
et al. Measurement of eotaxin (CCL11) in induced sputum supernatants:
validation and detection in asthma. J Allergy Clin Immunol (2004) 113:
657-62. doi:10.1016/j.jaci.2004.01.757

Azazi EA, Bakir SM, Mohtady HA, Almonem AA. Circulating chemokine
eotaxin and chemokine receptor CCR3 in allergic patients. Egypt J Immunol
(2007) 14:73-82.

Scheicher ME, Teixeira MM, Cunha FQ, Teixeira AL Jr, Filho JT, Vianna EO.
Eotaxin-2 in sputum cell culture to evaluate asthma inflammation. Eur Respir
] (2007) 29:489-95. doi:10.1183/09031936.00060205

Xu J, Jiang E, Nayeri F, Zetterstrom O. Apoptotic eosinophils in sputum
from asthmatic patients correlate negatively with levels of IL-5 and eotaxin.
Respir Med (2007) 101:1447-54. doi:10.1016/j.rmed.2007.01.026

Kim HB, Kim CK, Iijima K, Kobayashi T, Kita H. Protein microarray analysis
in patients with asthma: elevation of the chemokine PARC/CCLI18 in spu-
tum. Chest (2009) 135:295-302. doi:10.1378/chest.08-0962

Kim CK, Choi ], Callaway Z, Iijima K, Volcheck G, Kita H. Increases in airway
eosinophilia and a th1 cytokine during the chronic asymptomatic phase of
asthma. Respir Med (2010) 104:1436-43. doi:10.1016/j.rmed.2010.03.023
Saad-El-Din BS, Abo El-Magd GH, Mabrouk MM. Serum chemokines
RANTES and monocyte chemoattractant protein-1 in Egyptian patients with
atopic asthma: relationship to disease severity. Arch Med Res (2012) 43:36-41.
doi:10.1016/j.arcmed.2012.01.009

Hosoki K, Ying S, Corrigan C, Qi H, Kurosky A, Jennings K, et al. Analysis
of a panel of 48 cytokines in BAL fluids specifically identifies IL-8 levels as
the only cytokine that distinguishes controlled asthma from uncontrolled
asthma, and correlates inversely with FEV1. PLoS One (2015) 10:e0126035.
doi:10.1371/journal.pone.0126035

Konno S, Gonokami Y, Kurokawa M, Kawazu K, Asano K, Okamoto K, et al.
Cytokine concentrations in sputum of asthmatic patients. Int Arch Allergy
Immunol (1996) 109:73-8. doi:10.1159/000237234

Romagnoli M, Vachier I, Tarodo DLE, Meziane H, Chavis C, Bousquet ],
et al. Eosinophilic inflammation in sputum of poorly controlled asthmatics.
Eur Respir ] (2002) 20:1370-7. doi:10.1183/09031936.02.00029202

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Lilly CM, Woodruff PG, Camargo CA Jr, Nakamura H, Drazen JM, Nadel ES,
et al. Elevated plasma eotaxin levels in patients with acute asthma. J Allergy
Clin Immunol (1999) 104:786-90. doi:10.1016/S0091-6749(99)70288-5
Park SW, Kim DJ, Chang HS, Park SJ, Lee YM, Park JS, et al. Association of
interleukin-5 and eotaxin with acute exacerbation of asthma. Int Arch Allergy
Immunol (2003) 131:283-90. doi:10.1159/000072140

Daldegan MB, Teixeira MM, Talvani A. Concentration of CCL11, CXCL8
and TNF-alpha in sputum and plasma of patients undergoing asthma or
chronic obstructive pulmonary disease exacerbation. Braz | Med Biol Res
(2005) 38:1359-65. d0i:10.1590/S0100-879X2005000900010

Coleman JM, Naik C, Holguin F, Ray A, Ray P, Trudeau JB, et al. Epithelial
eotaxin-2 and eotaxin-3 expression: relation to asthma severity, luminal
eosinophilia and age at onset. Thorax (2012) 67:1061-6. doi:10.1136/
thoraxjnl-2012-201634

Teran LM, Noso N, Carroll M, Davies DE, Holgate S, Schroder JM. Eosinophil
recruitment following allergen challenge is associated with the release of the
chemokine RANTES into asthmatic airways. J Immunol (1996) 157:1806-12.
Sur S, Kita H, Gleich GJ, Chenier TC, Hunt LW. Eosinophil recruitment
is associated with IL-5, but not with RANTES, twenty-four hours after
allergen challenge. ] Allergy Clin Immunol (1996) 97:1272-8. doi:10.1016/
S0091-6749(96)70195-1

Brown JR, Kleimberg J, Marini M, Sun G, Bellini A, Mattoli S. Kinetics of
eotaxin expression and its relationship to eosinophil accumulation and acti-
vation in bronchial biopsies and bronchoalveolar lavage (BAL) of asthmatic
patients after allergen inhalation. Clin Exp Immunol (1998) 114:137-46.
doi:10.1046/j.1365-2249.1998.00688.x

Zeibecoglou K, Macfarlane AJ, Ying S, Meng Q, Pavord I, Barnes NC, et al.
Increases in eotaxin-positive cells in induced sputum from atopic asthmatic
subjects after inhalational allergen challenge. Allergy (1999) 54:730-5.
doi:10.1034/j.1398-9995.1999.00058.x

Ravensberg AJ, Ricciardolo FL, Van SA, Rabe KF, Sterk PJ, Hiemstra PS, et al.
Eotaxin-2 and eotaxin-3 expression is associated with persistent eosinophilic
bronchial inflammation in patients with asthma after allergen challenge.
J Allergy Clin Immunol (2005) 115:779-85. doi:10.1016/j.jaci.2004.11.045
Ferland C, Guilbert M, Davoine F, Flamand N, Chakir J, Laviolette M.
Eotaxin promotes eosinophil transmigration via the activation of the
plasminogen-plasmin system. ] Leukoc Biol (2001) 69:772-8.

Berkman N, Krishnan VL, Gilbey T, Newton R, O’Connor B, Barnes PJ,
et al. Expression of RANTES mRNA and protein in airways of patients with
mild asthma. Am J Respir Crit Care Med (1996) 154:1804-11. doi:10.1164/
ajrccm.154.6.8970374

Fahy JV, Figueroa DJ, Wong HH, Liu JT, Abrams JS. Similar RANTES levels
in healthy and asthmatic airways by immunoassay and in situ hybridization.
Am ] Respir Crit Care Med (1997) 155:1095-100. doi:10.1164/ajrccm.155.
3.9116993

Lamkhioued B, Garcia-Zepeda EA, Abi-Younes S, Nakamura H, Jedrzkiewicz S,
Wagner L, et al. Monocyte chemoattractant protein (MCP)-4 expression
in the airways of patients with asthma. Induction in epithelial cells and
mononuclear cells by proinflammatory cytokines. Am J Respir Crit Care Med
(2000) 162:723-32. d0i:10.1164/ajrccm.162.2.9901080

Kalayci O, Sonna LA, Woodruff PG, Camargo CA Jr, Luster AD, Lilly CM.
Monocyte chemotactic protein-4 (MCP-4; CCL-13): a biomarker of asthma.
J Asthma (2004) 41:27-33. doi:10.1081/JAS-120024590

Dajani R, Al-Haj Ali E, Dajani B. Macrophage colony stimulating factor and
monocyte chemoattractant protein 2 are elevated in intrinsic asthmatics.
Cytokine (2011) 56:641-7. doi:10.1016/j.cyt0.2011.08.040

Hoshino M, Aoike N, Takahashi M, Nakamura Y, Nakagawa T. Increased
immunoreactivity of stromal cell-derived factor-1 and angiogenesis in
asthma. Eur Respir ] (2003) 21:804-9. doi:10.1183/09031936.03.00082002
Negrete-Garcia MC, Velazquez JR, Popoca-Coyotl A, Montes-Vizuet AR,
Juarez-Carvajal E, Teran LM. Chemokine (C-X-C motif) ligand 12/stromal
cell-derived factor-1 is associated with leukocyte recruitment in asthma.
Chest (2010) 138:100-6. doi:10.1378/chest.09-2104

Nakamura Y, Hoshino M, Sim JJ, Ishii K, Hosaka K, Sakamoto T. Effect of
the leukotriene receptor antagonist pranlukast on cellular infiltration in
the bronchial mucosa of patients with asthma. Thorax (1998) 53:835-41.
doi:10.1136/thx.53.10.835

Reiss TE, Chervinsky P, Dockhorn R], Shingo S, Seidenberg B, Edwards TB.
Montelukast, a once-daily leukotriene receptor antagonist, in the treatment

Frontiers in Medicine | www.frontiersin.org

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1016/S0091-6749(99)70474-4
https://doi.org/10.1080/09629350020008691
https://doi.org/10.1034/j.1398-9995.2000.00474.x
https://doi.org/10.1165/ajrcmb.24.6.4301
https://doi.org/10.1164/ajrccm.163.7.9812044
https://doi.org/10.1378/chest.120.2.595
https://doi.org/10.1016/j.cellimm.2003.10.001
https://doi.org/10.1016/j.cellimm.2003.10.001
https://doi.org/10.1111/j.1440-1843.2004.00624.x
https://doi.org/10.1016/j.jaci.2004.01.757
https://doi.org/10.1183/09031936.00060205
https://doi.org/10.1016/j.rmed.2007.01.026
https://doi.org/10.1378/chest.08-0962
https://doi.org/10.1016/j.rmed.2010.03.023
https://doi.org/10.1016/j.arcmed.2012.01.009
https://doi.org/10.1371/journal.pone.0126035
https://doi.org/10.1159/000237234
https://doi.org/10.1183/09031936.02.00029202
https://doi.org/10.1016/S0091-6749(99)70288-5
https://doi.org/10.1159/000072140
https://doi.org/10.1590/S0100-879X2005000900010
https://doi.org/10.1136/thoraxjnl-2012-201634
https://doi.org/10.1136/thoraxjnl-2012-201634
https://doi.org/10.1016/S0091-6749(96)70195-1
https://doi.org/10.1016/S0091-6749(96)70195-1
https://doi.org/10.1046/j.1365-2249.1998.00688.x
https://doi.org/10.1034/j.1398-9995.1999.00058.x
https://doi.org/10.1016/j.jaci.2004.11.045
https://doi.org/10.1164/ajrccm.154.6.8970374
https://doi.org/10.1164/ajrccm.154.6.8970374
https://doi.org/10.1164/ajrccm.155.3.9116993
https://doi.org/10.1164/ajrccm.155.3.9116993
https://doi.org/10.1164/ajrccm.162.2.9901080
https://doi.org/10.1081/JAS-120024590
https://doi.org/10.1016/j.cyto.2011.08.040
https://doi.org/10.1183/09031936.03.00082002
https://doi.org/10.1378/chest.09-2104
https://doi.org/10.1136/thx.53.10.835

Larose et al.

Mediators Recruiting Eosinophils and ILC2 in Asthma

137.

138.

139.

140.

141.

142.

143.

144.

146.

147.

148.

149.

150.

151.

152.

153.

of chronic asthma: a multicenter, randomized, double-blind trial. Montelukast
clinical research study group. Arch Intern Med (1998) 158:1213-20.
doi:10.1001/archinte.158.11.1213

Diamant Z, Grootendorst DC, Veselic-Charvat M, Timmers MC, De SM,
Leff JA, et al. The effect of montelukast (MK-0476), a cysteinyl leukotriene
receptor antagonist, on allergen-induced airway responses and sputum cell
counts in asthma. Clin Exp Allergy (1999) 29:42-51. doi:10.1046/j.1365-
2222.1999.00447.x

Pizzichini E, LeffJA, Reiss TE, Hendeles L, Boulet LP, Wei LX, et al. Montelukast
reduces airway eosinophilic inflammation in asthma: a randomized, controlled
trial. Eur Respir J (1999) 14:12-8. d0i:10.1034/j.1399-3003.1999.14a04.x
Yoshida S, Ishizaki Y, Shoji T, Onuma K, Nakagawa H, Nakabayashi M, et al.
Effect of pranlukast on bronchial inflammation in patients with asthma.
Clin Exp Allergy (2000) 30:1008-14. doi:10.1046/j.1365-2222.2000.00834.x
Yamauchi K, Tanifuji Y, Pan LH, Yoshida T, Sakurai S, Goto S, et al. Effects
of pranlukast, a leukotriene receptor antagonist, on airway inflammation in
mild asthmatics. J Asthma (2001) 38:51-7. doi:10.1081/JAS-100000021
Minoguchi K, Kohno Y, Minoguchi H, Kihara N, Sano Y, Yasuhara H, et al.
Reduction of eosinophilic inflammation in the airways of patients with asthma
using montelukast. Chest (2002) 121:732-8. doi:10.1378/chest.121.3.732
Horiguchi T, Tachikawa S, Kondo R, Miyazaki J, Shiga M, Hirose M, et al.
Comparative evaluation of the leukotriene receptor antagonist pranlukast
versus the steroid inhalant fluticasone in the therapy of aged patients with
mild bronchial asthma. Arzneimittelforschung (2007) 57:87-91. d0i:10.1055/
5-0031-1296588

Tamaoki J, Isono K, Taira M, Tagaya E, Nakata J, Kawatani K, et al. Role of
regular treatment with inhaled corticosteroid or leukotriene receptor antag-
onist in mild intermittent asthma. Allergy Asthma Proc (2008) 29:189-96.
doi:10.2500/aap.2008.29.3100

Ramsay CFE Sullivan P, Gizycki M, Wang D, Swern AS, Barnes NC, et al.
Montelukast and bronchial inflammation in asthma: a randomised,
double-blind placebo-controlled trial. Respir Med (2009) 103:995-1003.
doi:10.1016/j.rmed.2009.01.019

. Shindo K, Matsumoto Y, Hirai Y, Sumitomo M, Amano T, Miyakawa K,

et al. Measurement of leukotriene B4 in arterial blood of asthmatic patients
during wheezing attacks. J Intern Med (1990) 228:91-6. doi:10.1111/j.1365-
2796.1990.tb00200.x

Sampson AP, Castling DP, Green CP, Price JE. Persistent increase in plasma
and urinary leukotrienes after acute asthma. Arch Dis Child (1995) 73:221-5.
doi:10.1136/adc.73.3.221

Kazani S, Planaguma A, Ono E, Bonini M, Zahid M, Marigowda G, et al.
Exhaled breath condensate eicosanoid levels associate with asthma and
its severity. J Allergy Clin Immunol (2013) 132:547-53. doi:10.1016/j.jaci.
2013.01.058

Evans DJ, Barnes PJ, Spaethe SM, Van Alstyne EL, Mitchell MI, O’Connor BJ.
Effect of a leukotriene B4 receptor antagonist, LY293111, on allergen
induced responses in asthma. Thorax (1996) 51:1178-84. doi:10.1136/thx.
51.12.1178

Wenzel SE, Westcott JY, Larsen GL. Bronchoalveolar lavage fluid mediator
levels 5 minutes after allergen challenge in atopic subjects with asthma:
relationship to the development of late asthmatic responses. J Allergy Clin
Immunol (1991) 87:540-8. doi:10.1016/0091-6749(91)90013-E

Pavord ID, Ward R, Woltmann G, Wardlaw AJ, Sheller JR, Dworski R.
Induced sputum eicosanoid concentrations in asthma. Am J Respir Crit Care
Med (1999) 160:1905-9. doi:10.1164/ajrccm.160.6.9903114

Balzar S, Fajt ML, Comhair SA, Erzurum SC, Bleecker E, Busse WW, et al.
Mast cell phenotype, location, and activation in severe asthma. Data from
the severe asthma research program. Am ] Respir Crit Care Med (2011)
183:299-309. d0i:10.1164/rccm.201002-02950C

Fajt ML, Gelhaus SL, Freeman B, Uvalle CE, Trudeau JB, Holguin F, et al.
Prostaglandin D(2) pathway upregulation: relation to asthma severity,
control, and TH2 inflammation. J Allergy Clin Immunol (2013) 131:1504-12.
do0i:10.1016/j.jaci.2013.01.035

Liu MC, Hubbard WC, Proud D, Stealey BA, Galli S], Kagey-Sobotka A, et al.
Immediate and late inflammatory responses to ragweed antigen challenge
of the peripheral airways in allergic asthmatics. Cellular, mediator, and
permeability changes. Am Rev Respir Dis (1991) 144:51-8. doi:10.1164/
ajrccm/144.1.51

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Nowak D, Grimminger E Jorres R, Oldigs M, Rabe KE Seeger W, et al.
Increased LTB4 metabolites and PGD2 in BAL fluid after methacholine
challenge in asthmatic subjects. Eur Respir ] (1993) 6:405-12.

Barnes N, Pavord I, Chuchalin A, Bell J, Hunter M, Lewis T, et al. A ran-
domized, double-blind, placebo-controlled study of the CRTH2 antagonist
0C000459 in moderate persistent asthma. Clin Exp Allergy (2012) 42:38-48.
doi:10.1111/.1365-2222.2011.03813.x

Pettipher R, Hunter MG, Perkins CM, Collins LP, Lewis T, Baillet M,
et al. Heightened response of eosinophilic asthmatic patients to the
CRTH2 antagonist OC000459. Allergy (2014) 69:1223-32. doi:10.1111/
all.12451

Krug N, Tschernig T, Erpenbeck V], Hohlfeld JM, Kohl J. Complement
factors C3a and Cba are increased in bronchoalveolar lavage fluid after seg-
mental allergen provocation in subjects with asthma. Am ] Respir Crit Care
Med (2001) 164:1841-3. doi:10.1164/ajrccm.164.10.2010096

Marc MM, Korosec P, Kosnik M, Kern I, Flezar M, Suskovic S, et al.
Complement factors c3a, c4a, and c5a in chronic obstructive pulmonary
disease and asthma. Am ] Respir Cell Mol Biol (2004) 31:216-9. doi:10.1165/
rcmb.2003-03940C

Hasegawa K, Tamari M, Shao C, Shimizu M, Takahashi N, Mao XQ, et al.
Variations in the C3, C3a receptor, and C5 genes affect susceptibility to
bronchial asthma. Hum Genet (2004) 115:295-301. doi:10.1007/s00439-
004-1157-z

Dent G, Hadjicharalambous C, Yoshikawa T, Handy RL, Powell ],
Anderson IK, et al. Contribution of eotaxin-1 to eosinophil chemotactic
activity of moderate and severe asthmatic sputum. Am J Respir Crit Care Med
(2004) 169:1110-7. d0i:10.1164/rccm.200306-8550C

Tateno H, Nakamura H, Minematsu N, Nakajima T, Takahashi S, Nakamura M,
et al. Plasma eotaxin level and severity of asthma treated with corticosteroid.
Respir Med (2004) 98:782-90. d0i:10.1016/j.rmed.2004.01.005

Aggarwal S, Moodley YP, Thompson PJ, Misso NL. Prostaglandin E2 and
cysteinyl leukotriene concentrations in sputum: association with asthma
severity and eosinophilic inflammation. Clin Exp Allergy (2010) 40:85-93.
doi:10.1111/j.1365-2222.2009.03386.x

Samitas K, Chorianopoulos D, Vittorakis S, Zervas E, Economidou E,
Papatheodorou G, et al. Exhaled cysteinyl-leukotrienes and 8-isoprostane in
patients with asthma and their relation to clinical severity. Respir Med (2009)
103:750-6. doi:10.1016/j.rmed.2008.11.009

Philip G, Villaran C, Shah SR, Vandormael K, Smugar SS, Reiss TE. The
efficacy and tolerability of inhaled montelukast plus inhaled mometasone
compared with mometasone alone in patients with chronic asthma. J Asthma
(2011) 48:495-502. d0i:10.3109/02770903.2011.573042

Jayaram L, Duong M, Pizzichini MM, Pizzichini E, Kamada D, Efthimiadis A,
et al. Failure of montelukast to reduce sputum eosinophilia in high-dose
corticosteroid-dependent asthma. Eur Respir J (2005) 25:41-6. doi:10.1183/
09031936.04.00008104

Green RH, Brightling CE, Mckenna S, Hargadon B, Neale N, Parker D, et al.
Comparison of asthma treatment given in addition to inhaled corticosteroids
on airway inflammation and responsiveness. Eur Respir ] (2006) 27:1144-51.
doi:10.1183/09031936.06.00102605

Barnes N, Laviolette M, Allen D, Flood-Page P, Hargreave F, Corris P,
et al. Effects of montelukast compared to double dose budesonide on
airway inflammation and asthma control. Respir Med (2007) 101:1652-8.
doi:10.1016/j.rmed.2007.03.007

Fregonese L, Swan FJ, Van Schadewijk A, Dolhnikoff M, Santos MA, Daha MR,
et al. Expression of the anaphylatoxin receptors C3aR and C5aR is increased
in fatal asthma. J Allergy Clin Immunol (2005) 115:1148-54. doi:10.1016/].
jaci.2005.01.068

Kita H. Eosinophils: multifaceted biological properties and roles in
health and disease. Immunol Rev (2011) 242:161-77. doi:10.1111/.1600-
065X.2011.01026.x

LeeJJ, Jacobsen EA, Ochkur SI, Mcgarry MP, Condjella RM, Doyle AD, et al.
Human versus mouse eosinophils: “that which we call an eosinophil, by any
other name would stain as red”. ] Allergy Clin Immunol (2012) 130:572-84.
doi:10.1016/j.jaci.2012.07.025

Powell WS, Rokach J. The eosinophil chemoattractant 5-oxo-ETE and
the OXE receptor. Prog Lipid Res (2013) 52:651-65. doi:10.1016/j.plipres.
2013.09.001

Frontiers in Medicine | www.frontiersin.org

77

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1001/archinte.158.11.1213
https://doi.org/10.1046/j.1365-2222.1999.00447.x
https://doi.org/10.1046/j.1365-2222.1999.00447.x
https://doi.org/10.1034/j.1399-3003.1999.14a04.x
https://doi.org/10.1046/j.1365-2222.2000.00834.x
https://doi.org/10.1081/JAS-100000021
https://doi.org/10.1378/chest.121.3.732
https://doi.org/10.1055/s-0031-1296588
https://doi.org/10.1055/s-0031-1296588
https://doi.org/10.2500/aap.2008.29.3100
https://doi.org/10.1016/j.rmed.2009.01.019
https://doi.org/10.1111/j.1365-2796.1990.tb00200.x
https://doi.org/10.1111/j.1365-2796.1990.tb00200.x
https://doi.org/10.1136/adc.73.3.221
https://doi.org/10.1016/j.jaci.2013.01.058
https://doi.org/10.1016/j.jaci.2013.01.058
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.1016/0091-6749(91)90013-E
https://doi.org/10.1164/ajrccm.160.6.9903114
https://doi.org/10.1164/rccm.201002-0295OC
https://doi.org/10.1016/j.jaci.2013.01.035
https://doi.org/10.1164/ajrccm/144.1.51
https://doi.org/10.1164/ajrccm/144.1.51
https://doi.org/10.1111/j.1365-2222.2011.03813.x
https://doi.org/10.1111/all.12451
https://doi.org/10.1111/all.12451
https://doi.org/10.1164/ajrccm.164.10.2010096
https://doi.org/10.1165/rcmb.2003-0394OC
https://doi.org/10.1165/rcmb.2003-0394OC
https://doi.org/10.1007/s00439-004-1157-z
https://doi.org/10.1007/s00439-004-1157-z
https://doi.org/10.1164/rccm.200306-855OC
https://doi.org/10.1016/j.rmed.2004.01.005
https://doi.org/10.1111/j.1365-2222.2009.03386.x
https://doi.org/10.1016/j.rmed.2008.11.009
https://doi.org/10.3109/02770903.2011.573042
https://doi.org/10.1183/09031936.04.00008104
https://doi.org/10.1183/09031936.04.00008104
https://doi.org/10.1183/09031936.06.00102605
https://doi.org/10.1016/j.rmed.2007.03.007
https://doi.org/10.1016/j.jaci.2005.01.068
https://doi.org/10.1016/j.jaci.2005.01.068
https://doi.org/10.1111/j.1600-065X.2011.01026.x
https://doi.org/10.1111/j.1600-065X.2011.01026.x
https://doi.org/10.1016/j.jaci.2012.07.025
https://doi.org/10.1016/j.plipres.2013.09.001
https://doi.org/10.1016/j.plipres.2013.09.001

Larose et al.

Mediators Recruiting Eosinophils and ILC2 in Asthma

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Borchers MT, Ansay T, Desalle R, Daugherty BL, Shen H, Metzger M, et al. In
vitro assessment of chemokine receptor-ligand interactions mediating mouse
eosinophil migration. J Leukoc Biol (2002) 71:1033-41.

Heller NM, Gwinn WM, Donnelly RP, Constant SL, Keegan AD. IL-4
engagement of the type I IL-4 receptor complex enhances mouse eosinophil
migration to eotaxin-1 in vitro. PLoS One (2012) 7:¢39673. doi:10.1371/
journal.pone.0039673

Campbell EM, Proudfoot AE, Yoshimura T, Allet B, Wells TN, White AM,
et al. Recombinant guinea pig and human RANTES activate macrophages
but not eosinophils in the guinea pig. ] Immunol (1997) 159:1482-9.

Nabe T, Yamamura H, Kohno S. Eosinophil chemotaxis induced by several
biologically active substances and the effects of apafant on it in vitro.
Arzneimittelforschung (1997) 47:1112-6.

Teixeira MM, Williams TJ, Hellewell PG. Description of an in vivo model for
theassessmentofeosinophil chemoattractantsin the mouse. Mem Inst Oswaldo
Cruz (1997) 92(Suppl 2):211-4. doi:10.1590/S0074-02761997000800029
Ponath PD, Qin S, Ringler DJ, Clark-Lewis I, Wang J, Kassam N, et al. Cloning
of the human eosinophil chemoattractant, eotaxin. Expression, receptor
binding, and functional properties suggest a mechanism for the selective
recruitment of eosinophils. ] Clin Invest (1996) 97:604-12. doi:10.1172/
JCI118456

Uguccioni M, Mackay CR, Ochensberger B, Loetscher P, Rhis S, Larosa GJ,
et al. High expression of the chemokine receptor CCR3 in human blood
basophils. Role in activation by eotaxin, MCP-4, and other chemokines.
] Clin Invest (1997) 100:1137-43. doi:10.1172/JCI119624

White JR, Imburgia C, Dul E, Appelbaum E, O’Donnell K, O’Shannessy DJ,
et al. Cloning and functional characterization of a novel human CC chemo-
kine that binds to the CCR3 receptor and activates human eosinophils.
J Leukoc Biol (1997) 62:667-75.

Oliveira SH, Lira S, Martinez A, Wiekowski M, Sullivan L, Lukacs NW.
Increased responsiveness of murine eosinophils to MIP-1beta (CCL4) and
TCA-3 (CCL1) is mediated by their specific receptors, CCR5 and CCR8.
J Leukoc Biol (2002) 71:1019-25.

Rothenberg ME, Luster AD, Leder P. Murine eotaxin: an eosinophil che-
moattractant inducible in endothelial cells and in interleukin 4-induced
tumor suppression. Proc Natl Acad Sci U S A (1995) 92:8960-4. doi:10.1073/
Ppnas.92.19.8960

Patel VP, Kreider BL, Li Y, Li H, Leung K, Salcedo T, et al. Molecular and func-
tional characterization of two novel human C-C chemokines as inhibitors of
two distinct classes of myeloid progenitors. ] Exp Med (1997) 185:1163-72.
doi:10.1084/jem.185.7.1163
DaughertyBL,SicilianoS],DemartinoJA,MalkowitzL,Sirotina A,Springer MS.
Cloning, expression, and characterization of the human eosinophil eotaxin
receptor. ] Exp Med (1996) 183:2349-54. doi:10.1084/jem.183.5.2349

Chou CC, Fine JS, Pugliese-Sivo C, Gonsiorek W, Davies L, Deno G, et al.
Pharmacological characterization of the chemokine receptor, hCCRI1 in a
stable transfectant and differentiated HL-60 cells: antagonism of hCCR1
activation by MIP-1beta. Br ] Pharmacol (2002) 137:663-75. doi:10.1038/
5j.bjp.0704907

Agrawal DK, Ali N, Numao T. PAF receptors and G-proteins in human blood
eosinophils and neutrophils. ] Lipid Mediat (1992) 5:101-4.

Korth RM. Specific high affinity binding of platelet activating factor to intact
human blood neutrophils and eosinophils. Int Arch Allergy Immunol (1996)
110:124-31. doi:10.1159/000237276

Ukena D, Krogel C, Dent G, Yukawa T, Sybrecht G, Barnes PJ. PAF-receptors
on eosinophils: identification with a novel ligand, [3H]WEB 2086. Biochem
Pharmacol (1989) 38:1702-5. doi:10.1016/0006-2952(89)90322-5
Oppermann M, Raedt U, Hebell T, Schmidt B, Zimmermann B, Gotze O.
Probing the human receptor for C5a anaphylatoxin with site-directed anti-
bodies. Identification of a potential ligand binding site on the NH2-terminal
domain. ] Immunol (1993) 151:3785-94.

Elsner J, Oppermann M, Kapp A. Detection of C5a receptors on human
eosinophils and inhibition of eosinophil effector functions by anti-C5a
receptor (CD88) antibodies. Eur ] Immunol (1996) 26:1560-4. doi:10.1002/
€ji.1830260723

Czech W, Dichmann S, Herouy Y, Rheinen H, Elsner J, Kapp A, et al. Distinct
amplification of the C5a-receptor pathways in normodense and hypodense
eosinophils of patients with atopic dermatitis. Scand J Immunol (2001)
53:235-9. doi:10.1046/j.1365-3083.2001.00860.x

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

202.

203.

204.

205.

206.

207.

208.

209.

Baelder R, Fuchs B, Bautsch W, Zwirner J, Kohl ], Hoymann HG, et al.
Pharmacological targeting of anaphylatoxin receptors during the effector
phase of allergic asthma suppresses airway hyperresponsiveness and airway
inflammation. J Immunol (2005) 174:783-9. doi:10.4049/jimmunol.174.2.783
Karsten CM, Laumonnier Y, Eurich B, Ender E Broker K, Roy S, et al.
Monitoring and cell-specific deletion of C5aRl using a novel floxed
GFP-C5aR1 reporter knock-in mouse. ] Immunol (2015) 194:1841-55.
doi:10.4049/jimmunol. 1401401

Ogawa H, Kunkel SL, Fantone JC, Ward PA. Comparative study of eosin-
ophil and neutrophil chemotaxis and enzyme release. Am | Pathol (1981)
105:149-55.

Chouinard F, Lefebvre JS, Navarro P, Bouchard L, Ferland C, Lalancette-
Hebert M, et al. The endocannabinoid 2-arachidonoyl-glycerol activates
human neutrophils: critical role of its hydrolysis and de novo leukotriene B4
biosynthesis. ] Immunol (2011) 186:3188-96. doi:10.4049/jimmunol. 1002853
Hosoi T, Koguchi Y, Sugikawa E, Chikada A, Ogawa K, Tsuda N, et al.
Identification of a novel human eicosanoid receptor coupled to G(i/o). J Biol
Chem (2002) 277:31459-65. doi:10.1074/jbc.M203194200

Jones CE, Holden S, Tenaillon L, Bhatia U, Seuwen K, Tranter P, et al.
Expression and characterization of a 5-0x0-6E,8Z,11Z,14Z-eicosatetraenoic
acid receptor highly expressed on human eosinophils and neutrophils. Mol
Pharmacol (2003) 63:471-7. d0i:10.1124/mol.63.3.471

Huang WW, Garcia-Zepeda EA, Sauty A, Oettgen HC, Rothenberg ME,
Luster AD. Molecular and biological characterization of the murine leukot-
riene B4 receptor expressed on eosinophils. ] Exp Med (1998) 188:1063-74.
doi:10.1084/jem.188.6.1063

Kamohara M, Takasaki J, Matsumoto M, Saito T, Ohishi T, Ishii H, et al.
Molecular cloning and characterization of another leukotriene B4 receptor.
J Biol Chem (2000) 275:27000-4. doi:10.1074/jbc.C000382200

Patnode ML, Bando JK, Krummel MFE, Locksley RM, Rosen SD. Leukotriene
B4 amplifies eosinophil accumulation in response to nematodes. ] Exp Med
(2014) 211:1281-8. doi:10.1084/jem.20132336

Matsuoka T, Hirata M, Tanaka H, Takahashi Y, Murata T, Kabashima K,
et al. Prostaglandin D2 as a mediator of allergic asthma. Science (2000)
287:2013-7. doi:10.1126/science.287.5460.2013

. Hirai H, Abe H, Tanaka K, Takatsu K, Sugamura K, Nakamura M, et al. Gene

structure and functional properties of mouse CRTH2, a prostaglandin D2
receptor. Biochem Biophys Res Commun (2003) 307:797-802. doi:10.1016/
$0006-291X(03)01266-X

Spik I, Brenuchon C, Angeli V, Staumont D, Fleury S, Capron M, et al.
Activation of the prostaglandin D2 receptor DP2/CRTH2 increases aller-
gic inflammation in mouse. ] Immunol (2005) 174:3703-8. doi:10.4049/
jimmunol.174.6.3703

Royer JE Schratl P, Lorenz S, Kostenis E, Ulven T, Schuligoi R, et al.
A novel antagonist of CRTH2 blocks eosinophil release from bone
marrow, chemotaxis and respiratory burst. Allergy (2007) 62:1401-9.
doi:10.1111/.1398-9995.2007.01452.x

Devosse T, Guillabert A, D’Haene N, Berton A, De NP, Noel S, et al. Formyl
peptide receptor-like 2 is expressed and functional in plasmacytoid dendritic
cells, tissue-specific macrophage subpopulations, and eosinophils. J Immunol
(2009) 182:4974-84. doi:10.4049/jimmunol.0803128

Svensson L, Redvall E, Johnsson M, Stenfeldt AL, Dahlgren C, Wenneras C.
Interplay between signaling via the formyl peptide receptor (FPR) and
chemokine receptor 3 (CCR3) in human eosinophils. J Leukoc Biol (2009)
86:327-36. doi:10.1189/j1b.0908514

Prevete N, Rossi FW, Rivellese F, Lamacchia D, Pelosi C, Lobasso A, et al.
Helicobacter pylori HP(2-20) induces eosinophil activation and accumula-
tion in superficial gastric mucosa and stimulates VEGF-alpha and TGF-beta
release by interacting with formyl-peptide receptors. Int ] Immunopathol
Pharmacol (2013) 26:647-62. doi:10.1177/039463201302600308

Sun FE, Crittenden NJ, Czuk CI, Taylor BM, Stout BK, Johnson HG.
Biochemical and functional differences between eosinophils from animal
species and man. ] Leukoc Biol (1991) 50:140-50.

Lukacs NW, Standiford TJ, Chensue SW, Kunkel RG, Strieter RM, Kunkel SL.
C-C chemokine-induced eosinophil chemotaxis during allergic airway
inflammation. J Leukoc Biol (1996) 60:573-8.

Dunzendorfer S, Kaneider NC, Kaser A, Woell E, Frade JM, Mellado M, et al.
Functional expression of chemokine receptor 2 by normal human eosinophils.
] Allergy Clin Immunol (2001) 108:581-7. doi:10.1067/mai.2001.118518

Frontiers in Medicine | www.frontiersin.org

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1371/journal.pone.0039673
https://doi.org/10.1371/journal.pone.0039673
https://doi.org/10.1590/S0074-02761997000800029
https://doi.org/10.1172/JCI118456
https://doi.org/10.1172/JCI118456
https://doi.org/10.1172/JCI119624
https://doi.org/10.1073/pnas.92.19.8960
https://doi.org/10.1073/pnas.92.19.8960
https://doi.org/10.1084/jem.185.7.1163
https://doi.org/10.1084/jem.183.5.2349
https://doi.org/10.1038/sj.bjp.0704907
https://doi.org/10.1038/sj.bjp.0704907
https://doi.org/10.1159/000237276
https://doi.org/10.1016/0006-2952(89)90322-5
https://doi.org/10.1002/eji.1830260723
https://doi.org/10.1002/eji.1830260723
https://doi.org/10.1046/j.1365-3083.2001.00860.x
https://doi.org/10.4049/jimmunol.174.2.783
https://doi.org/10.4049/jimmunol.1401401
https://doi.org/10.4049/jimmunol.1002853
https://doi.org/10.1074/jbc.M203194200
https://doi.org/10.1124/mol.63.3.471
https://doi.org/10.1084/jem.188.6.1063
https://doi.org/10.1074/jbc.C000382200
https://doi.org/10.1084/jem.20132336
https://doi.org/10.1126/science.287.5460.2013
https://doi.org/10.1016/S0006-291X(03)01266-X
https://doi.org/10.1016/S0006-291X(03)01266-X
https://doi.org/10.4049/jimmunol.174.6.3703
https://doi.org/10.4049/jimmunol.174.6.3703
https://doi.org/10.1111/j.1398-9995.2007.01452.x
https://doi.org/10.4049/jimmunol.0803128
https://doi.org/10.1189/jlb.0908514
https://doi.org/10.1177/039463201302600308
https://doi.org/10.1067/mai.2001.118518

Larose et al.

Mediators Recruiting Eosinophils and ILC2 in Asthma

210.

211.

212.

213.

214.

215.

216.

218.

219.

220.

221.

222.

Liu LY, Jarjour NN, Busse WW, Kelly EA. Chemokine receptor expression on
human eosinophils from peripheral blood and bronchoalveolar lavage fluid
after segmental antigen challenge. J Allergy Clin Immunol (2003) 112:556-62.
doi:10.1016/S0091-6749(03)01798-6

Thivierge M, Doty M, Johnson J, Stankova ], Rola-Pleszczynski M. IL-5
up-regulates cysteinyl leukotriene 1 receptor expression in HL-60 cells
differentiated into eosinophils. J Immunol (2000) 165:5221-6. doi:10.4049/
jimmunol.165.9.5221

Fujii M, Tanaka H, Abe S. Interferon-gamma up-regulates expression of
cysteinyl leukotriene type 2 receptors on eosinophils in asthmatic patients.
Chest (2005) 128:3148-55. d0i:10.1378/chest.128.5.3148

Zhang Y], Zhang L, Wang SB, Shen HH, Wei EQ. Montelukast modulates
lung CysLT(1) receptor expression and eosinophilic inflammation in asth-
matic mice. Acta Pharmacol Sin (2004) 25:1341-6.

Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al.
Innate production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)
Sca-1(+) lymphoid cells. Nature (2010) 463:540-4. doi:10.1038/nature08636
Neill DR, Wong SH, Bellosi A, Flynn R], Daly M, Langford TK, et al. Nuocytes
represent a new innate effector leukocyte that mediates type-2 immunity.
Nature (2010) 464:1367-70. doi:10.1038/nature08900

Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle D], et al.
Systemically dispersed innate IL-13-expressing cells in type 2 immunity. Proc
Natl Acad Sci U S A (2010) 107:11489-94. d0i:10.1073/pnas.1003988107

. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate

lymphoid cells - a proposal for uniform nomenclature. Nat Rev Immunol
(2013) 13:145-9. doi:10.1038/nri3365

Xue L, Salimi M, Panse I, Mjosberg JM, Mckenzie AN, Spits H, et al.
Prostaglandin D2 activates group 2 innate lymphoid cells through chemo-
attractant receptor-homologous molecule expressed on TH2 cells. J Allergy
Clin Immunol (2014) 133:1184-94. doi:10.1016/j.jaci.2013.10.056

Chen R, Smith SG, Salter B, El-Gammal A, Oliveria JP, Obminski C, et al.
Allergen-induced increases in sputum levels of group 2 innate lymphoid
cells in asthmatic subjects. Am ] Respir Crit Care Med (2017). doi:10.1164/
rcem.201612-24270C

Kabata H, Moro K, Koyasu S, Asano K. Group 2 innate lymphoid cells and
asthma. Allergol Int (2015) 64:227-34. doi:10.1016/j.alit.2015.03.004

Karta MR, Broide DH, Doherty TA. Insights into group 2 innate lymphoid
cells in human airway disease. Curr Allergy Asthma Rep (2016) 16:8.
doi:10.1007/s11882-015-0581-6

Salimi M, Barlow JL, Saunders SP, Xue L, Gutowska-Owsiak D, Wang X,
etal. A role for IL-25 and IL-33-driven type-2 innate lymphoid cells in atopic
dermatitis. ] Exp Med (2013) 210:2939-50. doi:10.1084/jem.20130351

223.

224.

226.

227.

228.

229.

230.

Salimi M, Stoger L, Liu W, Go S, Pavord I, Klenerman P, et al. Cysteinyl leu-
kotriene E4 activates human ILC2s and enhances the effect of prostaglandin
D2 and epithelial cytokines. J Allergy Clin Immunol (2017). doi:10.1016/j.
jaci.2016.12.958

Chang JE, Doherty TA, Baum R, Broide D. Prostaglandin D2 regulates
human type 2 innate lymphoid cell chemotaxis. ] Allergy Clin Immunol
(2014) 133:899-901.e893. doi:10.1016/j.jaci.2013.09.020

. Wojno ED, Monticelli LA, Tran SV, Alenghat T, Osborne LC, Thome JJ, et al.

The prostaglandin D(2) receptor CRTH2 regulates accumulation of group
2 innate lymphoid cells in the inflamed lung. Mucosal Immunol (2015)
8:1313-23. doi:10.1038/mi.2015.21

Doherty TA, Khorram N, Lund S, Mehta AK, Croft M, Broide DH. Lung type
2 innate lymphoid cells express cysteinyl leukotriene receptor 1, which reg-
ulates TH2 cytokine production. ] Allergy Clin Immunol (2013) 132:205-13.
doi:10.1016/j.jaci.2013.03.048

von Moltke J, O'Leary CE, Barrett NA, Kanaoka Y, Austen KF, Locksley RM.
Leukotrienes provide an NFAT-dependent signal that synergizes with IL-33
to activate ILC2s. ] Exp Med (2017) 214:27-37. doi:10.1084/jem.20161274
Denney L, Byrne AJ, Shea TJ, Buckley JS, Pease JE, Herledan GM, et al.
Pulmonary epithelial cell-derived cytokine TGF-betal is a critical cofactor
for enhanced innate lymphoid cell function. Immunity (2015) 43:945-58.
doi:10.1016/j.immuni.2015.10.012

Neighbour H, Boulet LP, Lemiere C, Sehmi R, Leigh R, Sousa AR, et al.
Safety and efficacy of an oral CCR3 antagonist in patients with asthma and
eosinophilic bronchitis: a randomized, placebo-controlled clinical trial. Clin
Exp Allergy (2014) 44:508-16. doi:10.1111/cea.12244

Pergola C, Dodt G, Rossi A, Neunhoeffer E, Lawrenz B, Northoff H, et al.
ERK-mediated regulation of leukotriene biosynthesis by androgens: a molec-
ular basis for gender differences in inflammation and asthma. Proc Natl Acad
Sci US A (2008) 105:19881-6. doi:10.1073/pnas.0809120105

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Larose, Archambault, Provost, Laviolette and Flamand. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Medicine | www.frontiersin.org

79

August 2017 | Volume 4 | Article 136


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1016/S0091-6749(03)01798-6
https://doi.org/10.4049/jimmunol.165.9.5221
https://doi.org/10.4049/jimmunol.165.9.5221
https://doi.org/10.1378/chest.128.5.3148
https://doi.org/10.1038/nature08636
https://doi.org/10.1038/nature08900
https://doi.org/10.1073/pnas.1003988107
https://doi.org/10.1038/nri3365
https://doi.org/10.1016/j.jaci.2013.10.056
https://doi.org/10.1164/rccm.201612-2427OC
https://doi.org/10.1164/rccm.201612-2427OC
https://doi.org/10.1016/j.alit.2015.03.004
https://doi.org/10.1007/s11882-015-0581-6
https://doi.org/10.1084/jem.20130351
https://doi.org/10.1016/j.jaci.2016.12.958
https://doi.org/10.1016/j.jaci.2016.12.958
https://doi.org/10.1016/j.jaci.2013.09.020
https://doi.org/10.1038/mi.2015.21
https://doi.org/10.1016/j.jaci.2013.03.048
https://doi.org/10.1084/jem.20161274
https://doi.org/10.1016/j.immuni.2015.10.012
https://doi.org/10.1111/cea.12244
https://doi.org/10.1073/pnas.0809120105
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Medicine

REVIEW
published: 02 August 2017
doi: 10.3389/fmed.2017.00116

OPEN ACCESS

Edited by:

Florence Emmanuelle
Roufosse,

Free University of
Brussels, Belgium

Reviewed by:

Owen McCarty,

Oregon Health & Science University,
United States

Hirohito Kita,

Mayo Clinic Minnesota,

United States

*Correspondence:
Bruce S. Bochner
bruce.bochner@northwestern.edu

TThese authors have contributed
equally to this work.

Specialty section:

This article was submitted
to Hematology,

a section of the journal
Frontiers in Medicine

Received: 24 March 2017
Accepted: 10 July 2017
Published: 02 August 2017

Citation:

O’Sullivan JA, Carroll DJ and
Bochner BS (2017) Glycobiology of
Eosinophilic Inflammation:
Contributions

of Siglecs, Glycans, and Other
Glycan-Binding Proteins.

Front. Med. 4:116.

doi: 10.3389/fmed.2017.00116

®

Check for
updates

Glycobiology of Eosinophilic
Inflammation: Contributions
of Siglecs, Glycans, and Other
Glycan-Binding Proteins

Jeremy A. O’Sullivan', Daniela J. Carrollt and Bruce S. Bochner*

Division of Allergy and Immunology, Department of Medicine, Northwestern University Feinberg School of Medicine,
Chicago, IL, United States

The historical focus on protein—protein interactions in biological systems, at the expense
of attention given to interactions between other classes of molecules, has overlooked
important and clinically relevant processes and points of potential clinical intervention.
For example, the significance of protein—carbohydrate interactions, especially in the
regulation of immune responses, has recently received greater recognition and apprecia-
tion. This review discusses several ways by which cell-surface lectin—glycan interactions
can modulate eosinophil function, particularly at the levels of eosinophil recruitment and
survival, and how such interactions can be exploited therapeutically. A primary focus is
on discoveries concerning Siglec-8, a glycan-binding protein selectively expressed on
human eosinophils, and its closest functional paralog in the mouse, Siglec-F. Recent
advances in the synthesis of polymeric ligands, the identification of physiological ligands
for Siglec-8 and Siglec-F in the airway, and the determination of the basis of glycan
ligand discrimination of Siglec-8 are discussed. Important similarities and differences
between these siglecs are outlined. Eosinophil expression of additional glycan-binding
proteins or their glycan ligands, including interactions involving members of the selectin,
galectin, and siglec families, is summarized. The roles of these molecules in eosinophil
recruitment, survival, and inflammation are described. Finally, the modulation of these
interactions and potential therapeutic exploitation of glycan-binding proteins and their
ligands to ameliorate eosinophil-associated diseases are considered.

Keywords: eosinophils, Siglec-8, Siglec-F, selectins, galectins, glycans

Eosinophils are innate immune cells that contribute to host defense responses against parasitic infec-
tions and appear to have been retained in evolution throughout vertebrate species (1-3). Yet, there
is a sizable body of evidence that eosinophils, under other circumstances, can be pro-inflammatory
and are thus thought to be major effector cells in allergic and other type 2 immune responses.
These include common conditions such as asthma, often manifesting with comorbid upper air-
ways diseases of chronic rhinosinusitis with or without nasal polyposis, disorders that similarly
manifest prominent type 2 inflammatory signatures and features including elevated Th2 and ILC2
cells with 1L-4, IL-5, IL-13, eotaxins, and other downstream mediators (4-7). Another common
eosinophil-associated disease is atopic dermatitis, where eosinophils contribute to some but perhaps
not all stages of the disease (8). Less common disorders where eosinophils are felt to play a major
role include eosinophilic granulomatosis with polyangiitis (formerly known as Churg-Strauss
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syndrome); eosinophilic gastrointestinal disorders (EGID),
namely eosinophilic esophagitis, gastritis, and colitis, existing
alone or in combination (9-13); and other systemic and organ-
specific hypereosinophilic syndromes and disorders (14).

Current treatments for these eosinophil-associated conditions
include glucocorticosteroids, mediator receptor antagonists, and
other anti-inflammatory drugs that reduce eosinophil numbers
and activity, but they are neither fully effective nor curative or
disease modifying, hence the need for additional therapies (15,
16). Advanced efforts to indirectly target eosinophils [e.g., with
agents that antagonize TSLP (17) and IL-4 and IL-13 biology with
FDA-approved dupilumab (18-21)] or more specifically target
eosinophils (e.g., with the FDA-approved anti-IL-5 biologics
mepolizumab and reslizumab, and perhaps someday with the
anti-IL-5 receptor antibody benralizumab and the oral agent
dexpramipexole) offer hope for improved management of these
disorders (22-24). Despite these promising agents, and advance-
ments in our understanding of the pathophysiology of each of
these disorders, many patients remain refractory to treatment,
or in the case of EGID, there are as yet no FDA-approved drugs.
These and other unmet needs led to collaborative efforts to find
additional eosinophil-selective targets, and in recent years, these
have included the only known pure eosinophil-specific surface
target EMRI (25, 26), and Siglec-8, expressed not only on eosino-
phils but also on mast cells and weakly on basophils (27-29). The
focus of this review is not only on the latter molecule but also
includes discussions of other lectin-glycan interactions known
to influence eosinophil responses.

SIGLEC-8

Receptor Discovery, Characteristics, and

Expression Patterns

Siglec-8 [also originally named sialoadhesin family 2 (SAF-2)] is
an I-type single pass transmembrane protein that was discovered
from a human eosinophil cDNA library generated from a patient
with hypereosinophilic syndrome and first described in the year
2000. Eosinophil mRNA was examined by random sequencing of
expressed sequence tags, whichled to theidentification of a protein
431 amino acid residues (aa) in length that was highly homolo-
gous to others in the sialoadhesin/siglec family. The highest levels
of homology were found with Siglec-7 (68%), Siglec-3 (49%), and
Siglec-5 (42%). The extracellular region of Siglec-8 contains 358
aa with a hydrophobic signal peptide and three Ig-like domains,
with the N-terminal Ig domain possessing an arginine at position
125 that is putatively necessary for sialic acid binding (27, 28).
When originally described, the cytoplasmic domain was found to
be unusually short, and no known signaling motifs were observed.
Subsequent investigations by Foussias et al. led to the observation
that Siglec-8 exists in two isoforms (the 431-aa originally identi-
fied Siglec-8 “short form” and a 499-aa Siglec-8 “long form”), both
containing identical extracellular and transmembrane regions.
However, like most other CD33-related siglecs, the long form
of Siglec-8 contained two characteristic tyrosine-based motifs:
amembrane-proximalimmunoreceptortyrosine-basedinhibitory

motif (ITIM) resembling a classical ITIM (ILVxYxxLV) and a
membrane-distal immunoreceptor tyrosine-based switch motif
(ITSM) resembling a motif (TxYxxIV) found in the intracellular
region of signaling lymphocyte activation molecule (SLAM) (30).
The Siglec-8 long form is now just called Siglec-8 because it was
found to be the primary form of the receptor, with a molecular
weight of ~54 kDa (30), although eosinophils usually but not
always express the short form, the function of which remains
unknown (31).

While quantitative PCR analysis for the Siglec-8 mRNA not
surprisingly detected signals in hematopoietic organs, expres-
sion in lung was unexpected. Using monoclonal antibodies
recognizing the extracellular region, it was soon discovered that
Siglec-8 was not just an eosinophil marker. It was selectively
expressed on the surface of eosinophils, mast cells, and at low
levels on basophils, but not on any other cells, making it the
first receptor to be exclusively expressed on these three aller-
gic effector cell types (28). Using human CD34+ cell-derived
culture systems, it was determined that Siglec-8 is a terminal
differentiation marker in both eosinophils and mast cells, with
maximum protein expression in each cell type occurring at 21
and 30 days of culture, respectively. In contrast, none of the
eosinophilic cell lines express Siglec-8 and only modest expres-
sion was observed on the mast cell line HMC-1.2, furthering
the concept that Siglec-8 is a terminal differentiation marker on
these cell types (32, 33).

The SIGLEC8 gene, like other CD33-related siglecs, islocated in
the centromeric region of chromosome 19q13 (27, 30). However,
little is known about regulation of SIGLEC8 expression at the
transcriptional level. In a recent report, Hwang et al. identified
Olig2, a basic helix-loop-helix transcription factor, as a potential
regulator of SIGLECS gene expression. They showed that OLIG2
and SIGLECS are coexpressed late in eosinophil differentiation
and that both proteins are expressed in terminally differentiated
eosinophils. Furthermore, they showed that Olig2 siRNA reduced
SIGLEC8 mRNA and Siglec-8 surface protein levels, suggesting
that Olig2 is a transcriptional regulator of the SIGLEC8 gene (34).
However, all of the currently available human eosinophilic cell
lines express Olig2 protein but fail to express Siglec-8, as noted
earlier. In addition, Olig2 is not expressed in cord blood-derived
mast cells that express Siglec-8. Thus, it appears that SIGLEC8
gene expression is only partially regulated by Olig2 and further
work is needed to determine the exact combination of transcrip-
tion factors responsible for Siglec-8 expression (33, 34).

Ligands for Siglec-8

All siglecs contain an amino-terminal V-set Ig lectin domain
that binds sialic acid, but each siglec has a characteristic speci-
ficity profile for binding only certain conformations of sialic
acid. Most siglecs recognize a2-3- and a2-6-linked sialic acids,
although some can also recognize a2-8-linked sialic acids (35,
36). Initial experiments to characterize Siglec-8 ligand-binding
preferences demonstrated that Siglec-8 preferentially binds
a2-3-sialic acids linked to Galp1-4GIcNAc (27). Using a glycan
array generated by the Consortium for Functional Glycomics,
172 glycan structures were screened, and it was discovered that
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Siglec-8 specifically bound 6" sulfated sialyl Lewis* (6’-sulfo-
sLe* or NeuAca2-3Galpl-4(Fucal-3)(6-O-Sulfo)GlcNAcp1).
Siglec-8 did not bind sialyl Lewis*, a common ligand for L-, P-,
and E-selectins, demonstrating that the 6’-position sulfate on
the galactose was absolutely necessary for Siglec-8 lectin-glycan
binding (37). A subsequent re-screen of an expanded array
containing over 600 structures revealed that the fucose was dis-
pensible (38) (Figure 1). Experiments using heparinized whole
blood showed that a polyacrylamide polymer decorated with
6’-sulfo-sLe* bound only eosinophils in a Siglec-8-dependent
manner, further demonstrating that this glycan is a specific
ligand for Siglec-8 (39).

The structural basis of how Siglec-8 interacts with its glycan
ligand had been unexplored until a recent report by Propster
et al., where they provide a detailed description of how Siglec-8
selectively recognizes its ligand, 6'-sulfo-sLe*. First, using NMR
spectroscopy, they determined the 3D structure of the lectin
domain of Siglec-8. The structure is a V-set Ig-like f-sandwich of
two antiparallel f-sheets formed by p-strands ABED and C'CFG,
with the conserved arginine, responsible for providing a salt
bridge interaction with sialic acid, located on p-strand F. Ligand
specificity is mediated by two motifs, where the primary motif
recognizes the terminal Neu5Ac, similar to other siglecs, and the
secondary motif recognizes the subterminal Gal6S, which was
found to be unique amongsiglecs. Although amino acid mutations
failed to affect the overall structure of Siglec-8, a mutation in the
conserved arginine eliminated Neu5Ac binding and completely
abrogated Siglec-8-ligand interactions. In accordance with previ-
ous work done in our lab, this group also demonstrates that the
sulfate modification was absolutely necessary for enhanced ligand
affinity and revealed the key determinants for glycan specificity
(40) (Figure 2).

Siglec-8 Function on Human Eosinophils

Initial clues regarding how Siglec-8 might function came
from an examination of its structural motifs. The cytoplas-
mic domain of Siglec-8 contains one ITIM and one ITSM,
thought to be responsible for initiating downstream receptor
function. Using peripheral blood human eosinophils, it was

Binds Binds
Structure Name Siglec-8?| Siglec-F?
6S
‘ﬂéﬁ_{l 6-S-Sialyl-LacNAc| Yes Yes
6S
4 i 6>-S-Sialyl-Le* Yes Yes @ Sialic acid
M GlcNAc
O Gal
Tri-antennary F
bisected No Yes A Fu
Tetra-antennary
@.‘ bisected No Yes
FIGURE 1 | Glycans recognized by Siglec-8-Fc and Siglec-F-Fc, as
determined by using glycan microarray analysis, are shown. Reproduced and
modified from Ref. (38) with permission.

shown that multimeric engagement of Siglec-8 with a mouse
monoclonal antibody (mAb) causes Siglec-8-dependent
eosinophil apoptosis. However, this required the presence of
a secondary anti-mouse cross-linking antibody; without sec-
ondary antibody, no cell death was seen (41). Further studies
to delineate the mechanisms through which Siglec-8 induces
eosinophil apoptosis revealed that Siglec-8 cross-linking
promoted reactive oxygen species (ROS) production, loss
of mitochondrial membrane potential and caspase cleavage
(41, 42). Additionally, Siglec-8-dependent eosinophil apoptosis
was paradoxically amplified under conditions of eosinophil
priming with IL-5, GM-CSF, or IL-33, eliminating the need for
secondary cross-linking antibody and changing the apoptotic
mechanism to one dependent on ROS rather than caspase activ-
ity (41-44). Furthermore, incubation of IL-5-primed eosino-
phils with a synthetic polyacrylamide polymer decorated with
6’-sulfo-sLe* induced eosinophil apoptosis (39), suggesting that
Siglec-8 functions through different mechanisms in the presence
or absence of cytokine priming.

In addition to studies using a mAb and a synthetic ligand, von
Gunten et al. discovered that exposure of IL-5-primed eosinophils
to intravenous immunoglobulin (IVIG), often used at high doses
for the treatment of autoimmune and allergic diseases, resulted in
eosinophil cytotoxicity. Further experiments revealed that IVIG
contained autoantibodies against Siglec-8 that were responsible
for this cytokine-dependent apoptotic effect of IVIG and that this
effect was ROS-dependent (45), similar to what was observed
when using mAbs to Siglec-8.

Although the intracellular signaling pathways for most
siglecs are not well characterized, several studies have shown
that engagement of CD33-related siglecs leads to downstream
activation of Src family kinases (SFKs) that provide docking sites

FIGURE 2 | Structural basis for 6’ sulfated sLex recognition by human
Siglec-8 illustrated by a representative structure (lowest energy) of the NMR
ensemble. Schematic illustration of the Siglec-8-6' sulfated sLex interaction
network. Black dashed lines indicate hydrogen bonds in the depicted
structure; gray dashed lines indicate hydrogen bonds abundantly observed in
other structures of the ensemble. Hydrophobic contacts are shown in green.
Reproduced from Ref. (40) with permission.
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for Src-homology region 2 domain-containing phosphatases
such as SHP-1 and SHP-2 that then propagate downstream
functions (46-49). Indeed, ongoing work to further explore
Siglec-8 signaling on eosinophils revealed that Siglec-8 engage-
ment on IL-5-primed eosinophils leads to phosphorylation of
SFKs, and use of SFK pharmacological antagonists inhibited
Siglec-8-mediated eosinophil ROS production and apoptosis,
although the SFKs involved in Siglec-8 function have yet to
be determined (50). Furthermore, preliminary data show
that Siglec-8 associates with SHP-2 and that pharmacological
inhibition of protein tyrosine phosphatases inhibits Siglec-8-
mediated eosinophil apoptosis (51). Together, these studies
support the notion that Siglec-8 functions similar to other
CD33-related siglecs.

The presence of an ITIM suggests that Siglec-8 should be
involved in negative cell signaling; however, some of the latest
observations suggest that Siglec-8 can, under certain circum-
stances, function as an activating receptor, such as after IL-5
priming. Initial evidence supporting this hypothesis showed
that Siglec-8 cross-linking leads to enhanced phosphorylation
of extracellular signal-regulated kinase (ERK) 1/2 and activa-
tion of ERK1/2 was necessary for Siglec-8-mediated eosinophil
apoptosis (50).

SIGLEC-F

In view of the usefulness of mouse models for functional manipu-
lations, it was imperative to identify a suitable mouse homolog of
Siglec-8. In mice, there is no Siglec-8 ortholog, but Siglec-F has
been found to be the closest functional paralog. Siglec-Fisa 569-aa,
CD33-related siglec that contains four Ig-like domains (Siglec-8
contains three) and, like Siglec-8, it contains both ITIM and
ITIM-like motifs in its cytoplasmic tail. Using sequence homol-
ogy comparisons, it was initially proposed that Siglec-F was the
likely ortholog of human Siglec-5, but the homology was limited
to the extracellular domains of both receptors (47). Furthermore,
initial studies revealed that Siglec-F was predominantly expressed
in bone marrow cells of the myelomonocytic lineage, and it was
not expressed on mature neutrophils and monocytes (47), which
have been shown to express Siglec-5 (52), further suggesting that
Siglec-F may not be the true ortholog of Siglec-5.

Later efforts to fully characterize the expression pattern of
Siglec-F and determine its functional counterpart in humans
revealed that Siglec-F shared 38% similarity with human Siglec-8
(53). Using monoclonal antibodies to Siglec-F, it was found
that Siglec-F, like Siglec-8, was predominantly expressed on
the surface of mature eosinophils and on bone marrow eosino-
phils (54). However, Siglec-F is not expressed on mouse mast
cells and surprisingly is instead expressed on mouse alveolar
macrophages and subpopulations of intestinal epithelial cells
(55-57) (Figure 3). Although they are structurally different and
are expressed on different cell types, Siglec-F, like Siglec-8, has
a binding preference for a2-3-linked sialic acids and recognizes
6’-sulfo-sLe* (58). While subsequent studies have reproduced
these findings, access to additional glycan structures for screen-
ing has allowed the identification of several multi-antennary
structures that are recognized by Siglec-F but not Siglec-8 (38)

Siglec-8 Siglec-F
Eosinophils +++ +++
Mast cells ++ -
Basophils + -
Alv M¢ - ++
T cells - +/-
Neutrophils - +/-
Monocytes - -
Tuft/M cells - +
FIGURE 3 | Comparison of cellular surface expression patterns for Siglec-8
and Siglec-F. Alv Mg, alveolar macrophage.

(Figure 1). Indeed, this may explain why mouse lung ligands are
recognized by Siglec-F but not by Siglec-8 (see below) (59). Based
on these reports, it was concluded that Siglec-F and Siglec-8 are
functionally convergent paralogs rather than orthologs.

Subsequent studies to examine the biological roles of Siglec-F
in vivo revealed that its expression is upregulated following
allergen challenge in a mouse lung allergy model and the con-
genital deficiency via genetic deletion of the Siglec-F gene led to
enhanced eosinophil numbers in the bone marrow, peripheral
blood, and lungs during allergic inflammation but not at base-
line. Furthermore, Siglec-F-null mice had diminished eosinophil
death, suggesting a role for Siglec-F in mediating eosinophil
apoptosis (60). Indeed, administration of anti-Siglec-F antibody
reduced peripheral blood and tissue eosinophil numbers in
wild-type mice, IL-5 transgenic mice, and in mouse models of
hypereosinophilic syndrome and eosinophilic esophagitis, which
was attributed to induction of eosinophil apoptosis. Additionally,
the effect of the anti-Siglec-F antibody was specific to eosinophils
and had no effect on other cells, not even Siglec-F-expressing
alveolar macrophages (61-64). Despite our advances in under-
standing the role of Siglec-F in eosinophil survival in vivo and
in vitro, little is known about the signaling mechanism of this
receptor. A report by Mao et al. showed that Siglec-F engagement
on mouse eosinophils led to caspase cleavage; however, unlike
Siglec-8, there was no detectable ROS production, and Siglec-F
function did not involve the activation of SFKs or SHP-1 (65).
Therefore, further studies are needed to fully characterize the
signaling pathways for Siglec-F.

TISSUE LIGANDS FOR SIGLEC-F AND
SIGLEC-8

Although both Siglec-F and Siglec-8 preferentially recognize
the glycan 6'-sulfo-sLe~, the identity of their natural ligands is
still under investigation. Initial studies to identify endogenous
tissue ligands in mice using Siglec-F-Fc chimeras and immuno-
histochemistry showed that Siglec-F ligands were constitutively
expressed on airway epithelial cells and their expression was
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dependent on ST3Gal-III, a sialyltransferase that can add a2,3
terminal sialic acids to glycans (66). Expression of these ligands
was increased upon induction of allergic airway inflammation
(67, 68). Glycoproteomic analysis of material derived from mouse
tracheal epithelial cells revealed that Siglec-F-Fc bound to glycans
displayed on Muc5b and Muc4, but not Muc5ac. Mouse lungs
deficient in Muc5b had reduced Siglec-F-Fc binding, and mice
conditionally deficient in Muc5b showed enhanced eosinophilic
inflammation in response to airway instillation of IL-13, further
validating that Muc5b carries glycan ligands for Siglec-F and sug-
gesting that only subsets of airway mucins display the glycan struc-
tures necessary for Siglec-F binding (38). Although less is known
about Siglec-8 tissue ligands, a recent study showed that Siglec-8
ligands were expressed selectively on serous cells, a subpopulation
of submucosal gland cells in the inferior turbinate, and inflamma-
tion that occurs in chronic sinusitis led to increased expression
of Siglec-8 tissue ligands in the upper airways (69). Additional
studies show that mouse airways do not express Siglec-8 ligands
and Siglec-8-Fc binding in human tracheal sections is restricted
to serous cells in submucosal glands and cartilage (59) (Figure 4).
The exact identity of these ligands is still under investigation, but
given the fact that the galactose 6-O-sulfotransferase CHST-1
is dispensable for generating Siglec-F ligands in the mouse, it
appears that the 6" sulfation needed for Siglec-8 binding is not
required for Siglec-F binding (70).

ENDOCYTOSIS OF SIGLEC-F AND
SIGLEC-8

Beyond the physiological role of Siglec-8 in inducing cell death
of eosinophils, Siglec-8 represents a promising target through
which to deliver therapeutic payloads into eosinophils and
other Siglec-8-expressing cells. Several studies have shown that
siglecs are endocytic receptors and, once engaged, can carry
their ligand—and presumably any associated cargo—into the
cell (71-74). This strategy has been employed in the develop-
ment of cancer therapeutics by targeting preferentially upregu-
lated receptors such as the receptors for transferrin or folate or
through antibodies targeting slightly more selectively expressed
antigens, such as CD33 (Siglec-3) in acute myelogenous leukemia
(75-77). An antibody-targeting CD22 (Siglec-2) is also under
investigation to treat diseases involving B cells, such as B-cell
acute lymphoblastic leukemia or systemic lupus erythematosus
(78,79). Due to the restricted expression pattern of Siglec-8, tar-
geting of eosinophils through Siglec-8 offers promise. However,
the capability to exploit Siglec-8 in this manner depends on
whether Siglec-8 is endocytosed and is present and accessible
on the surface of eosinophils in various circumstances. Siglec-F
endocytosis has been studied in mouse eosinophils. Siglec-F
is internalized in response to antibody ligation via a clathrin-
and lipid raft-independent pathway that relies on ARF6 but
not dynamin-1 (72). New data indicate that Siglec-8 is indeed
internalized in response to antibody or synthetic ligand engage-
ment on peripheral blood eosinophils and that this pathway can
be exploited to deliver a toxin (the ribosome-inhibiting protein
saporin) to eosinophils to induce cell death under conditions
in which Siglec-8 engagement alone would be insufficient (i.e.,

Siglec-8-Fc | Siglec-F-Fc
Binding Binding
Mouse airway No Yes
submucosal glands
Moqse airway No Yes
epithelium
Muc5b glycoform No Yes
Human airwa
u rway Yes Yes
submucosal glands
Human airwa;
\an atrway No Yes
epithelium
FIGURE 4 | Comparison of binding of Siglec-F and Siglec-8 to mice and
human tissue-based sialoside ligands. Based on data from Ref. (59).

in the absence of IL-5 priming) (80). Despite some similarities,
including the lysosomal localization of the internalized siglec,
the pathway utilized by Siglec-F internalization appears to be
distinct from that of Siglec-8. The pathway of internalization
can have profound effects on receptor function, leading to
distinct signaling mechanisms and downstream functions or
alterations in receptor turnover. For example, endocytosis of
SR-A via a lipid raft/caveolae-dependent pathway is required for
macrophage apoptosis in a ligand-dependent manner, whereas
clathrin-mediated SR-A endocytosis is expendable for this effect
(81). While there is abundant evidence linking endocytosis to the
organization of signaling events (82), it remains to be determined
whether the endocytosis of Siglec-8 affects its function.

Siglec-8 may also achieve part of its function by internalizing
other surface proteins. Upon antigen stimulation, the B cell
receptor (BCR) engages clathrin in lipid raft domains and thus
is internalized via a mixed pathway (83, 84). While the siglec
CD22 is initially excluded from lipid rafts, it colocalizes with the
BCR and promotes its internalization when unmasked (85, 86).
This downregulation of the BCR is thought to be one mechanism
underlying the inhibitory function of CD22. Of note, the IL-5
receptor, which is critically important to the activation and sur-
vival of eosinophils, has been found to be internalized via distinct
clathrin- and lipid raft-dependent pathways and is targeted for
proteolytic degradation through thelipid raft-mediated endocytic
pathway (87). It is an intriguing possibility that the endocytosis
and trafficking of Siglec-8 and the IL-5 receptor may be linked in
a way that influences the function of each receptor.

OTHER SIGLECS FOUND ON MOUSE
AND HUMAN EOSINOPHILS

While Siglec-8 has garnered much attention as a cell-surface
marker of eosinophils, there are a number of other glycans and
glycan-binding proteins present on eosinophils that regulate
their survival, trafficking, and adhesion and that may be useful
markers of eosinophilic inflammation. In both mice and humans,
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eosinophils express siglec family members other than Siglec-F
and Siglec-8, respectively.

CD22, Siglec-E, Siglec-G, and

Mouse Eosinophils

Interestingly, mouse eosinophils in the gastrointestinal tract were
found to express the siglec CD22 on their cell surface, a siglec pre-
viously thought to be restricted to B cells (88). CD22 expression
was highest on eosinophils in the jejunum, although it was also
found on eosinophils in the stomach, duodenum, or ileum. CD22
was not found on eosinophils in the blood or other tissues. The
function of CD22 on these eosinophils is not yet clear, although
CD22 ablation led to an increase in eosinophils in the jejunum,
an effect that did not appear to be due to increased eosinophil
differentiation from hematopoietic precursors or augmented IL-5
or eotaxin-2 signaling. In studies of mice overexpressing IL-5,
which gives rise to eosinophilia, it was found that these eosino-
phils expressed mRNA for Siglec-E (orthologous to Siglec-9 in
humans) and Siglec-G (orthologous to Siglec-10 in humans) (53).
However, the surface expression and function of these siglecs on
mouse eosinophils have not been studied.

CD33, Siglec-7, Siglec-10, and

Human Eosinophils

Immature human eosinophils express low levels of CD33
(Siglec-3) and downregulate this receptor upon maturation (89).
Human eosinophils also express modest levels of Siglec-7 both
in the peripheral blood and in nasal polyps (90, 91). In addition,
Siglec-10, which was identified by four different groups through
genomic analysis and screens of cDNA libraries (including one
from asthmatic eosinophils), is expressed by human eosinophils
(92-95). Siglec-10 possesses three tyrosine-containing cytoplas-
mic motifs—a membrane-proximal Grb2 binding motif, a central
ITIM, and a membrane-distal ITSM or ITIM-like motif—and has
been found to interact with SHP-1 and SHP-2 but not with SLAM-
associated protein (48, 94). While Siglec-10 was detected on
B cells using polyclonal antibody (93), a mAb detected Siglec-10
expression only on eosinophils, neutrophils, and monocytes and
failed to detect expression on B cells (94), suggesting either that
the polyclonal antibody was not specific to Siglec-10 (perhaps
binding to another siglec family member present on B cells)
or that a unique variant of Siglec-10 is expressed on these cell
populations and not on B cells. Interactions between Siglec-10
and CD24 (heat stable antigen) (96), vascular adhesion protein-1
(97), and CD52 (98) have been demonstrated in vitro or on other
cell types; however, the function of Siglec-10 in eosinophils has
not been described. Indeed, little is known about the functions
of any of these three siglecs on human eosinophils. Antibody
ligation of Siglec-7 on eosinophils failed to induce apoptosis or
prevent chemotaxis under conditions in which Siglec-8 ligation
produced these effects (91), and the role of CD33 on eosinophils
has similarly not been determined. Given the lack of functional
data and the broader cell expression patterns for these siglecs,
there has been less interest in exploiting these receptors to address
eosinophilic inflammation.

SELECTINS AND SELECTIN LIGANDS
ON EOSINOPHILS

Protein-glycan interactions are exceptionally important in the
processes of cell adhesion and trafficking. In the initial steps of
leukocyte extravasation, the cell must tether to and roll along the
endothelium, which requires the interaction between selectins
and their glycan ligands. Eosinophils depend to differing degrees
on P-, E-, and L-selectin interactions in this process. Relative to
neutrophils, eosinophils bind less well to E-selectin and bind to
a greater extent to P-selectin through cell-surface glycan ligands
(99), presumably due to increased levels of P-selectin glycoprotein
ligand (PSGL)-1 (100). This same study found that L-selectin on
the surface of eosinophils was important in tethering of eosino-
phils to human umbilical vein endothelial cells (HUVECs) but
only due to establishing inter-eosinophil interactions rather than
binding to the endothelial cells (99). However, others have found
that diminished L-selectin expression or the use of blocking anti-
bodies to L-selectin reduce eosinophil rolling and adhesion on
HUVEC:s or on rabbit mesenteric venule endothelial cells under
conditions of flow (101, 102). As demonstrated by the study by
Sriramarao et al., human selectins are capable of interacting with
ligands expressed in other species. Indeed, the selectin-binding
sites in the best characterized P-selectin ligand, PSGL-1, are
evolutionarily well conserved (103). However, distinct patterns
of expression render cross-species comparisons more difficult.
For example, P-selectin expression in mice but not in humans
is induced by TNF-a or LPS, and cytokine regulation of human
and primate P- and E-selectins is more selective than in mice
(104, 105). However, mouse strains in which selectins have been
knocked out have permitted elegant studies of their importance
in mouse eosinophil migration. Using these mouse strains, sev-
eral studies have shown that P-selectin is critical in eosinophil
recruitment to the lung and peritoneum (106-108).

P-selectin glycoprotein ligand-1 is the best characterized
P-selectinligand on eosinophils,and its expression has been shown
to be increased in patients with allergic asthma relative to healthy
controls. This increase results in enhanced binding to P-selectin
and IL-4-treated HUVECs (109). PSGL-1 contributes to eosino-
phil, but not neutrophil, adhesion to IL-13-activated HUVECs
under conditions of physiological flow (110). Paradoxically,
PSGL-1 expression is reduced on activated eosinophils and is
shed from leukocytes (111). Although there have been reports
that PSGL-1 can act as a ligand for E-selectin as well (112, 113),
no changes in E-selectin binding were observed with eosinophils
from allergic asthma patients in this study. There appear to be
other significant ligands for P-selectin on eosinophils, however.
In patients with atopic dermatitis, eosinophils are capable of
binding substantially more soluble P-selectin than eosinophils
from healthy donors but do not display more PSGL-1 on their
surface (114).

Although the selectins bind to related sialylated glycans, these
glycans can be present on a variety of different proteins or lipids
that may be cell type- or tissue-specific. Eosinophils, for example,
display far less sialyl Lewis* antigen, a selectin ligand carbohydrate
structure, than neutrophils, but a greater proportion is in the form
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of sialyl dimeric Lewis* and is sensitive to endo-f-galactosidase
treatment (115). Interestingly, neither the display of sialyl
Lewis® on eosinophils nor adhesion to immobilized E-selectin
is protease-sensitive, indicating that these carbohydrate ligands
may not be present on cell-surface proteins (115). Consistent with
this, glycosphingolipids extracted from leukocytes were found to
interact with E-selectin, and their biosynthesis was required for
E-selectin-dependent, but not P-selectin-dependent, neutrophil
adhesion (116). P-selectin ligands present on eosinophils clearly
differ from those of E-selectin in that binding to immobilized
P-selectin is protease-sensitive and endo-f-galactosidase-
resistant (117). Indeed, although the expression of sialyl Lewis*
on eosinophils is not changed by cellular activation with platelet-
activating factor (PAF), P-selectin binding is reduced following
PAF activation and L-selectin is shed following transendothelial
migration (117, 118).

Due to their critical role in eosinophil trafficking to periph-
eral tissues, selectins represent a potentially useful therapeutic
target for diseases of eosinophilic inflammation. In fact, selectin
antagonists interfere with eosinophil (and neutrophil) adhesion
(119), and a pan-selectin antagonist glycomimetic agent is in
clinical trials to modulate selectin-based adhesion in acute sickle
cell crisis (120). Although lack of cell specificity is a concern, a
more selective P-selectin antagonist or one that interacts with a
eosinophil-selective P-selectin ligand would likely be effective in
preventing further eosinophilic inflammation in the tissues with
fewer potential complications.

GALECTIN FAMILY MEMBERS AND THEIR
GLYCAN LIGANDS ON EOSINOPHILS

The galectin family of proteins, previously known as S-typelectins,
has a binding preference, generally, for B-galactosides, although
there appear to be exceptions to this. Most of the members of the
family are secreted but can cross-link cell-surface receptors due to
the presence of more than one carbohydrate recognition domain
(CRD) or through multimerization of a monomer containing one
CRD (galectin-3).

The galectin family member most commonly associated with
eosinophils is galectin-10, also known as Charcot-Leyden crys-
tal (CLC) protein. Galectin-10 makes up about 10% of the total
protein content of human eosinophils (121), and CLC deposition
in tissues has long been considered a marker of eosinophilic (or
basophilic) inflammation (122). The protein localizes to both the
cytosol and a subset of core-less granules (123). The CLC protein
was initially believed to function as a lysophospholipase within
the eosinophil (121); however, this enzymatic activity has since
been ascribed not the CLC protein but to another enzyme that
can associate to a degree with it (124). Due to sequence iden-
tity, structural homology, and genomic structure, CLC protein
became known also as galectin-10 (125-127). Unlike other
members of the galectin family, however, galectin-10 appears
not to bind B-galactosides to any substantial degree but instead
appears to bind to mannose-containing carbohydrate moieties
(128). The natural ligand or ligands of galectin-10 and the func-
tional significance of its ability to bind to carbohydrates remain

undetermined. Despite the lack of functional data, galectin-10
mRNA and protein levels remain useful biomarkers for eosino-
philic airway inflammation, active eosinophilic esophagitis,
aspirin-exacerbated respiratory disease, CRTH2 activation, and
celiac disease (129-133).

On the eosinophil cell surface, galectin-ligand interactions
have been found to be important in eosinophil recruitment,
activation, and survival. The granulocyte-specific and heav-
ily glycosylated protein CD66b (also known as CEACAMS)
is expressed on eosinophils and is upregulated in response to
cellular activation (134, 135). Sialylated glycans on CD66b
interact with E-selectin, and this interaction has been shown
to be important for neutrophil adherence to activated endothe-
lium (136). Glycans on CD66b also interact with galectin-3,
and engagement of CD66b using either soluble galectin-3 or
antibody induced ROS production and degranulation (137).
Cross-linking of CD66b also caused the eosinophils to become
more adherent, perhaps through the clustering of the integrin
subunit CD11b.

Several other galectin interactions may be important in
eosinophil adhesion and chemoattraction, including those with
galectins-1, -3, and -9 (138-140). However, the role of galectins
in eosinophil recruitment is covered in greater detail in a review
in this volume by Sriramarao et al. and will not be discussed
further here. It should be noted, however, that galectins play
other important roles in eosinophil biology and are biomarkers
of disease activity. High concentrations of galectin-1, for example,
can induce eosinophil cell death (140), and levels of galectin-3
before treatment in patients with severe asthma predict treatment
responses to omalizumab (141).

EOSINOPHIL GLYCOMICS

While many of the cell-surface and intracellular eosinophil
proteins have been identified and extensively described, the
glycans that coat the various cell-associated proteins and likely
play important roles in numerous biological pathways remain
largely shrouded in mystery. As part of an effort to character-
ize these glycans, the glycome of human eosinophils has been
analyzed in cell lysates and compared to those of basophils
and mast cells to elucidate the identities of these glycans, their
relative abundances, and key differences between these cell
types (142). Although mast cells possess substantial amounts
of terminally sialylated epitopes on their various glycoproteins,
eosinophils and basophils have far more part-processed termi-
nal N-acetylglucosamine (GlcNAc)-containing structures. For
example, the most abundant N-glycan by far in both eosinophils
and basophils is a bi-antennary structure with two terminal non-
extended GIcNAc sugars, which is far less abundant in mast cells.
While the functional relevance of these patterns is unclear, it is
unlikely that these modifications to the cell surface are random.
In addition, it is uncertain how cytokine priming and other
signals that may be present under inflammatory conditions may
affect glycan synthesis and processing. However, such changes
may well affect processes such as adhesion, activation, cell-cell
interaction, and even survival.
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CONCLUSION

There remains a clinical need to effectively and selectively
treat diseases of eosinophilic inflammation. Due to their roles
in recruitment, adhesion, activation, and survival, glycan-
glycan-binding protein interactions are beginning to garner
attention as therapeutic prospects. Siglec-8 and its ligands
offer a cell-selective pathway to induce cell death in primed
eosinophils and deliver therapeutic payloads into the cell.
Antagonists of selectin interactions may help limit eosino-
philic inflammation, but significant hurdles remain for achiev-
ing a safe, cell-selective effect. Monomeric p-galactosides or
glycomimetics may also be clinically useful in antagonizing
eosinophil lectin interactions that are involved in cell adhesion
and activation. While targets and biomarkers have been identi-
fied, further studies are necessary to elucidate the functions
of glycan-binding proteins on eosinophils, such as those of
other members of the siglec family; to identify their natural
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Eosinophils are differentiated granulocytes that are recruited from the bone marrow
to sites of inflammation via the vascular system. Allergic asthma is characterized by
the presence of large numbers of eosinophils in the lungs and airways. Due to their
capacity to rapidly release inflammatory mediators such as cytokines, chemokines,
growth factors, and cytotoxic granule proteins upon stimulation, eosinophils play a
critical role in pro-inflammatory processes in allergen-exposed lungs. Identifying key
players and understanding the molecular mechanisms directing eosinophil trafficking
and recruitment to inflamed airways is a key to developing therapeutic strategies to
limit their influx. Recent studies have brought to light the important role of glycans and
glycan binding proteins in regulating recruitment of eosinophils. In addition to the role
of previously identified eosinophil- and endothelial-expressed adhesion molecules in
mediating eosinophil trafficking and recruitment to the inflamed airways, studies have
also indicated a role for galectins (galectin-3) in this process. Galectins are mammalian
lectins expressed by various cell types including eosinophils. Intracellularly, they can
regulate biological processes such as cell motility. Extracellularly, galectins interact
with p-galactosides in cell surface-expressed glycans to regulate cellular responses
like production of inflammatory mediators, cell adhesion, migration, and apoptosis.
Eosinophils express galectins intracellularly or on the cell surface where they interact with
cell surface glycoconjugate receptors. Depending on the type (galectin-1, -3, etc.) and
location (extracellular or intracellular, endogenous or exogenously delivered), galectins
differentially regulate eosinophil recruitment, activation, and apoptosis and thus exert
a pro- or anti-inflammatory outcome. Here, we have reviewed information pertaining to
galectins (galectin-1, -3 -9, and -10) that are expressed by eosinophils themselves and/
or other cells that play a role in eosinophil recruitment and function in the context of
allergic asthma and their potential use as disease biomarkers or therapeutic targets for
immunomodulation.

Keywords: eosinophils, cell trafficking, galectins, airway recruitment, allergic airway inflammation, asthma

INTRODUCTION

Eosinophils are the predominant granulocytic leukocytes present in allergic airways, and eosinophilia is the
hallmark of airway inflammation in asthma (1-3). Although constituting only a small fraction of
circulating white blood cells under healthy conditions, patients with allergic airway inflammation
and asthma exhibit significantly higher numbers of eosinophils in peripheral blood (4). Mature
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eosinophils are formed from progenitor stem cells in the bone
marrow and released into circulation under the tight regulation of
interleukin (IL)-5 (5). During disease conditions such as allergic
asthma, they undergo proliferation and priming in response to
specific stimuli (6). Indeed, peripheral blood eosinophils from
allergic asthmatics have been shown to demonstrate spontane-
ously enhanced production of reactive oxygen species, increased
chemotaxis, and diminished apoptosis relative to eosinophils
from normal subjects (7). Once recruited to sites of inflammation,
eosinophils exert their pathological and immunomodulatory
effects. Eosinophils contain cationic granule proteins that have
been shown to exert highly cytotoxic effects such as production
of reactive oxygen species, desquamation, and lysis of airway
epithelial cells, as well as synthesis of remodeling factors by epi-
thelial cells [reviewed in Ref. (8)]. In addition, eosinophils are a
source of various cytokines, chemokines, and growth factors that
are either preformed or synthesized and secreted upon activation
(9). Thus, identifying key players involved in selective eosinophil
recruitment and understanding their role in supporting this event
is critical for the identification of therapeutic targets.

The trafficking of primed mature eosinophils from the blood
stream into inflamed tissues such as the lung is finely regulated
by adhesion molecules, several cytokines, and chemokines with
overlapping functions. We and others have demonstrated that
eosinophil trafficking under conditions of flow involves a multi-
step paradigm, which includes initial tethering/rolling followed
by activation-dependent firm adhesion and chemoattractant-
induced transmigration into extravascular sites of inflammation
[as reviewed in Ref. (10-12), see Figure 1]. Studies with mouse
and/or human eosinophils have shown that rolling along the vas-
cular endothelium is supported by L-selectin, very late antigen-4

(a4p1), and P-selectin glycoprotein ligand-1 (PSGL-1). On the
endothelial side, in addition to the a4 ligand vascular cell adhe-
sion molecule (VCAM)-1, eosinophil rolling under physiological
conditions of flow is mediated by P-selectin, the ligand for PSGL-1
(13, 14). Apart from mediating inter-eosinophil interaction under
physiological flow conditions (13), L-selectin has been shown to
interact with endothelial ligands bearing sialyl-Lewis* epitopes,
such as CD34, to play a role in recruitment of eosinophils to aller-
giclungs in mice (15). Rolling of human eosinophils under condi-
tions of physiologic blood flow in post-capillary venules does not
appear to be dependent on E-selectin, albeit these cells can roll on
immobilized E-selectin under sub-shear flow rates (16). While an
overview of eosinophil trafficking is depicted in Figure 1, it must
be noted that human and mouse eosinophils are likely to utilize
different vascular adhesion molecules during cell trafficking due
to species-specific differences in expression of these molecules in
response to inflammatory stimuli. Activation-dependent stable
adhesion of eosinophils to the vascular endothelium is mediated
by a4p1/VCAM-1 and integrin aMp2/intercellular adhesion
molecule (ICAM)-1 interaction. Trans-endothelial migration
is under the control of pro-inflammatory chemokines, pre-
dominantly eotaxins, and the eotaxin receptor, C-C chemokine
receptor type 3 (CCR3). In addition to these key players, there
are several other molecular events that support the dynamic
recruitment of eosinophils into extravascular sites such as che-
moattraction by molecules other than eotaxins [e.g., PAE, C-C
motif chemokine ligand 5 (CCL5), C-C motif chemokine ligand
3 (17), C3a and C5a (18), and serotonin/5-hydroxytryptamine
(19)] as well as release and activation of matrix metalloprotease-9,
which enables eosinophil migration through the extracellular
matrix (20-22). Of particular interest in our laboratory is the role
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FIGURE 1 | Multistep paradigm of eosinophil trafficking under conditions of flow. Eosinophil rolling along the inflamed and activated vascular endothelium is
supported by eosinophil-expressed L-selectin, a4p1, and P-selectin glycoprotein ligand-1 (PSGL-1) and endothelial-expressed vascular cell adhesion molecule
(VCAM)-1 and P-selectin. Activation-dependent stable adhesion of eosinophils to the vascular endothelium is mediated by a4p1/VCAM-1 and aMp2/intercellular
adhesion molecule (ICAM)-1 interactions. Extravasation or trans-endothelial migration is under the control of chemokines (eotaxins and other chemokines).
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played by cell surface-expressed complex carbohydrate structures
such as heparan sulfate proteoglycans (23-25) as well as branched
N-glycans (26) and their galectin ligands (27-30) in leukocyte/
eosinophil-endothelial interactions during cell trafficking and
migration/recruitment.

Galectins are a family of animal lectins that specifically bind to
f-galactosides in cell surface glycoproteins and glycolipids or in
free form (31, 32). Fifteen galectins have been identified in mam-
mals to date and are classified into three groups based on their
structure. The three groups are (i) the prototypic galectins (Gal-1,
-2,-5,-7,-10, -11, -13, -14, and -15), which contain one carbohy-
drate recognition domain (CRD)), (ii) the tandem-repeat galectins
(Gal-4, -6, -8, -9, and -12), which contain two homologous CRDs
within a single polypeptide, and (iii) chimeric galectins (Gal-3),
which have a single CRD and a large amino-terminal domain.
While many galectins exhibit wide tissue distribution, some are
tissue specific such as Gal-7, which is predominantly expressed
in stratified epithelium, and Gal-4, which is mostly expressed
in mouse gastrointestinal tissue (33, 34). Galectins are largely
present in the cytoplasm and nucleus within cells. However,
despite the lack of a classical signal sequence for export, several
galectins are also present extracellularly either interacting with
cell surface glycans or in a soluble form (e.g., in bronchoalveolar
lavage fluid and serum) (31). Glycoproteins on the cell surface
(including adhesion receptors and cytokine receptors) containing
branched N-glycans with N-acetyllactosamine residues function
as epitopes for galectin binding, especially for Gal-1 and Gal-3
(35). Galectins form complexes (dimers or oligomers) that cross-
link cell surface glycoprotein receptors to form dynamic lattices
that can regulate responses and properties of these receptors (32).
Depending on the type (e.g., Gal-1 or Gal-3), location and bind-
ing partners (intracellular/non-carbohydrate or extracellular/cell
surface glycans), and concentration, galectins positively or nega-
tively regulate various cellular events such as signal transduction,
cell differentiation and maturation, production of cytokines and
growth factors, trafficking and recruitment, and apoptosis during
acute and chronic inflammation [as reviewed in Ref. (36, 37)].
Thus, galectins play a role in various aspects of health and disease
such as normal development, innate immunity, inflammation,
cardiovascular disease, obesity, type 2 diabetes, and cancer [as
reviewed in Ref. (31, 34, 36, 38-40)]. This review is focused on
galectins that are expressed by eosinophils themselves and/or
other cells that play a role in eosinophil recruitment and function,
ie, Gal-1, -3, -9, and -10 in the context of allergic asthma.

Galectin-3

Gal-3 [same as IgE-binding protein (¢eBP), CBP35, or Mac-2] was
first identified in rat basophilic leukemia cells (41). This lectin
is a chimeric galectin containing a single CRD connected to a
non-lectin domain rich in proline, glycine, and tyrosine residues
with the ability to self-aggregate and thus function bivalently or
multivalently (42). Gal-3 is expressed by most tissues, including
the lung, all types of epithelia, and most inflammatory cells (mast
cells, neutrophils, monocytes/macrophages, eosinophils, and
T cells) (43). It is extensively characterized and has been shown
to exert diverse functions depending on its location (extracellular
or intracellular) that suggest a positive regulatory role for this

lectin during inflammation. Extracellular Gal-3 affects cellular
events ranging from cell activation [mast cells (44), neutrophils
(45), macrophages (46), and lymphocytes (47)] to adhesion
[neutrophils (48)], migration [macrophages (49)], and apoptosis
[mast cells (50) and T cells (51)]. Intracellular Gal-3 has been
shown to participate in pre-mRNA splicing (52), phagocytosis by
macrophages (53), and exert antiapoptotic activity in T cells via
interaction with Bcl-2 (54) as well as in peritoneal macrophages
(55). Studies in Gal-3-deficient mice have provided strong evi-
dence for the pro-inflammatory role of Gal-3 in various acute
models of inflammation (55-58) including allergic disorders such
as asthma (59) and atopic dermatitis (60).

Acute allergen exposure was shown to result in increased
recruitment of Gal-3-expressinginflammatory cells (macrophages
and eosinophils) to the airways and elevated levels of soluble Gal-3
in the bronchoalveolar lavage fluid of wild-type mice (59). On the
other hand, allergen-challenged Gal-3-deficient mice exhibited
significantly decreased airway eosinophil recruitment and an
overall reduction in airway inflammation (decreased mucus
secretion, airway hyperresponsiveness, and Th2 responses) rela-
tive to the wild-type mice. In support of this, studies from our
laboratory showed that eosinophils from allergic subjects express
elevated levels of Gal-3 on the cell surface and exhibit increased
adhesive interactions (rolling and firm adhesion) on VCAM-1
compared to cells from normal subjects under conditions of flow
in a Gal-3-dependent manner (27). Additionally, we showed that
inflamed human endothelial cells express elevated levels of Gal-3
on the cell surface and that blockade of endothelial Gal-3 with
specific antibodies inhibits eosinophil rolling and adhesion. At
a molecular level, Gal-3 was found to interact with o4 integrin
via its CRD and showed co-localized expression with a4 on the
cell surface of eosinophils from allergic subjects. In addition,
eosinophil-expressed Gal-3 interacted with endothelial Gal-3.
Self-association to homodimerize or form multivalent complexes
is a characteristic feature of Gal-3 (61). Since galectins do not
contain a classical signal sequence or a transmembrane domain
but are still present extracellularly, it is likely that eosinophil-
derived Gal-3 is presented on the cell surface anchored to gly-
cosylated residues on o4 via its CRD (based on the blockade of
these interactions by lactose) after exiting the cell where it is then
able to mediate eosinophil rolling and adhesion on VCAM-1 and
Gal-3 as depicted in the schematic shown in Figure 2. Studies
with total leukocytes from bone marrow of Gal-3-deficient mice
further support these findings (28). While cells from wild-type
mice demonstrated increased rolling on VCAM-1 and Gal-3 that
was specifically inhibited by lactose, rolling of Gal-3-deficient
cells on both these endothelial-expressed adhesion molecules
was significantly lower and unaffected by lactose. Further, in
a model of chronic asthma, there was significantly decreased
eosinophil infiltration associated with an overall reduction in the
development of a Th2 phenotype and diminished remodeling
of the airways (reduced mucus secretion, subepithelial fibrosis,
smooth muscle thickness, and peribronchial angiogenesis)
in Gal-3-deficient mice compared to wild-type mice (28). In
addition to integrin receptors, Gal-3 has been shown to bind to
CD66b (CEACAMS), a single chain, highly glycosylated member
of the Ig superfamily expressed exclusively on activated human
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eosinophils and induce cell adhesion, superoxide production and
degranulation (62).

The identification of novel procedures to culture mature
primary murine eosinophils from bone marrow in vitro (63) has
enabled further understanding of the role played by eosinophil-
expressed galectins in cell trafficking and activation. Eosinophils
cultured from bone marrow of Gal-3-deficient mice showed
significantly less rolling on VCAM-1 under conditions of flow,
which was also associated with decreased adhesion on ICAM-1
likely due to the inherently decreased expression levels of aM
integrin (29), which is necessary for firm adhesion of eosino-
phils. Interestingly, aM integrin functions as a binding partner
for extracellular Gal-3 in macrophages (64). While only hypo-
thetical, it is possible that expression of Gal-3-binding integrin
receptors on the cell surface may be regulated by intracellular
Gal-3. Adherent Gal-3-deficient cells demonstrate limited ability
to spread and form membrane protrusions, which are important
cytoskeletal changes that enable stable adhesion and directed
movement of cells toward a chemokine gradient (65). Consistent
with this observation, Gal-3-deficient eosinophils show reduced
migration toward eotaxin-1 despite normal levels of CCR3 (the
eotaxin receptor) expression relative to wild-type eosinophils.
Studies have shown that intracellularly, Gal-3 in fibroblasts is
phosphorylated and that phosphorylation is required for localiza-
tion of Gal-3 at the cell periphery [an event that has been shown
to be required for cell motility (57)] as well as for secretion of
Gal-3 (66). Inflammatory mediators such as eotaxin-1 induce
secretion of Gal-3 by wild-type murine eosinophils into the
culture supernatant (29), which might be one of the mechanisms
by which intracellular Gal-3 is presented on the cell surface to
promote cell trafficking via interaction with endothelial ligands. It
is possible that regulation of eosinophil trafficking and migration
by intracellular Gal-3 as well as its secretion during conditions of
inflammation may involve phosphorylation.

As indicated earlier, galectins bind to f-galactoside epitopes
found in N- and O-glycan modifications of glycoproteins and
glycolipids (31, 32). Thus, galectin binding to glycoproteins is
determined by the number of glycosylation sites and activity
of various glycosyltransferase enzymes of the Golgi complex
[reviewed in Ref. (32)]. UDP-N-acetylglucosamine:a-6-D-
mannoside P1,6 N-acetylglucosaminyltransferase V (Mgat5)
generates intermediate N-glycans that are further extended
by the addition of N-acetyllactosamine units resulting in high
affinity ligands for Gal-3 (67). Studies using mice deficient in
this enzyme further confirmed the involvement of Gal-3 and
the requirement for finely regulated N-glycosylation of surface
glycoproteins in eosinophil trafficking and recruitment (26). In
vivo allergen-challenged Mgat5-deficient mice demonstrated
significantly decreased recruitment of eosinophils to the airways
along with reduced Th2 cytokines and airway mucus production
compared to their wild-type counterparts. In vitro eosinophils
from Mgat5-deficient mice showed decreased rolling and adhe-
sion on Gal-3 and VCAM-1.It is well known that N-glycosylation
regulates the biological functions of integrins (clustering, adhe-
sion, and migration) and that changes in glycosylation can affect
these functions [as reviewed in Ref. (68)]. Thus, in the absence
of Mgat5, not only are a4p1-VCAM-1 interactions likely to be
affected but also the ability of Gal-3 to bind to a4, resulting in
decreased eosinophil recruitment. Although it is currently not
known whether expression of glycosyltransferases involved
in generating galectin-specific ligands are elevated during
allergic asthma, there is evidence for regulation of expression
of glycosyltransferases (al,3/4-fucosyltransferase and «2,3-
sialyltransferases genes) in the lung by pro-inflammatory
cytokines (IL-6, IL-8, and TNF-a) in diseases such as cystic
fibrosis, which contributes to disease pathogenesis by increasing
the number of sialyl-Lewis* epitopes and thus favoring attach-
ment of P. aeruginosa (69).
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In contrast to the pro-inflammatory role ascribed to endog-
enous Gal-3, studies by other investigators have shown that gene
therapy with Gal-3-encoding plasmid DNA can suppress eosino-
phil infiltration and normalize pulmonary function in acute as
well as chronic settings of allergic asthma (70, 71) by negatively
regulating gene expression of suppressors of cytokine signaling 1
and 3, which play an important role in controlling the Th1-Th2
balance (72). Further, these studies suggest that administration of
exogenous Gal-3 could potentially serve as a therapeutic tool for
allergic asthma. Differences in the effects noted with exogenous
Gal-3 delivery versus endogenous Gal-3 expression may be
multifactorial such as the cells in which the protein is expressed
endogenously during allergic asthma versus those targeted by the
delivery of exogenous Gal-3, the concentration at which Gal-3
is present in the local milieu, as well as the activity and mode of
action of exogenous Gal-3 delivered into the lungs via plasmid
versus that of endogenously expressed Gal-3 in the lung. While
glycans serve as the predominant ligands for galectins on the
cell surface, there is growing evidence that intracellular galectins
interact with non-glycan partners to exert their effects (31, 73).
This may be yet another reason for the divergent effect noted
with Gal-3 delivered into the lungs via plasmid. Currently, there
are no therapeutic agents/inhibitors targeting endogenous Gal-3
that are commercially available for treatment. Development of
selective inhibitors is complicated by the weak nature of the
protein—carbohydrate interactions and the extensive sequence
homology in the CRD of galectins (74). However, selective Gal-3
antagonists/inhibitors that are effective in attenuating lung fibro-
sis have been developed that are currently in preclinical or phase
I testing (http://glycomimetics.com/galectin-inhibitors/; http://
galecto.com/products/galectin-3-inhibitors/).

Galectin-1

Gal-1 was first identified in electric eels (75). This lectin is a
“prototypic” galectin containing a single CRD that can occur as
a monomer or a non-covalent homodimer and is found in virtu-
ally all adult tissue including lung, liver, brain, kidney, spleen and
striated muscle (76). It is expressed by polymorphonuclear cells,
macrophages, dendritic cells, activated T cells, stromal cells,
endothelial cells, epithelial cells (76, 77) as well as eosinophils
(30). Gal-1 is present both inside (nucleus, cytoplasm, and inner
surface of plasma membrane) and outside cells (outer surface of
cell membrane and extracellular matrix) and as such has intracel-
lular as well as extracellular functions that play a profound role in
resolving acute and chronic inflammation by affecting processes
such as immune cell adhesion, migration, activation, signaling,
proliferation, differentiation, and apoptosis [as reviewed in Ref.
(36, 76)]. Increasing evidence from multiple chronic inflamma-
tory disease models such as arthritis, hepatitis, encephalomyeli-
tis, colitis, and nephritis supports the critical anti-inflammatory
role of exogenous or endogenous Gal-1 in limiting or resolving
inflammation (77). The resolving effects of Gal-1 have also been
reported in models of acute inflammation where neutrophil
adhesion and transmigration across the inflamed endothelium
(78), as well as neutrophil extravasation and mast cell degranula-
tion at sites of inflammation (79) was suppressed. Until recently,
little was known regarding the potential role of Gal-1 in allergic

asthma. By far the most investigated and well-established role of
Gal-1 that may be relevant to allergic inflammation and asthma
is the maintenance of T cell homeostasis by virtue of its ability to
induce apoptosis of activated T cells and thus control or regulate
a strong ongoing immune response [as reviewed in Ref. (36, 80)].
Other known Gal-1 effects that could potentially have a ben-
eficial effect during chronic asthma include induction of IL-10
production by T cells (81, 82) [required for regulatory T cell
(Treg)-mediated inhibition of airway inflammation in asthma],
supporting inhibitory function of Tregs (83), and suppression
of inflammatory cytokine [TNFa and interferon y] release by
T cells (84).

Recent studies from our laboratory demonstrate that
allergen-challenged mice deficient in Gal-1 develop more severe
airway inflammation (significantly higher eosinophil and T cell
infiltration, TNFa level in the lung, and an increased propensity
to develop airway hyperresponsiveness) relative to wild-type
mice (30). At a cellular level, Gal-1 was found to exert divergent
effects on murine bone marrow-derived eosinophils that were
N-glycan-mediated. At lower concentrations (<0.25 uM),
Gal-1 promoted eosinophil adhesion to VCAM-1 and caused
redistribution of o4 integrin to the cell periphery associated with
cell clustering/aggregation but inhibited their ability to migrate
toward eotaxin-1. While our studies demonstrate that Gal-1 (and
Gal-3, described earlier in this review (27)) bind/interact with the
a4 subunit of integrin a4p1, they do not rule out the possibility
that these galectins can also interact with the p1 subunit. Indeed,
previous studies have shown that Gal-1 and Gal-3 can bind to the
B1 subunit in other integrin receptors (31, 85). Binding of these
galectins to a4 on eosinophils may influence the activation state
(resting to active) or conformation of the receptor [as shown in
the case of Gal-1 binding to alIbp3 in platelets (86)] and enhance
cell-cell interaction through receptor clustering/redistribution
or bridging through self-association (interaction of a4-bound
Gal-1/3 with endothelial-expressed Gal-1/3) (27). Gal-1 binding
to integrin receptors (a5p1) has also been shown to affect down-
stream signaling events, albeit in tumor cells lines (87). Although
exposure of eosinophils to Gal-1 leads to reduced activation of
ERK1/2(30), itis unclear at this time whether this effect is depend-
ent on Gal-1-a4 binding. Consistent with the ability of Gal-1 to
cause eosinophil aggregation and inhibit eosinophil migration,
our studies showed that allergen-challenged wild-type mice had
significantly more eosinophils adherent on the endothelium
of the blood vessels in lungs but fewer eosinophils in the lung
tissue in contrast to allergen-challenged Gal-1-deficient mice
that exhibited fewer eosinophils adherent on the endothelium
and more eosinophils in the lung tissue. The highlights of our
findings pertaining to the role of Gal-1 in eosinophil trafficking
are depicted by the schematic shown in Figure 3. Independent
of the inhibitory effect of extracellular Gal-1 on cell migration,
Gal-1-deficient eosinophils (derived from the bone marrow of
Gal-1-deficient mice) showed inherently increased ability to
recruit to sites of inflammation in vivo relative to wild-type cells,
suggestive of a role for intracellular Gal-1 as well in regulating
migration. At concentrations (>1 uM), Gal-1 induced apoptosis
in eosinophils and disrupted the cellular actin cytoskeleton
leading to decreased levels of F-actin. In a previous study with
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Gal-1 deficient

human peripheral blood eosinophils, immobilized Gal-1 (coated
on plastic supports) marginally increased cell adhesion but
strongly inhibited migration (relative to P-selectin) and altered
actin polymerization/depolymerization dynamics resulting in a
prevalence of glomerular actin (i.e., decreased polymerization)
(88). Remodeling of the actin cytoskeleton and coordinated
polymerization/depolymerization of actin in response to
extracellular signals are critical for cellular activities such as cell
motility and active processes including cell adhesion and migra-
tion (89). The inhibitory effects of Gal-1 on eosinophil migration
are likely to be caused by the ability of this lectin to target the
actin cytoskeleton as noted in studies by us and others (described
above). While allergen exposure causes infiltration of the airways
with Gal-1-expressing inflammatory cells and increased soluble
Gal-1 in extracellular spaces in the lungs of wild-type mice, this
lectin appears to play an essential regulatory role during disease
progression by limiting eosinophil recruitment to allergic airways
and promoting eosinophil apoptosis, thus suppressing airway
inflammation (30). This is further supported by the develop-
ment of more severe allergic airway inflammation in mice in the
absence of Gal-1. Studies have shown that cells (predominantly
macrophages) in the sputum of asthmatic patients express lower
levels of Gal-1 on the surface relative to cells from healthy donors
(90) and propose that decreased Gal-1 levels may contribute to
the exacerbated asthmatic immune responses.

The use of Gal-1 as a potential therapeutic (immunosuppres-
sive) agent in Th1- and Th17-mediated inflammatory responses
has been investigated in various disease models (91-93). While

there are no studies using Gal-1 as a therapeutic agent for allergic
asthma, it has been examined in other models of allergic inflam-
mation. Administration of recombinant Gal-1 to mice with
IgE-mediated allergic conjunctivitis showed divided results; on
the one hand, Gal-1 treatment led to resolution of clinical signs
of conjunctivitis and reduced Th2 cytokines (IL-4 and IL-13) and
chemokines (eotaxin and CCL5) but resulted in eosinophilia in
the conjunctiva with increased Gal-1 expression in the epithe-
lium of the bulbar conjunctiva relative to untreated mice (94).
In a model of oral-intestinal allergy syndrome, challenge of mice
sensitized to peanut extracts along with Gal-1 showed reduced
intestinal allergic inflammation (lower levels of serum histamine,
peanut extract-specific IgE and IL-4 with decreased mast cell and
eosinophil recruitment in oral and intestinal mucosa) compared
to mice sensitized to peanut extracts alone by restoring IL-10
expression in the intestine (95). While findings from these stud-
ies are optimistic, it is evident that a better understanding of the
functions of extracellular/exogenous versus intracellular/endog-
enous Gal-1 and its binding partners in these milieus is essential
to its utility as a therapeutic agent. Although Gal-1 therapy
approaches are being explored, there are challenges to effective
therapy, which include stability (monomer-dimer equilibrium,
oxidized versus reduced forms) and delivery of intact protein to
the site of inflammation (96). In this context, a Gal-1 chimeric
molecule with enhanced stability has been developed and shown
to alleviate T-cell dependent inflammation in a mouse model of
contact hypersensitivity (97). Nonetheless, identifying pathways
to induce Gal-1 synthesis and/or favor its biological activity (as
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in the latter study) might enable exploitation of its pro-resolving
function to suppress allergic asthma.

Galectin-9

Gal-9 was first cloned in 1997 (98) and subsequently isolated from
mouse embryonic kidney (99). Like Gal-3, this lectin is widely
expressed in many tissues including the lung (99, 100) as well as
by immune cells [T cells, B cells, and monocytes (101), eosino-
phils (102), and dendritic cells (103)]. Gal-9, previously known
as ecalectin, belongs to the “tandem-repeat” family of galectins,
which contain two conserved CRDs connected by a short peptide
domain of varying length (31, 98). Depending on the length of
the peptide domain linking the CRDs, three isoforms of Gal-9
have been identified (Gal-9L, Gal-9M, and Gal-9S). Studies
by Matsumoto and coworkers in the late 1990s demonstrated
that human T cell-derived Gal-9 functions as a potent and
specific chemoattractant for human eosinophils in vitro and for
murine eosinophils when administered intraperitoneally (100).
Additionally, antigen stimulation of T cells was found to upregu-
late Gal-9 expression and release by these cells (104). The CRDs of
Gal-9 exhibit high affinity for branched complex N-glycans with
N-acetyllactosamine residues and both CRDs interact with the
same or similar ligands on the cell surface of eosinophils to medi-
ate chemotactic activity, with the length of the peptide domain
linking the CRDs not being a determinant of this activity (105,
106). Gal-9-induced eosinophil chemotaxis was not mediated via
binding to the IL-5 receptor or the eotaxin receptor CCR3 (107).
Gal-9 has also been shown to activate eosinophils by inducing cell
aggregation and superoxide production, but not degranulation
(107). Interestingly, differential effects were noted with respect
to eosinophil survival. While Gal-9 was shown to prolong sur-
vival of normal eosinophils in culture at lower concentrations
(<10 nM) (107), proapoptotic activity was observed when cells
were cultured with this lectin at a higher concentration (30 nM)
under similar conditions (102). Additionally, Gal-9 suppressed
apoptosis of eosinophils from eosinophilic patients but enhanced
apoptosis of eosinophils from normal volunteers.

Consistent with its in vitro role as an eosinophil chemoat-
tractant, elevated expression of endogenous Gal-9 in the lungs
correlated with increased eosinophil recruitment/accumulation
in animal models of allergic asthma in guinea pigs (108) and
mice (109). Additionally, increased Gal-9 expression associated
with increased eosinophil accumulation has also been reported
in the nasal polyps of patients with nasal congestion and rhinor-
rhea (110) and in patients with acute eosinophilic pneumonia
(111). While these studies indicate that elevated expression
of endogenous Gal-9 may contribute to the pathogenesis of
allergic asthma, administration of exogenous Gal-9 has been
shown to have the opposite effect resulting in attenuation of
Th2-mediated asthma. In a mouse model of allergen-induced
airway inflammation, administration of exogenous Gal-9 inhib-
ited airway inflammation by binding to CD44 and preventing
CD44-hyaluronic acid interaction, an event that is essential for
leukocyte adhesion and migration to the lung (112). Exogenously
administered Gal-9 was also shown to suppress airway resistance
and eosinophil recruitment in a guinea pig model of allergen-
induced airway inflammation (113). Additionally, a suppressive

effect was noted on passive cutaneous anaphylaxis in mice,
suggestive of a stabilizing effect on mast cells. In vitro studies
showed that Gal-9 specifically bound to IgE preventing IgE-anti-
gen complex formation and mast cell degranulation (113). Gal-9
has also been shown to induce apoptosis of activated eosinophils,
but not non-activated eosinophils, suggesting a potential regu-
latory function by Gal-9 for activated eosinophils at the site of
inflammation (111).

In recent years, the immunoregulatory role of Gal-9 has
been widely investigated. In a model of Ascaris suum-induced
eosinophilic pneumonia, Gal-9-deficient mice exhibited higher
numbers of eosinophils and Th2 cells relative to wild-type mice.
Interestingly, levels of Foxp3* Tregs were lower. Additionally,
administration of exogenous Gal-9 to A. suum-exposed wild-
type mice prevented eosinophilic inflammation of the lung
and increased release of endogenous Gal-9, suggesting an
immunoregulatory role for Gal-9 in Th2-mediated eosinophilic
inflammation (114). In support of this, cells (macrophages) from
sputum of asthmatic patients were found to express lower levels of
Gal-9 on the surface than cells from healthy donors, which might
be responsible for the exacerbated immune response (90). Studies
by Wu et al. have shown that induced Tregs (iTreg) express high
levels of Gal-9 and that exogenous Gal-9 plays an important
role in maintaining the stability and function of iTreg via direct
interaction with CD44 (115). Most recently, in a study designed
to test the efficacy of Gal-9 as an adjuvant to allergen-specific
sublingual immunotherapy in a mouse model of chronic asthma,
administration of Gal-9 was found to inhibit eosinophilic airway
inflammation, airway hyperresponsiveness, and allergen-specific
IgE while inducing transforming growth factor p-1 production
as well as the number of CD4*CD25*Foxp3"" Tregs in the BALFE,
thus suggesting that using Gal-9 as an adjuvant to sublingual
immunotherapy may be a more effective treatment option (116).
Another interesting finding is that exogenously added Gal-9 sup-
presses Th17 cell development and expands Foxp3* Tregs from
naive CD4 T cells in an IL-2-dependent manner in vitro under
“Th17-skewing” conditions (117). This is of importance in the
context of those forms of asthma where neutrophils contribute to
airway inflammation more than eosinophils (118).

OTHER EOSINOPHIL-EXPRESSED
GALECTINS

Gal-10, also known as Charcot-Leyden crystal protein, is a man-
nose binding, prototypic (i.e., contains one CRD) galectin strongly
expressed in human, but not mouse, eosinophils (119). This lectin
has the ability to form bipyramidal hexagonal crystals and was
identified in the sputum of asthmatics as early as 1872 (120).
Several studies have shown that it is associated with eosinophilic
inflammation seen in diseases of the airways, and more recently
the gastrointestinal tract. Sputum specimens from patients with
acute asthma and patients with certain respiratory diseases
associated with bronchopulmonary infection have been shown
to contain elevated levels of Gal-10 (121). Gal-10 was found to
be present in nasal lavage fluid from patients with seasonal aller-
gic rhinitis during allergy season but not before allergy season
(122). Overexpression of Gal-10 mRNA was noted in peripheral
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blood of patients with aspirin-induced asthma compared to
patients with aspirin-tolerant asthma despite similarity in other
parameters associated with severe asthma in these two groups
(i.e., age, peripheral eosinophilia, inhaled corticosteroid use, etc.)
(123). More recently, studies have shown that Gal-10 is released
in the nasal lavage fluid and expressed at high levels in nasal
polyp tissue of patients with aspirin-sensitive respiratory disease
relative to aspirin-tolerant asthmatics (124). Genetic variation
in the promoter region of the Charcot-Leyden crystal/Gal-10
gene was found to be associated with allergic rhinitis suggesting
the possibility that Gal-10 gene transcription may be altered in
these individual (125). In another study, Gal-10 concentration
in the sputum strongly correlated to the number of eosinophils
in the sputum and accurately identified sputum eosinophilia in
patients with asthma (126). Apart from its association with
eosinophilic disorders of the airways, a direct correlation between
Gal-10 protein expression, eosinophil recruitment, and extent of
tissue damage has been shown in gut biopsies from patients with
celiac disease (127). Along these lines, eosinophils from children
with eosinophilic esophagitis had higher levels of Gal-10 mRNA
compared to eosinophils from healthy controls (128). Gal-14 is
the ovine ortholog of Gal-10, which is expressed specifically by
eosinophils and released into the lungs after challenge with house
dust mite allergen (129). Because it was found to be released
by activated eosinophils and was abundantly present in mucus
scrapings from the lung and intestinal tract of sheep after chal-
lenge with an allergen or a parasite, this galectin is believed to be
secreted by eosinophils at epithelial surfaces and play a role in
promoting cell adhesion and changing mucus properties during
allergies or parasitic infections in vivo (130).

Although Gal-10 has long been considered as an eosinophil-
specific protein, later studies showed that Gal-10 is constitutively
expressed in the cytoplasm of human CD25* Tregs and is
necessary for limiting cell proliferation and Treg-cell-mediated
suppression of cocultured CD4" T cells (131). However, many
unanswered questions remain regarding the mechanism of sup-
pression, intracellular binding partners of Gal-10, participation
of mannose residues, etc. In the context of allergic disease, Gal-10
was recently shown to be associated with atopic dermatitis (132).
Serum Gal-10 levels were higher in patients with atopic dermati-
tis relative to healthy controls, positively correlating with disease
severity. Further, Gal-10 was overexpressed in circulating CD3*
T cells and IL-22-producing CD4* T cells from atopic dermatitis
patients as well as in the skin of chronic atopic dermatitis patients.
Opverall, the functions of Gal-10 are still elusive; however, the
consistent finding that it is associated with eosinophilic inflam-
matory disorders indicates its potential role as a biomarker for
eosinophilic inflammation.

CONCLUDING REMARKS

Eosinophils play a critical role in mediating inflammatory
processes in asthmatic lungs by virtue of their ability to release
pro-inflammatory cytokines, chemokines, and growth factors
that promote development of the hallmark features of asthma.

The recruitment of primed mature eosinophils from the blood
stream to sites of inflammation in the lung is a multistep para-
digm involving initial rolling in the lumen of the blood vessels
followed by activation-dependent firm adhesion to the vessel wall
and chemoattractant-induced transmigration across the vascular
endothelium to extravascular sites, a process driven by cell adhe-
sion molecules (integrins and selectins), chemokines (eotaxin
and other chemoattractants), and metalloproteases. In recent
years, studies have indicated a regulatory role for galectins in
eosinophil trafficking, migration, and activation and thus impact
the pathogenesis of allergic asthma. As detailed in this review,
Gal-3 plays a pro-inflammatory role in allergic asthma by pro-
moting eosinophil trafficking and migration, while Gal-1 exerts
an anti-inflammatory effect due to its ability to limit eosinophil
migration and induce apoptosis, wherein decreased expression
or absence of this galectin results in increased eosinophilia and
exacerbated asthmatic immune responses. The role of Gal-9 in
asthma is more intricate; on the one hand, this galectin functions
as a chemoattractant for eosinophils and activates these cells but
also appears to exert a regulatory function by inducing apoptosis
of only activated eosinophils. In disease models, absence of Gal-9
results in increased eosinophilia and Th2 cells but low Foxp3*
Tregs while administration of Gal-9 causes an attenuated asth-
matic response attributable to induction of endogenous Gal-9
and direct interaction of Gal-9 with CD44 (limiting leukocyte
adhesion and migration and promoting stability and function of
iTregs).

Studies at a cellular level and in animal models clearly indicate
a role for Gal-1, -3, and 9 in regulating (positively or negatively)
eosinophil recruitment and the pathogenesis of allergic asthma;
however, further studies to elucidate expression patterns of these
galectins in relation to different phenotypes and endotypes
of allergic asthma in humans are necessary to define whether
they can serve as disease biomarkers or therapeutic targets for
pharmacological modulation. Currently, there are no therapeutic
agents that are commercially available for targeting these galectins
endogenously for treatment of asthma. However, considerable
progress has been made with respect to Gal-3. Gal-3 has been
suggested as a reliable biomarker to predict the modulation of
airway remodeling in severe asthma patients before they begin
omalizumab therapy (133) and selective Gal-3 antagonists/
inhibitors that are effective in attenuating lung fibrosis have been
developed that are currently in preclinical or phase I testing. The
final outcome of an immune response is often determined by the
fine balance of pro- and anti-inflammatory signals. Development
of novel forms of Gal-1 and Gal-9 that are stable and can be used
for immunotherapy or innovative approaches to induce synthesis
or enhance biological activity of these anti-inflammatory galec-
tins may pave the way for future clinical strategies in management
of allergic asthma.
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Prostaglandins and Their Receptors
in Eosinophil Function and As
Therapeutic Targets

Miriam Peinhaupt, Eva M. Sturm and Akos Heinemann*

Institute of Experimental and Clinical Pharmacology, Medical University of Graz, Graz, Austria

Of the known prostanoid receptors, human eosinophils express the prostaglandin D,
(PGD,) receptors DP1 [also D-type prostanoid (DP)] and DP2 (also chemoattractant
receptor homologous molecule, expressed on Th2 cells), the prostaglandin E, receptors
EP2 and EP4, and the prostacyclin (PGl,) receptor IP. Prostanoids can bind to either
one or multiple receptors, characteristically have a short half-life in vivo, and are quickly
degraded into metabolites with altered affinity and specificity for a given receptor
subtype. Prostanoid receptors signal mainly through G proteins and naturally activate
signal transduction pathways according to the G protein subtype that they preferentially
interact with. This can lead to the activation of sometimes opposing signaling pathways.
In addition, prostanoid signaling is often cell-type specific and also the combination of
expressed receptors can influence the outcome of the prostanoid impulse. Accordingly,
it is assumed that eosinophils and their (patho-)physiological functions are governed
by a sensitive prostanoid signaling network. In this review, we specifically focus on the
functions of PGD,, PGE,, and PGl, and their receptors on eosinophils. We discuss their
significance in allergic and non-allergic diseases and summarize potential targets for
drug intervention.

Keywords: allergy, inflammation, respiratory and gastrointestinal tract, bone marrow, chemotaxis, endothelium

THE PROSTANOID —EOSINOPHIL AXIS IN ALLERGIC DISEASES

Atopy is a genetically determined disorder, which results in characteristic inflammatory responses
to per se innocuous antigens. Atopic diseases can manifest in different tissues as allergic rhinitis,
conjunctivitis, bronchial asthma, dermatitis, or food allergies, and are associated with a major reduc-
tion in quality of life and life expectancy. In addition, some diseases, such as intrinsic asthma, aspirin
sensitivity, nasal polyposis, adenoid hyperplasia, or chronic idiopathic urticaria, share several clinical
and pathophysiological aspects of allergy, but with less clear ties to allergens. The basic concept
of atopic reactions is grounded in an inadequate activation of immune cells by both specific and
non-specific stimuli, with a shift toward the type-2 spectrum of inflammatory mediators, such as
interleukin (IL)-4, -5, -9, and -13 (1). In allergen-specific IgE-mediated hypersensitivity reactions
mast cells release preformed and newly synthesized mediators [histamine, leukotriene Cs, prosta-
glandin (PG) D,, TNFa, and many others] (2). This is the pivotal step in the inflammatory cascade
as it initiates the early phase of an allergic reaction. On the one hand, these mediators provoke
symptoms such as sneezing, nasal congestion, rhinorrhea, wheezing, skin rash, etc., on the other
hand, they trigger the infiltration of innate and adaptive immune cells, which favors the development
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of the late phase response that is characterized by symptoms such
as bronchoconstriction, mucus hypersecretion, edema, pain,
heat, and erythema.

Eosinophils are regarded as crucial effector cells in chronic
allergic inflammation. Activated eosinophils release an array of
cytotoxic and pro-inflammatory mediators promoting mucosal
damage in chronic asthma and allergic inflammation. The tissue
damage repeatedly initiates repair mechanisms that can lead
to imbalance of epithelial-to-mesenchymal transition (3, 4).
Consequently, eosinophils also play a role in airway remodeling
and angiogenesis in chronically inflamed tissue, and hence
contribute to the progression of the disease (5, 6). Consequently,
eosinophil-deficient mice are protected against allergen-induced
pulmonary inflammation and airway hyperresponsiveness (7, 8).
The pathogenic role of eosinophils was eventually highlighted in
a pivotal study showing that patients whose treatment is adjusted
according to sputum eosinophil counts have significantly
fewer severe asthma exacerbations than patients on standard
management therapy (9). Therefore, eosinophils are currently
considered a major therapeutic target in allergic diseases, such as
conjunctivitis, rhinosinusitis, asthma, and atopic dermatitis, but
they might also play pathogenic roles in several other diseases,
such as eosinophilic esophagitis and gastroenteritis, pancreatitis,
colitis ulcerosa, hypereosinophilic syndrome, renal disease, and
cancer (10-19).

Importantly, the role of eosinophils in murine models of
allergic airway inflammation is discussed controversially. IL-5
transgenic mice show pronounced eosinophilia and intrinsic
airway hyperreactivity whereas the latter is abolished when
CD4* cells are depleted in these mice (20). However, it has also
been observed that IL-5 transgenic mice are protected from
airway hyperreactivity, and eosinophils isolated from BAL of
OVA-challenged IL-5 transgenic mice do not release superoxides
when activated with physiological stimuli (eotaxin, IL-5, PAF,
or IgG) (21), which is in sharp contrast to human eosinophils.
Therefore, the role of mouse vs. human eosinophils might differ
in the pathophysiology of allergic diseases.

Human eosinophils express a distinct pattern of prostanoid
receptors, comprising the receptors for PGD,, DP1 [also D-type
prostanoid (DP)] (22) and DP2 [also chemoattractant receptor
homologous molecule expressed on Th2 cells (CRTH2)] (23),
the prostaglandin E, receptors EP2 and EP4 (24), and the PGL,
(prostacyclin) receptor IP (25). When activated, these seven-
transmembrane receptors couple to G proteins, which initiate
further intracellular signaling events and are eventually eliciting a
cellular response. Depending on the G protein subtypes involved,
this can lead to the activation of opposing signaling pathways
(26-29). For instance, the DP2 receptor couples to Gai; and Gog
causing eosinophil shape change and migration, while the IP
receptor inhibits these eosinophil responses, likely through Gox.
In the mouse, eosinophils express DP1 and DP2 (30). EP2 is
expressed on murine eosinophils since the EP2 agonist butaprost
inhibits eosinophil trafficking, and in OVA-sensitized mice, the
infiltrating leukocytes after allergen challenge were immunohis-
tologically stained EP2 positive (31). The expression of EP1, EP3,
EP4, and IP remains elusive; however, IP-deficient OVA-sesitized
mice show less eosinophils in the brochoalveolar lavage and

airway inflammation after allergen challenge as compared to
wild type mice (32, 33).

PROSTAGLANDIN D. (PGD>)

Prostaglandin D, is the principal ligand for two receptors, DP1
and DP2 (34), of which both are expressed on the surface of
eosinophils (35). At micromolar concentrations, PGD;, is also
an agonist of the thromboxane receptor, TP, which mediates the
direct bronchoconstrictor effect of PGD, (36). Moreover, a major
metabolite of PGD;, 15-deoxy-A'>"-PG]J, is a potent agonist of
peroxisome proliferator-activated receptor (PPAR)-y, which is
also expressed by eosinophils (37). PGD, had been known to
stimulate eosinophil locomotion for some time (38, 39), but it
was only in 2001 that the DP2 receptor was found to mediate this
effect (22, 40, 41). Also, DP2 activation by PGD, or DP2-selective
ligands triggers Ca?* flux, CD11b upregulation, respiratory burst,
and release of eosinophil cationic protein (22, 40-42). Eosinophil
responses to DP2 activation seem to depend on Gay proteins,
exemplified by the lack of effect of pertussis toxin on PGD,-
induced eosinophil shape change, which—however—is abrogated
by phospholipase C inhibition (43). However, PGD,-induced
chemotaxis was abrogated by pretreatment of eosinophils with
pertussis toxin (unpublished observation). In addition to directly
stimulating eosinophil migration, we also observed that PGD, is
capable of priming eosinophils for other chemoattractants like
eotaxin, 5-0x0-6,8,11,14-eicosatetraenoic acid (5-oxo-ETE),
or complement factor C5a, an effect that is likewise mediated
by the DP2 receptor (42, 44). Conversely, eosinophil migration
toward PGD; is impaired by eotaxin or 5-0xo0-ETE in a pathway
depending on phosphoinositide 3-kinase as well as p38 mitogen-
activated protein kinase (44). The subcellular signaling cascades
that mediate the priming effect of PGD, are not yet understood,
while the priming effect of the PGD, metabolite 15-deoxy-
A»"-PGJ, seems to involve PPAR-y (45). Thus, it appears that
a hierarchy exists among eosinophil chemoattractants: PGD,
might be regarded as an initial chemoattractant, since its potency
is sustained also in whole blood and primes eosinophils for other
chemoattractants; however, eotaxin seems to be an end-point
chemoattractant, as it has reduced efficacy in blood as compared
to isolated eosinophils, and effectively downmodulates eosinophil
migration toward other chemoattractants (44).

Besides PGD», DP2 is also activated by the PGD, metabo-
lites 13,14-dihydro-15-keto- (DK-) PGD,, PGJ,, A*PGJ, and
15-deoxy-A'>"-PGJ, (42, 46, 47). Considering that PGD, is as
short-lived molecule and rapidly degraded into metabolites (48), it
is interesting that the PGD, actions on eosinophils are maintained
through metabolites binding to DP2. Moreover, one of the major
metabolites of the thromboxane pathway, 11-dehydro-TXB,, and
even the common precursor of all prostanoids, PGH,, are also
potent DP2 agonists (49, 50). Similarly, PGF2a has been found to
activate eosinophils through DP2 (51).

In human disease, DP2 on peripheral blood eosinophils is
upregulated in allergic dermatitis and rhinitis patients (52, 53),
but it is diminished in active ulcerative colitis (26).

Although PGD; binds to DP1 with similar affinity as to DP2
(34), the exact function of this receptor in immune cells has not

Frontiers in Medicine | www.frontiersin.org

July 2017 | Volume 4 | Article 104


http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive

Peinhaupt et al.

Prostaglandins in Eosinophil Function

been fully elucidated yet, and both pro- and anti-inflammatory
effects have been reported (29). For instance, DP1 mediates
the PGD,-induced expression of the airway mucin MUC5B in
human nasal epithelial cells (54) and stimulates mucus produc-
tion in vitro (55) but inhibits the functions of platelet, neutrophils,
basophils, and dendritic cells (56-62). Unlike DP2, which is
preferentially expressed on immune cells, such as eosinophils,
basophils, macrophages, mast cells, a subset of Th2 lymphocytes
and group 2 innate lymphoid cells (23, 40, 63-66), DP1 is more
widely expressed, including the vasculature, the central nervous
system, the retina, and the lungs (55, 67-69).

DP1-deficient mice were shown to be protected from devel-
opment of allergic lung inflammation in terms of airway hyper-
responsiveness, reduced numbers of BAL eosinophils, and BAL
levels of IL-4, IL-5, and IL-13 (70). In contrast, intratracheal
administration of DP1 agonist BW245c protected mice from air-
way hyperresponsiveness and lung eosinophilia in a OVA models
of experimental asthma, thereby counteracting DP2-mediated
proinflammatory responses (30, 71). DP1 activation has also been
linked to inhibition of dendritic cell function (60) and to reduce
inflammation in an IL-10-dependent mechanism (71). DP1, but
not DP2, expression in lung tissue (mRNA) is upregulated upon
OVA challenge (72). More recently, in guinea pigs, PGD, aerosols
were shown to induce the activation of sensory nerves and cough
via DP1 receptor activation. Interestingly, DK-PGD, modulated the
sensory nerve activity by inhibiting the response to capsaicin (73).

In eosinophils, the DP1 receptor transmits antiapoptotic
signals by PGD, (22), but has been found to limit DP2-mediated
CD11b wupregulation (41). At micromolar concentrations,
however, PGD, and 15-deoxy-A'>'*-PGJ, drive eosinophils
into apoptosis in a nuclear factor kB-dependent manner (74).
Regarding other eosinophil responses, there is growing literature

reporting cooperative signaling of DP1 and DP2 receptors.
In guinea pigs, both DP1 and DP2 activation can stimulate
the mobilization of eosinophils from the bone marrow (75).
Moreover, DP1-dependent eosinophil responses such as migra-
tion and production of reactive oxygen species are—to some
extent—co-mediated by DP1 (75, 76). On the molecular level,
we have shown that DP1 activation is substantially involved in
DP2-triggered Ca®* signaling in a heterologous expression system
and in human peripheral blood eosinophils and, therefore, might
be an important regulator of DP2-mediated pro-inflammatory
signaling (35). Cooperative signaling of the two receptors also
converges in the PGD;-induced synthesis of leukotriene C4 syn-
thesis in eosinophils. Only a simultaneous activation of DP1 and
DP2 led to a sufficient response while the activation of either one
or the other receptor did not equal the full PGD, response (77).
This finding does not only substantiate the significance of PGD,
in stimulating the synthesis of LTC, but also highlights the coop-
erative function of the two PGD, receptors (Figure 1).

TARGETING PGD; SIGNALING IN
EOSINOPHILIC DISEASES

DP2 Receptor Antagonists

Blood and tissue eosinophilia is a key feature of allergy and asthma.
It correlates with the severity of the disease on the one hand, and
levels of PGD, on the other hand (78). Exogenously applied PGD,
and DP2 agonists provoke peripheral blood eosinophilia and infil-
tration of eosinophils into the conjunctiva, lung, nose, and skin in
animal models (30, 38, 79-82), whereas pharmacological block-
ade of DP2 can ameliorate models of atopic dermatitis, asthma,
rhinitis, and conjunctivitis (83-88). Interestingly, DP2-deficient
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FIGURE 1 | PGD:, PGE;, and PG, direct the functions of eosinophils. Eosinophils express receptors for PGD. (DP1, DP2), PGE; (EP2, EP4), and PGl (IP). Via DP2,
PGD:; attracts eosinophils to the site of inflammation, enhances eosinophil mobilization from the bone marrow, and upregulates CD11b expression. In line with the
chemotactic response, PGD.-mediated activation of eosinophils results in increased size and altered cell shape. DP1 and DP2 cooperatively regulate the synthesis
of LTC,4. DP1 has been shown to enhance the DP2-mediated Ca* response and to prolong the survival of eosinophils in vitro. Counteracting pro-inflammatory
mechanisms PGE. and PG, suppress the activation of eosinophils and hence dampen pro-inflammatory signals. Despite the negative regulation of eosinophil
effector and chemotactic functions by PGE. and PGl,, PGE. was shown to decrease eosinophil apoptosis in vitro.
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mice develop a normal chronic allergic inflammatory response
to allergen challenge after sensitization and challenge, while the
acute inflammatory response and eosinophil infiltration in the
skin are abrogated (89).

The effects of the DP2 antagonist timapiprant (OC-459) was
studied in a large patient cohort (n = 482) of mild-to-moderate
persistent asthma. In this randomized, double-blind placebo-
controlled study, the DP2 antagonist was given over 12 weeks
with overall beneficial effects on lung function. A post hoc
analysis revealed that the greatest improvement of lung function
by timapiprant was observed in patients with active eosinophilia
(>250/pl peripheral blood) and—even more pronounced—in
younger patients (90). This applies also for the humanized
murine IL-5 antibody mepolizumab, which is most effective and
only given in asthma patients with severe eosinophilic airway
inflammation (91). In eosinophil esophagitis, timapiprant sig-
nificantly reduced the esophageal eosinophil load and induced
some clinical improvement (92). Timapiprant also successfully
reduced nasal and ocular symptoms in allergic subjects exposed
to grass pollen (93).

Fevipiprant (QAW039) is another DP2 antagonist, but as com-
pared to timapiprant, it has slower dissociating properties and
is, therefore, a candidate compound with potentially improved
efficacy (94). In 170 patients with uncontrolled asthma, however,
fevipiprant administered once daily did not meet the overall
expected primary clinical end point (increase in FEV}), but led to
an improvement of clinical symptoms in a sub-cohort with severe
asthma (FEV, < 70%), leading to a significant improvement in
FEV, and the asthma control questionnaire score, in addition to
being well tolerated by the patients (95). It has to be considered,
however, that post hoc analyses like these performed with fevip-
irant and timapiprant (90) need to be interpreted with caution.
Importantly, fevipirant reduced eosinophilic airway inflammation
in a separate, small trial comprising 61 patients with persistent
moderate-to-severe asthma, uncontrolled by inhaled corticoster-
oids and elevated sputum eosinophil counts (96).

Several other DP2 antagonists have been subject to clinical
trials in asthma or even COPD, but showed little efficacy and are
discussed elsewhere (97).

DP1 Receptor Antagonists

Based on in situ hybridization and immunohistochemistry, DP1
mRNA and DP2 protein expression were detectable in eosino-
phils in nasal polyp tissue of allergic rhinitis patients; in contrast,
only DP1 but not DP2 was observed in nasal tissue of healthy
subjects (67).

A pivotal study using DP1-knockout mice suggested that DP1
plays an important role in the OVA-induced asthma model. DP1-
deficient mice not only showed markedly reduced eosinophils in
BAL fluid but also did not develop airway hyperresponsiveness
(70). In a rat model of OVA-induced pulmonary inflammation,
DP1 expression was upregulated in the lungs while bronchial
hyperresponsiveness and immune cell infiltration was dimin-
ished by the DPI1 antagonist S-5751 (98). In an OVA-induced
allergic rhinitis model in guinea pigs, S-5751 inhibited late phase
responses such as infiltration of eosinophils and mucosal plasma
exudation (99). A newly developed DP1 antagonist (S-555739,

asapiprant) showed improved affinity and bioavailability, and
reversed antigen- and PGD»-induced nasal congestion and airway
hyperresponsiveness in guinea pigs and sheep, respectively, along
with significantly decreased eosinophils and other inflammatory
cells in nasal lavage fluid (100). A phase II clinical trial in the USA
(NCTO01651871) and a phase III clinical trial (JapicCTI-132046)
in Japan are underway testing asapiprant in seasonal allergic
rhinitis. The results are yet to be announced. Previously, another
DP1 antagonist, laropiprant (MK-0524), was shown to prevent
nasal congestion induced by PGD; in healthy subjects (101)
but failed in phase II trials in allergic rhinitis and asthma (102).
Similarly, the dual DP1/DP2 antagonist vidupiprant (AMG 853)
provided no benefit as an add-on to inhaled corticosteroid ther-
apy in moderate-to-severe asthma (103).

Inhibition of PGD. Synthases—HPGDS and
Lipocaline Prostaglandin D, Synthase
(LPGDS)

In mammals, two isoforms of PGD, synthases are expressed: the
lipocaline type (LPGDS), which is highly abundant in the central
nervous system and the hematopoietic type (HPGDS), which is
mainly expressed in mast cells, but also can be found in mac-
rophages and Th2 lymphocytes (Table 1). Additionally, resident
eosinophils themselves might be a late source of PGD; at the site
of allergic inflammation acting in an autocrine manner to attract
and activate further eosinophils (104, 105). An interesting novel
link between PGD; and eosinophils is the recent discovery of pro-
eosinophilic, so-called pathogenic effector (pe)Th2 lymphocytes,
which highly express IL-5 and IL-13, and can be found at elevated
levels in eosinophilic patients suffering from atopic dermatitis
and eosinophilic gastrointestinal disease. These cells express not
only DP2 but also HPGDS (106).

Both PGD synthases are regarded as promising drug targets
in a variety of diseases, such as allergic inflammation, masto-
cytosis, asthma and chronic obstructive pulmonary disease,
metabolic disorders, muscular dystrophy, Alzheimer’s disease, or
spinal cord injury (127), stimulating the development of several
selective inhibitors (128-136). Transgenic mice overexpressing
LPGDS show exaggerated eosinophilic pulmonary inflammation
(72), which was reversed by AT-56, a LPGDS inhibitor (129).
In contrast, eosinophil numbers in OVA-induced pulmonary
inflammation are not significantly increased in transgenic mice
overexpressing HPGDS, but the HPGDS inhibitor HQL-79 abro-
gated eosinophilic pulmonary inflammation in OVA-challenged
mice (128). HPGDS in healthy nasal mucosa is expressed only
in mast cells, but in allergic rhinitis and nasal polyps also in
infiltrating inflammatory cells including eosinophils (67, 137).
In a guinea-pig model of allergic inflammation, the HPGDS
inhibitor TAS-204 prevented OVA-induced nasal obstruction
and eosinophil infiltration (132).

Activation of PPAR-y

In an OVA-induced allergic model, 15-deoxy-A'>"*-PGJ, and the
PPAR-y agonist rosiglitazone abrogated peritoneal accumulation
of eosinophils and eosinophil proliferation in bone marrow (138).
Similarly, several studies have shown that synthetic PPAR-y
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TABLE 1 | PGD: release and expression of hematopoietic prostaglandin D, synthase (HPGDS) and lipocaline prostaglandin D. synthase (LPGDS) in human cells.

Cell type HPGDS LPGDS PGD:; release
Astrocytes Mohri et al. (68)
Basophils Tanaka et al. (107); Dahlin et al. (108)

Dendritic cells

Endothelial cells

Eosinophils

Epithelial cells (choroid plexus)
Bronchial epithelial cells (HBEC)

Shimura et al. (109)

Luna-Gomes et al. (112)

Shimura et al. (109)
Taba et al. (110), Camacho et al. (111)
Luna-Gomes et al. (112)

Taba et al. (110)

Blodorn et al. (113)
Jakiela et al. (114) (mass spectrometry)

Kanda et al. (116)
Tajima et al. (117)

Schleimer et al. (118); Lewis et al. (119)

ILC2 Bjorklund et al. (115)

Keratinocytes

Langerhans cells (epidermal) Shimura et al. (109)

Macrophages Jand! et al. (65)

Mast cell progenitors Dahlin et al. (108)

Mast cells Nantel et al. (67)

Megakaryoblastic cells (CKM, Dami cells) Mahmed et al. (120); Suzuki et al. (121)
Microglia Mohri et al. (68)

Myocardial cells
Oligodendrocytes

Osteoarthritic chondrocytes
Smooth muscle cells (arteriosclerotic plaques)
Th2 subsets

Eguchi et al. (122)
Mohri et al. (68);
Kagitani-Shimono
etal. (123)

Zayed et al. (124)
Eguchi et al. (122)

Zayed et al. (124)

Mitson-Salazar et al. (106); Tanaka et al. (107);

Wang et al. (125); Nagata et al. (126)

agonists are beneficial in mouse models of allergic pulmonary
inflammation and rhinitis (139, 140). Pioglitazone was tested in
patients with mild asthma but did not reproduce the results from
animal studies (141).

PROSTAGLANDIN E:

Infiltration of eosinophils along with other proinflammatory
parameters in OVA-induced asthma model was found to be
markedly enhanced in COX-1 and COX-2 knockout mice (142)
and after pharmacological blockade of these enzymes (143).
Conversely, inhaled PGE, reduced airway inflammation, hyper-
responsiveness, and eosinophil counts in BAL fluid of asthmatic
patients (144). These findings suggested a possible inhibitory
effect of PGs on eosinophils.

In airways, PGE; is released by epithelial-, endothelial-, and
smooth muscle cells, macrophages, and fibroblasts, and potently
counteracts the pro-inflammatory actions of PGD,. PGE; has
bronchodilator functions and reduces airway hyperresponsive-
ness via activation of EP2 receptors (145). Recently, we found
that PGE, promotes the endothelial barrier by EP4 receptors
expressed on the endothelium and protects against thrombin-
induced junctional disruption (146).

Early studies indicated that PGE, inhibits the release of
eosinophil cationic protein (39) and homotypic aggregation
of eosinophils (147) that is mediated by the f2-integrin CD18
(148). Of the known PGE; receptors (EP1, EP2, EP3, and EP4),
eosinophils express mRNA for EP2 and EP4 (24). Accordingly,
we found both EP2 and EP4 protein in eosinophils using flow
cytometry and Western blot, respectively (27, 31). By directly
addressing the significance of PGE, in eosinophil function, we
could show that PGE, acts to suppress eosinophil responses

such as chemotaxis and degranulation, which seemed to be
mediated by both EP2 and EP4 receptors (27, 31). On the sub-
cellular level, EP4 receptor activation resulted in blockade of
intracellular Ca* release, cytoskeletal reorganization, and pro-
duction of reactive oxygen species (27). EP4 agonist treatment
inhibited CD11b upregulation, activation, and clustering of 2
integrins, and L-selectin shedding of eosinophils, which were
all abolished using an EP4 antagonist (149). We could delineate
the underlying signaling pathways to involve phosphoinositide
3-kinase, phosphoinositide-dependent kinase 1, and protein
kinase C but not the cyclic AMP/protein kinase A pathway
(27, 150). Likewise, the PGE,—EP4 axis acted inhibitory on
the interaction of eosinophils with endothelial cells, including
adhesion and transmigration (149). In contrast, mobilization
of eosinophils from guinea pig bone marrow was mediated by
the EP2 receptor (31). Previously, in vitro eosinophilopoiesis
stimulated by IL-5 was also observed to be under negative
control of PGE, in normal and OVA-sensitized mice by selec-
tively inducing apoptosis in developing eosinophils (151, 152).
Unexpectedly, PGE, has been found to be antiapoptotic for
peripheral blood eosinophils (153, 154), which might be linked
to elevated PGE; levels in airways of asthmatic patients (155),
and even more in non-asthmatic eosinophilic bronchitis (156).
Another study, however, found an inverse relationship between
sputum eosinophil counts and PGE; levels (157). Nevertheless,
activation of the EP2 receptor inhibited the allergen-induced
increase of eosinophils in the bronchoalveolar lavage fluid of
OVA-sensitized mice (31).

Hence, the activation of EP2/EP4 receptors can be protective
against the accumulation and activation of eosinophils in the
affected tissue, and is therefore considered as a potential treat-
ment strategy in allergy (Figure 1).
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PROSTAGLANDIN I

Parts of the immune-suppressive effects of PGE, are shared by
PGI, (prostacyclin). In contrast to EP2/EP4 signaling, the activa-
tion of PGI, receptors (IP) is mediated by intracellular cAMP,
thereby inhibiting eosinophil functions. PGI, and the stable PGI,
mimetic iloprost negatively regulate the trafficking of guinea pig
bone marrow eosinophils via IP receptor activation (158). In
experimental asthma in mice, iloprost attenuates dendritic cell
function and the concomitant allergen-specific Th2 response and
inhibits eosinophilia in lung tissue (159). After repeated allergen
challenge, endogenous PGI, abrogates airway remodeling (32).

In an in vitro study using human eosinophils and endothelial
cells, we found that endothelium-derived PGI; is an important
modulator of eosinophil-endothelial interaction and might have
a bearing on eosinophil accumulation at sites of allergic reaction.
Moreover, PGI, promotes the barrier function of lung endothe-
lial cells and limits eosinophil adhesion and transendothelial
migration (25). Our data might hence explain previous findings
that deletion of IP receptors in mice augments the eosinophilic
infiltrate in allergic responses of the lung and skin and enhances
airway remodeling (32, 33).

THE PROSTANOID —EOSINOPHIL AXIS IN
NON-ALLERGIC DISEASES

Aspirin-Exacerbated Respiratory Disease
(AERD)

Also referred to as aspirin intolerance or Samter’s triad, AERD
is a chronic inflammatory state of the airways resulting in rhi-
nosinusitis, nasal polyps, and asthma. In some patients, these
symptoms are accompanied by skin rash such as urticaria or
angioedema, while in others the skin manifestations are pre-
vailing. These symptoms are aggravated after intake of aspirin
(acetylsalicylic acid) or any other non-selective COX inhibitor,
occasionally culminating in massive anaphylactoid reactions or
even death. In contrast, selective COX-2 inhibitors are mostly
tolerated. A comprehensive overview on clinical presentations
and pathobiologic mechanisms is provided elsewhere (160-162).
In brief, an imbalance of anti-inflammatory PGE, and proinflam-
matory LTC,; exists in these patients at baseline, which is further
enhanced after intake of COX inhibitors, which alludes into
activation of mast cells, eosinophils, and several other immune
cells. In addition to mast cells, LTC4 biosynthesis in eosinophils
is upregulated in AERD patients. Similarly, both cell types express
more HPGDS and release excessive levels of PGD; in this condi-
tion (163). Urinary levels of a stable PGD, metabolite were found
to be twofold higher in patients with AERD relative to those
in control subjects and—most remarkably—increased further
upon aspirin exposure. This correlated with reductions in blood
eosinophil counts and lung function, and clinical symptoms such
as nasal congestion (164). Aspirin-induced secretion of PGD,
was abrogated after successful aspirin desensitization therapy
(165). Aspirin by itself was found to activate blood eosinophils in
terms of Ca’* flux, degranulation, and CD11b upregulation, the
latter being more pronounced in AERD patients (166, 167). These

effects were reversed by PGE,. We observed that the expression
of the EP4 receptor in blood eosinophils tended to be reduced
in AERD patients, and inhibition of eosinophil chemotaxis by
PGE, or an EP4 agonist was less pronounced in AERD patients as
compared to healthy controls (168). Single nucleotide polymor-
phisms of the ptger2 and ptger4 were detected in aspirin-intolerant
Korean patients, predicting lower EP2 and EP4 receptor expres-
sion levels (169, 170). A single nucleotide polymorphism in the
DP2 gene crth2 was also observed to correlate with increased
levels of the eosinophil chemoattractant, eotaxin-2 in Korean
AERD patients (171). Similarly, the prevalence of a crth2 single
nucleotide polymorphism was found to be increased in a female
Japanese AERD patient cohort (172). These findings suggest that
targeting PGE, and PGD; receptors might provide potential novel
treatment options for AERD. Whether these genetic alterations
specifically contribute to AERDS pathophysiology is still unclear,
as similar finding have also been made for allergic disease and
asthma (173).

Miscellaneous
Eosinophil infiltration into tumor-surrounding areas is observed
in various types of cancer (174). The presence of tumor-associated
tissue eosinophils (TATEs) seems to beneficially influence the
prognosis of oral squamous cell carcinoma and other types of
cancer. Davoine et al. have shown that eosinophil lysates inhibit
the growth of the oral squamous carcinoma cells line (SCC-9)
in vitro and correlates with the amount of released eosinophil
peroxidase. Inhibition of HPGDS by HQL-79 in oral squamous
cell carcinoma abrogated the migration of eosinophils toward
the tumor cells. These results suggest an antitumor activity of
PGD; via the activation of release of eosinophil peroxidase from,
or by cytolysis of, eosinophils (175). By using HPGDS-deficient
mice, Murata et al. have shown that mast cell-derived PGD; is
an antiangiogenic factor in lung carcinoma (176). Therefore,
stimulating the HPGDS/PGD; axis could be a beneficial strategy
in cancer, with TATEs serving as an additional biomarker.
Eosinophils have been shown to play a significant role in
inflammatory bowel disease, ulcerative colitis, and Crohn’s
disease (13, 177, 178). We have shown in experimental Crohn’s
disease that eosinophils contribute to intestinal inflammation
via activation of DP2. Timapiprant inhibited the recruitment of
eosinophils into the colon, reduced intestinal inflammation, and
decreases cytokine levels (TNFa, IL-1p, IL-6) in mice. In Crohn’s
patients, PGD, and A"2-PGJ, levels were increased as compared
to control individuals (179). In a subsequent study, increased
expression of LPGDS in myenteric and submucosal neurons,
and enhanced PGD; release, was observed in tissue samples from
colon of patients with active Crohn’s disease (180). In ulcerative
colitis, we observed opposing effects of DP1 and DP2 as blockade
of DP2 improved, whereas a DP1 antagonist worsened, inflam-
mation in a mouse model of colitis (26). In ulcerative colitis
patients, DP2 expression was downregulated on peripheral blood
eosinophils, while DP1 was upregulated, and both findings cor-
related with disease activity. Biopsies of colitis patients revealed
an increase of DP2-positive cells in the colonic mucosa and high
DP2 protein content. Both PGD, and PGE, levels were elevated
in serum of colitis patients (26). Eosinophils and macrophages
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were suggested to be the main source of PGE; in colitis (181).
Current literature suggests that, like in allergy, PGE, through its
EP4 receptor opposes the pro-inflammatory action of PGD, in
inflammatory bowel disease and plays a protective role in mouse
models of colitis (182-184). In contrast, a large body of evidence
supports EP4 receptors to predominantly mediate the overall
pro-tumorigenic action of PGE; (185). Whether inhibition of
eosinophil function is involved in the anti-inflammatory and
pro-tumorigenic roles of the EP4 receptor in the gut has not been
investigated yet.

CONCLUDING REMARKS

Accumulating data suggest that the DP2 receptor is an impor-
tant activator of eosinophils, as it does not only respond to its
cognate ligand, PGD;, but also to most of its metabolites, and
even unrelated prostanoid species. PGD, is generated by a large
variety of immune cells under different conditions. Among
other leukocytes, eosinophils are probably the most important
DP2-bearing cells. Thus, it is believed that DP2, and to some
extent also DP1, crucially contribute to various pathologies that
involve eosinophils, and provide novel therapeutic approaches
to conditions such as asthma, allergic rhinitis, conjunctivitis,
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Cysteinyl Leukotrienes in Eosinophil
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and Therapeutic Perspectives

in Eosinophilic Disorders
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Institute of Biomediical Sciences, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

Cysteinyl leukotrienes (cysLTs), LTC4, and its extracellular metabolites, LTD4 and LTE4,
have varied and multiple roles in mediating eosinophilic disorders including host defense
against parasitic helminthes and allergic inflammation, especially in the lung and in
asthma. CysLTs are known to act through at least 2 receptors termed cysLT1 receptor
(CysLT1R) and cysLT2 receptor (CysLT2R). Eosinophils contain a dominant population
of cytoplasmic crystalloid granules that store various preformed proteins. Human eosin-
ophils are sources of cysLTs and are known to express the two known cysLTs receptors
(CysLTRs). CysLTs can have varied functions on eosinophils, ranging from intracrine reg-
ulators of secretion of granule-derived proteins to paracrine/autocrine roles in eosinophil
chemotaxis, differentiation, and survival. Lately, it has been recognized the expression of
CysLTRs in the membranes of eosinophil granules. Moreover, cysLTs have been shown
to evoke secretion from isolated cell-free eosinophil granules operating through their
receptors expressed on granule membranes. In this work, we review the functional roles
of cysLTs in eosinophil biology. We review cysLTs biosynthesis, their receptors, and argue
the intracrine and paracrine/autocrine responses induced by cysLTs in eosinophils and
in isolated free extracellular eosinophil granules. We also examine and speculate on the
therapeutic relevance of targeting CysLTRs in the treatment of eosinophilic disorders.

Keywords: eosinophils, leukotrienes, granules, cytokine, cysleukotrienes

INTRODUCTION

Lipid mediators such as leukotrienes (LTs) possess multiple cell targets and immunologic functions
in different pathological and physiological conditions. LT biosynthesis is initiated throughout the
activation of cells, when arachidonic acid (AA) is released from the membrane phospholipids by
a calcium-dependent cytosolic phospholipase A2 (1, 2). Free AA is metabolized enzymatically to
eicosanoids through at least two major pathways, namely cyclooxygenase (COX) and lipoxygenase
(LO) pathways. In the COX pathway, AA is metabolized to prostaglandin H2, which is further
metabolized to prostaglandins and thromboxanes by particular prostaglandin and thromboxane
synthases. In the LO pathway, AA is metabolized to 8-, 12- and 15-hydroperoxyeicosatetraenoic
(HPETE) acids by 12- and 15-LO or to 5-HPETE by 5-LO and 5-lipoxygenase-activating protein
(FLAP). FLAP presents AA to 5-LO, which catalyzes the formation of 5-HPETE (1-3). 5-HPETE
forms LTA4, which is unstable and rapidly metabolized either to produce LTB4 by the act of LTA4
hydrolase (LTA4-H) or to generate LTC4 by the action of LTC4 synthase (LTC4-S). LTC4 is further
enzymatically converted to LTD4 and LTE4 (1, 2) (Figure 1).
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FIGURE 1 | Biosynthetic pathway of cysteinyl leukotrienes (cysLTs) and cross regulation of their receptors. Arachidonic acid (AA) is released from the plasma
membrane by a cytosolic phospholipase A2 (cPLA2). To form cysLTs, 5-lipoxygenase-activating protein (FLAP) presents AA to 5-lipoxygenase (5-LO) leading to the
formation of leukotriene (LT) A4. LTA4 is rapidly metabolized either to produce LTB4 by the act of LTA4 hydrolase (LTA4-H) or to generate LTC4 by the action of LTC4
synthase (LTC4-S). LTC4 is further enzymatically transformed to LTD4 and LTE4. CysLT2R or GPR17 and PKC-dependent phosphorylation by P2Y receptors inhibit
CysLT1R function. P2Y12 receptor (P2Y12R) was primarily identified as a LTE4 ligand, but other studies have suggested that LTE4 does not activate intracellular
signaling by acting through P2Y12R. More recently, GPR99 has been suggested as a new receptor sensitive to LTE4.
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Although the biosynthesis of the cysteinyl leukotrienes
(cysLTs) mainly occurs in cell-specific compartments, such as
the nuclear envelope (4) and specific intracellular organelles
called lipid bodies (5) (cytoplasmic organelles rich in lipids that
have functions in lipid mediator production), other alternate
routes have also been observed in different cells. In eosinophils,
basophils, mast cells, and macrophages, LTC4S conjugates LTA4
to reduced glutathione, forming LTC4. Once formed, LTC4 is
transported extracellularly via the ATP-binding (ABC) proteins

and then metabolized to LTD4 and LTE4 by y-glutamyl trans-
peptidases and dipeptidases, respectively (2). This process is
named cysLTs transcellular biosynthesis and also occurs in other
cells, such as endothelial cells, platelets, and even neuronal and
glial cells. These cells lack the enzymes to produce LTA4, but they
use the LTA4 from the surrounding neutrophils and produce
LTC4 [for review, see Ref. (1)].

LTC4, LTD4, and LTE4 are the main ligands for the
G-protein-coupled receptors (GPCRs) cysteinyl leukotrienes
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type 1 (CysLT1R) and type 2 (CysLT2R) receptors. The rank
of order is LTD4 > LTC4 > LTE4 by means of their affinity
toward CysLT1R (6), whereas CysLT2R binds LTC4 and LTD4
with an affinity one-log less than CysLT1R (binding rank order
LTD4 = LTC4 > LTE4) (7). CysLT1R, a high-affinity receptor
for LTD4, is expressed in bronchial smooth muscle and sub-
stantially in eosinophils, macrophages, and mast cells and is the
target of antagonists (montelukast, zafirlukast, and pranlukast)
(6). CysLT2R is resistant to montelukast, and is expressed both
on cells that also express CysLT1R (e.g., leukocytes) and other
tissues.

Different studies have proposed the existence of another cysLT
receptor (CysLTR), since several of the cell functions evoked
by cysLTs are not well explained by the current knowledge of
CysLTRs (8-14). For example, studies performed in mice and
humans suggested that LTE4, known as the weakest CysLTRs
activator, has biological effects that cannot be elucidated based on
its currently accepted affinity to CysLT1R and CysLT2R (11-13).
In fact, the purinergic P2Y12 receptor (P2Y12R) has been sug-
gested as a different receptor responsive to LTE4 based on in vitro
and in vivo studies (15, 16). In contrast, different investigations
have suggested that cysLTs, including LTE4, do not trigger
P2Y12R-mediated intracellular signaling. So, another receptor
sensitive to LTE4 has yet to be recognized (17). More recently,
a potential new receptor for LTE4 was identified and reported as
an oxyglutarate receptor named GPR99 (18) (Figure 1). Current
knowledge of CysLTIR and CysLT2R also reveal that CysLTR
functions have many non-canonical modulation pathways. Now
it is known that CysLT1R can be regulated by indirect or direct
physical interactions with other GPCRs. For instance, protein
kinase C activation by the purinergic P2Y2 and P2Y6 receptors
can induce phosphorylation and desensitization of CysLT1R,
when these receptors are coexpressed in cell lines, without caus-
ing CysLT1R internalization (19). Moreover, in human mast cells,
CysLT1R and CysLT2R heterodimerize (20), limiting the levels
of membrane expression of CysLT1R as well as its functional
signaling capacity. GPR17, a GPCR homologous to CysLT1R and
CysLT2R, was first characterized as a dual-specific receptor for
cysLTs and uracil nucleotides (21). Nevertheless, in further stud-
ies, it was revealed that GPR17 operates as a negative regulator
of CysLTR1 activation induced by LTD4 and distinctly reduces
binding of LTD4 in cells that express both classes of receptors
(22) (Figure 1). Thus, more investigations are needed in order to
better understand the many unpredictable responses obtained in
the studies with cysLTs. Potentially, many other direct or indirect
interactions, that are still unknown, may exist among CysLTRs
and other GPCRs.

Currently, eosinophils are defined as multifunctional cells
that have long been related to allergy and host parasite responses.
They are immunomodulatory cells that contribute both in innate
and adaptive immune responses via the selective secretion of
different cytokines and other mediators. CysLTs and CysLTRs
have significant roles in allergic conditions and are valuable
pharmacological therapeutic targets for the control of asthma
and other eosinophilic diseases [for review, see Ref. (23)].
Human eosinophils are main producers of cysLTs and express
both CysLT1R and CysLT2R on their cell plasma membranes

(2, 24). Among other GPCRs capable of potentially responding
to cysLTs or interacting with CysLTRs, it is now recognized that
eosinophils express the P2Y2R, P2Y6R [for review, see Ref. (25)],
P2Y12R (26), and the GPR99 (27). However, the functional roles
of these receptors as regulators of CysLTRs in eosinophils are still
not known. The expression of GPR17 in eosinophils has not been
identified so far.

Mature human eosinophils are easily differentiated by the
abundant presence of secretory granules termed crystalloid,
secondary, or even specific granules (28). Eosinophils are also
characterized by a vesicular system and lipid bodies, in which
various lipid mediators are synthesized. Within eosinophils,
synthesis of LTC4 (but not LTD4 or LTE4) occurs at perinuclear
membranes and in cytoplasmic lipid bodies (24, 29). Eosinophil
crystalloid granules present a unique morphology with a central
crystalline core compartment surrounded by a matrix, which is
delimited by a trilaminar membrane. These granules express dif-
ferent receptors in their wrapping trilaminar membrane and store
a large number of preformed proteins such as cytotoxic cationic
proteins and many cytokines and chemokines. Human eosino-
phils synthesize and store cationic proteins such as eosinophil
peroxidase, eosinophil cationic protein (ECP), eosinophil granule
major basic protein, and eosinophil-derived neurotoxin (EDN).
They also biosynthesize, store, and selectively secrete growth fac-
tors, enzymes, chemokines (such as eotaxin and RANTES), and
over more than three dozen cytokines in response to different
stimuli (28, 30-35). Piecemeal degranulation (PMD), a process
by which granule contents are selectively mobilized into vesicles
that arise from the granules and fuse with the plasma membrane
to extracellularly release their cargo, is the major mechanism of
intact eosinophil granule protein secretion (32, 36). A different
mechanism of human eosinophil “degranulation” is known as
cytolysis, which involves damage of eosinophil cell membrane
integrity, release, and deposition of cell-free membrane-bound
crystalloid granules to the extracellular microenvironment. Even
though PMD is recognized as the main mechanism operating
during eosinophil protein secretion, cytolysis has been considered
the main mechanism underlying the release and tissue deposition
of intact, membrane-bound free eosinophil granules observed
in different eosinophilic diseases. Exocytosis, whereby the entire
granules fuse with the plasma membrane releasing their content
extracellularly, has been considered a more unusual mechanism of
eosinophil secretion and it is not usually observed in vivo (35, 37).

FUNCTIONAL ROLES OF cysLTs
IN EOSINOPHIL BIOLOGY

Over thelastyears,anumber of mediators (cytokines, chemokines,
growth factors, alarmins, and lipid mediators) involved in the
regulation of eosinophil recruitment, degranulation, survival,
and other functions have been identified. A rising bulk of data
has revealed essential roles of cysLTs in regulating different
eosinophil functions.

It has been reported that cysLTs display eosinophilotac-
tic activity in vitro via CysLT1R (38-40) (Figure 2). These
studies revealed that LTD4 may act as a potent and selective
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eosinophilotactic factor at physiological concentrations (38) and
in directly increasing Mac-1 expression in a mechanism depend-
ent on CysLT1R (39). Further data also show that LTD4 induced
eosinophil transendothelial migration across human umbilical
vein endothelial cells in a Pranlukast (a CysLT1R antagonist)
dependent manner (40). In vivo, involvement of cysLTs in
eosinophil influx was firstly demonstrated in guinea pigs in the
90s (41), and further in humans (42). Subsequently, these finding
were reinforced by the effects of CysLT1R antagonists in inhibit-
ing eosinophil recruitment in airway allergic inflammation
(43, 44). Recently, roles for LTC4 in mediating eosinophil traf-
ficking from lungs to paratracheal lymph nodes in experimental
allergic asthma were described (45).

Regarding eosinophil secretory functions, published data
show that LTD4 induced eosinophil ROS generation and EDN
release. Pranlukast significantly inhibited EDN release, although
the inhibitory effect on ROS generation was partial (40). In a
different study, cysLTs induced the release of IL-4 from human
cord blood progenitor derived-eosinophils in a dose- and time-
dependent manner (46) (Figure 2).

CysLT1R antagonists also appear to play a role in limiting
IL-5-responsive eosinophilopoeisis, since cysLTs and IL-5 act
together at several stages of eosinophil differentiation and
maturation during upper airway allergic inflammation (47). In
addition, cysLTs also appear to enhance the in vitro survival of
human eosinophils by activation of CysLT1R (48, 49) (Figure 2).
Though it has been demonstrated that eosinophils isolated from
asthmatic patients can have their apoptosis postponed by cysLTs,
controversial data suggest that the cysLTs, despite raising intra-
cellular calcium, are unable to prolong survival of eosinophils
isolated from normal individuals or mildly atopic patients (50).

It is well established that eosinophils are major sources of
cysLTs (24). Beyond their functions as paracrine mediators,
cysLTs are now also known to exhibit autocrine and likewise
intracrine effects. Lee and colleagues provided evidence for the
involvement of an autocrine cysLT pathway that is involved in
eosinophil survival in response to GM-CSF (48). Interestingly, it
is also described that LTC4 can be synthesized in different intra-
cellular compartments (nuclear membrane or lipid bodies) and
may function as intracrine regulators of selective granule protein
secretion (5, 51, 52). In 2002, Bandeira-Melo and colleagues
(51) demonstrated that eotaxin (CCL11) stimulates human
eosinophil to secrete IL-4 by PMD in a lipid body-generated
LTC4-dependent mechanism. The authors also showed that 5-LO
blockers inhibited the IL-4 secretion. In this way, the intracellular-
formed LTC4 would function as an intracrine signaling molecule,
mediating CCR3-induced IL-4 release (Figure 3). Exogenous
LTC4 and LTD4 at low concentrations induced IL-4 release (but
not RANTES) only after membrane permeabilization. Inhibitors
of the CysLT1R and CysLT2R did not block LTC4-elicited IL-4
release suggesting that LTC4, via an intracellular CysLTR distinct
from CysLT1R and CysLT2R, may also function as an intracrine
mediator capable to trigger cytokine secretion via PMD. Another
work that explored leukotrienes as possible intracrine mediators
of eosinophils’ PMD is a study published by Tedla and colleagues
(52). The authors showed that the cross-linking of immobilized
antibodies and CD9 and leukocyte immunoglobulin-like recep-
tor 7 (LIR7) stimulates human eosinophil to secrete IL-12 (but
not IL-4) by PMD and to generate LTC4 at perinuclear regions
(52). However, pretreatment of eosinophils with two different
inhibitors of 5-LO did not inhibit this selective release of IL-12
(52). These findings indicate that CD9- or LIR7-induced selective
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FIGURE 2 | Paracrine/autocrine responses evoked by cysteinyl leukotrienes (cysLTs) in eosinophils. CysLTs mediate different eosinophil functions such as
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IL-12 release is not dependent on 5-LO action. Based on these
studies, it has been suggested that lipid body-generated LTC4
may relate less to paracrine mediator formation and more to
intracrine signaling functions. However, more studies are still
needed in order to better clarify this point.

Although eosinophils express different GPCRs capable of
potentially responding to cysLTs or interacting with CysLTRs,
little is known about the intracellular distribution of these recep-
tors in eosinophils. Recently, the expression of cysLT-responsive
receptors has been recognized on the delimiting trilaminar
membrane of intracellular crystalloid eosinophil granules. These
receptors function mediating cysLT-evoked secretion from
cell-free eosinophil granules protein content (26, 53). However,
whether these receptors have roles when these granules are in the
cytoplasmic microenvironment it is not known.

FUNCTIONAL ROLES OF cysLTs
IN CELL-FREE FUNCTIONAL
EXTRACELLULAR EOSINOPHIL
GRANULES

Intracrine roles for cysLTs have been reported; however, the
possible mechanisms that can elucidate the intracellular activi-
ties of cysLTs remain unknown (51, 54, 55). Recently, our group
demonstrated that free eosinophil granules express CysLT1R
and CysLT2R and the P2YI2R on their membranes (26). In
addition, formerly, it was demonstrated that eosinophil granules
are enriched sites of various cytokine and chemokine receptors
(31, 53, 56); and that these granules, upon extrusion from eosinophils,

responded to CCL11 and IFN-vy, through their granule mem-
brane-expressed receptors. The activation of the receptors trig-
gered signaling pathways within granules that promote protein
secretion (53, 57). Isolated free eosinophil granules stimulated
with cysLTs secrete ECP, but not chemokines or cytokines.
CysLT1R or P2Y12R blockage inhibited the eosinophil granule
ECP secretion. The capacity of both CysLT1R and the P2Y12R
antagonists to similarly inhibit ECP secretion elicited by cysLTs,
including LTE4, might suggest functional heterodimerization or
cross regulation of CysLT1R with other GPCRs. However, so far
this is not clearly defined. Remarkably, the dose response to the
three cysLTs differed. LTC4 and LTE4 induced ECP release only
at subnanomolar concentrations, which was coherent with the
GPCRSs typical high-dose inhibition. Interestingly, LTD4 induced
ECP secretion at low and high concentrations. At intermedi-
ate concentrations, LTD4 was unable to promote granule ECP
secretion. As mentioned earlier, whether dimerization or cross
regulation of GPCRs are involved in this response remains to be
elucidated. However, considering the variable results of studies
with cysLTs, what is certain is that there are pieces to this puzzle
that are still missing. These studies highlight the ability of cysLTs
to evoke isolated free granule secretory functions. Moreover,
for granules functioning as cytoplasmic organelles, these stud-
ies reveal new mechanisms by which LTC4 and extracellularly
formed LTD4 and LTE4 (after cellular uptake) may operate as
intracrine signaling molecules capable to induce eosinophil
granule protein secretion. Nevertheless, this is no evidence that
the CysLTRs or the P2Y12R present on the trilaminar granule
membranes participate in the intracrine cysLTs actions reported
earlier (51) (Figure 3). So far, more studies are needed in order
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to elucidate whether the eosinophil granule membrane-expressed
receptors mediate intracrine actions of cysLTs.

TARGETING CysLTRs IN THE TREATMENT
OF EOSINOPHILIC DISORDERS:
CONCLUDING REMARKS AND
QUESTIONS FOR THE FUTURE

Among eosinophilic disorders, the CysLT1R blockers (zafirlukast,
montelukast, and pranlukast) are mainly used in the management
of some chronic respiratory diseases, particularly allergic rhinitis
and bronchial asthma. In fact, in the management of asthma, the
current clinical data are in favor of their use as an add-on or alter-
native therapy to inhaled corticosteroids (58, 59). Clinical trials
evaluating zafirlukast, montelukast, and pranlukast have shown a
decrease of eosinophil count in blood and airways of asthmatic
patients (60, 61). However, other studies (62, 63) suggest that
the development of dual CysLT1/2R antagonists might bring
additional advantages to the asthma treatment over the current
used CysLT1R blockers. In fact, patients with chronic persistent
asthma presented superior improvement in lung function when
treated with a cysLT synthesis inhibitor compared to a CysLT1R
antagonist (62). However, recently, a clinical study with a dual
CysLT1/2R blocker, the compound ONO-6950, in non-smoking
subjects with mild allergic asthma, showed no additional benefits
of this therapeutic strategy to the treatment of asthma (64).
Besides the two classic receptors for cysLTs (CysLT1R and
CysLT2R), there remain important questions regarding the
potential clinical implications of novel receptors for cysLTs or
the cross regulation of CysLT1R. Current knowledge is the only
beginning to understand the molecular pharmacology of the
receptors sensitive to CysLTRs, their capacity to cross regulate or
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Asthma is frequently characterized by eosinophil-rich airway inflammation. Airway eosinophilia
is associated with asthma exacerbations and likely plays a part in airway remodeling.
Eosinophil recruitment from the bloodstream depends on circulating eosinophils becom-
ing activated, which leads to eosinophil arrest on activated endothelium, extravasation,
and continued movement through the bronchial tissue by interaction with the extracellular
matrix (ECM). Circulating eosinophils can exist at different activation levels, which include
non-activated or pre-activated (sensitized or “primed”). Further, the bloodstream may lack
pre-activated cells, due to such eosinophils having arrested on endothelium or extrava-
sated into tissue. Increased expression, and in some instances, decreased expression of
cell-surface proteins, including CD44, CD45, CD45R0, CD48, CD137, neuropeptide S
receptor, cytokine receptors, Fc receptors, and integrins (receptors mediating cell adhe-
sion and migration by interacting with ligands on other cells or in the ECM), and activated
states of integrins or Fc receptors on blood eosinophils have been reported to correlate
with aspects of asthma. A subset of these proteins has been reported to respond to inter-
vention, e.g., with anti-interleukin (IL)-5. How these surface proteins and the activation
state of the eosinophil respond to other interventions, e.g., with anti-IL-4 receptor alpha or
anti-IL-13, is unknown. Eosinophil surface proteins suggested to be biomarkers of activa-
tion, particularly integrins, and reports on correlations between eosinophil activation and
aspects of asthma are described in this review. Intermediate activation of betal and beta2
integrins on circulating eosinophils correlates with decreased pulmonary function, airway
inflammation, or airway lumen eosinophils in non-severe asthma. The correlation does not
appear in severe asthma, likely due to a higher degree of extravasation of pre-activated
eosinophils in more severe disease. Bronchoalveolar lavage (BAL) eosinophils have highly
activated integrins and other changes in surface proteins compared to blood eosinophils.
The activation state of eosinophils in lung tissue, although likely very important in asthma,

Abbreviations: ADAM, a disintegrin and metalloproteinase; BAL, bronchoalveolar lavage; fc, common p chain (of IL-3, IL-5,
and GM-CSF receptors); C, complement; CD, cluster of differentiation; ECM, extracellular matrix; Fc, fragment, crystalliz-
able (of immunoglobulin); FENO, fraction of exhaled nitric oxide; FEV,, forced expiratory volume in 1 s; FVC, forced vital
capacity; GLP, glucagon-like peptide; GM-CSF, granulocyte macrophage-colony stimulating factor; HLA, human leukocyte
antigen; ICAM, intercellular adhesion molecule; IGSE immunoglobulin superfamily member; IL, interleukin; ILA, induced by
lymphocyte activation; LAMP, lysosome-associated membrane protein; LPS, lipopolysaccharide; mAb, monoclonal antibody;
PCy, provocative concentration of methacholine or histamine producing a 20% fall in FEV,; PD-L, programmed death ligand;
PSGL, P-selectin glycoprotein ligand; R, receptor; ROC, receiver-operator characteristic; TNFRSE tumor necrosis factor recep-
tor superfamily member; VCAM, vascular cell adhesion molecule.
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is largely unknown. However, some recent articles, mainly on mice but partly on human
cells, indicate that tissue eosinophils may have a surface phenotype(s) different from that

of sputum or BAL eosinophils.

Keywords: eosinophils, activation, asthma, integrins, interleukin-5

INTRODUCTION

Asthma is often characterized by eosinophil-rich airway inflam-
mation (1-8). Such eosinophilic inflammation is associated with
exacerbations and appears to participate in airway remodeling
(1, 8-14). Eosinophil recruitment from the bloodstream depends
on circulating blood eosinophils becoming activated, which leads
to eosinophil arrest on activated endothelium, extravasation, and
continued movement through the bronchial tissue and lumen by
interaction with the extracellular matrix (ECM) (2, 8, 15-17).
Circulating eosinophils can exist in different states, including
non-activated, or pre-activated or “primed” (8, 18). Moreover,
the bloodstream may lack pre-activated cells, due to such
eosinophils having extravasated (8). Increased expression, and in
some instances, decreased expression of cell-surface proteins and
activated states of integrins or Fc receptors on blood eosinophils
have been reported to correlate with asthma (8, 19). Some of these
proteins have been reported to respond to intervention (19).

This review will discuss eosinophil surface proteins proposed
to be biomarkers of eosinophil activation and evidence for
associations between the activation status of eosinophils and
aspects of asthma. The search strategy is described in the notes for
Table 1. Further, this review will discuss a subset of these proteins
that appears to be downregulated or less activated on circulating
eosinophils in severe asthma or after whole-lung antigen chal-
lenge. Finally, it will discuss how some eosinophil surface proteins
respond to pharmaceutical intervention. A model of eosinophil
activation status, focusing on integrins, in the circulation and the
airway will also be presented.

EOSINOPHIL SURFACE PROTEINS
ALTERED AFTER ANTIGEN CHALLENGE,
IN THE AIRWAY, OR IN ASTHMA

Upregulation or downregulation of eosinophil surface proteins
and activated conformations of integrins and Fc receptors have
been proposed to be biomarkers of eosinophil activation, in many
cases due to the reaction of eosinophils to various stimuli in vitro
(2, 8, 17-19, 58-61). Many, but not all, i.e., not all that change
in response to in vitro stimulation, of these surface proteins have
been reported to be altered on blood eosinophils after whole-
lung or segmental lung antigen challenge, or on bronchoalveolar
lavage (BAL), or sputum eosinophils (Table 1). In addition, the
surface proteins may be altered on blood eosinophils in asthma
or in a manner that correlates with features of asthma (Table 1)
(19). Segmental and whole-lung antigen challenge are models
of allergic airway inflammation (62) and asthma exacerbation
(63), respectively. Up- or downregulation in Table 1 refers to
changed or different protein expression of a cell surface protein,
which usually has been determined by flow cytometry. Further,

alterations are listed independently of what the mechanism may be,
e.g., translocation to the surface from intracellular granules or the
effect of increased transcription or protein synthesis and may con-
sist of an alteration in mean or median expression on all eosino-
phils or an alteration in the percentage of expressing eosinophils
(8, 19). Some references have studied purified cells, while others
have used whole blood, BAL, or sputum cells. An unfractionated
sample is beneficial in that just a small volume or number of cells
is needed and that isolated cells in vitro may be different and more
activated than cells in vivo (8, 19, 64, 65). Regarding more detailed
information about individual proteins, please see Ref. (8).

Several proteins, including CD45, CD45R0, CD48, CD137,
IL-17 receptor (R) A and B, oy integrin, and some of the Fc
receptors, are increased or decreased on circulating eosinophils
in asthma compared to normal, non-allergic healthy individu-
als (Table 1) (8, 19). One specific example is that IL-17R and B
(subunits of IL-25R) are increased in patients with non-severe
allergic asthma but not in non-asthmatic patients with atopy
(8,19,49).In the case of some proteins, reports are conflicting. For
instance, some workers reported FcyRIII (CD16) to be increased
on blood eosinophils in allergic asthma (or allergic rhinitis) (46)
(Table 1), while other authors reported no alterations in airway
allergies when compared to control subjects (8, 19, 66).

The expression level of a particular protein may not only be an
effect of the eosinophil having been exposed to cytokines or other
stimuli but may also partly result from actions of regulatory fac-
tors in vivo. One recent example of such a factor that may regulate
eosinophil activation is glucagon-like peptide (GLP)-1, a member
ofthe incretin family of hormones, which regulates glucose metab-
olism (47). A GLP-1 analog inhibited upregulation of oy integrin
and CD69 in vitro in response to lipopolysaccharide (47). Further,
expression of GLP-1 receptor was lower on blood eosinophils in
patients with allergic asthma than in normal controls (Table 1).
The lower level of GLP-1R in asthma than in healthy subjects
indicates that the eosinophil response to activating stimuli may be
more regulated by GLP-1 in healthy persons and that eosinophil
activation may be more easily achieved in asthma than in health.
Further, Mitchell and colleagues suggest that GLP-1 agonists may
have additional indications in treating patients with concomitant
type 2 diabetes mellitus and asthma (47).

ASSOCIATIONS WITH ASPECTS
OF ASTHMA

Expression and activation of some proteins have been found to be
associated with clinical findings of asthma (Table 1) (8, 17, 19).
Activated P integrin, specifically the intermediate-activity
conformation recognized by monoclonal antibody (mAb) N29,
on blood eosinophils correlates inversely with lung function
in non-severe asthma (52, 54), or directly with the magnitude
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of the late-phase reaction in mild allergic asthma (36) or with
exhaled NO [fraction of exhaled nitric oxide (FENO)], which
reports airway inflammation, after inhaled corticosteroid (ICS)
withdrawal (54). In addition, by receiver-operator character-
istic (ROC) analysis, P, integrin activation, assessed with N29,

(CD32) correlates with FENO in asthma (18).

predicts lowered pulmonary function in mild asthmatic patients
(54). Intermediate-activity B, reported by the antibody KIM-127,
is associated with the percentage of BAL eosinophils in patients
with mild allergic asthma (34). Finally, activation of FcyRII

TABLE 1 | Eosinophil surface proteins altered after antigen challenge or in the airway, or associated with asthma or aspects of asthma.

Protein Observation Reference
CD35 (CR1) Downregulated in bronchoalveolar lavage (BAL) (20)
CD44 Upregulated after segmental lung antigen challenge, in BAL, or in sputum (21, 22)
CD45 Upregulated in asthma (23)
CD45R0 Upregulated in asthma or mild-moderate asthma (23, 24)
CD48 Upregulated in moderate asthma (25, 26)
CD58 Upregulated in BAL 27)
CD63 (lysosome-associated membrane Upregulated in BAL or sputum (27, 28)
protein 3)
CD66b (CEACAMS) Upregulated in sputum (28)
CD66e (CEACAMS) Upregulated after segmental lung antigen challenge or in BAL (22)
cbe7 Upregulated in BAL (27)
CD69 Upregulated after whole-lung antigen challenge, in BAL, or in sputum (28-32)
CD137 (tumor necrosis factor receptor Upregulated in asthma (33)
superfamily member 9, induced by
lymphocyte activation, 4-1BB)
CD274 (programmed death ligand 1) Upregulated in sputum (28)
o integrin (CD11a) Upregulated in asthma or after segmental lung antigen challenge (34, 35)
ay integrin (CD11b) Upregulated after segmental lung antigen challenge, in BAL, or in sputum; Correlates inversely with PCx (20, 27, 28,
34, 36-40)
ax integrin (CD11¢) Upregulated in BAL or sputum (27, 37)
ap integrin Upregulated in BAL (34, 36,
41, 42)
B2 integrin (CD18) Upregulated after segmental lung antigen challenge or in BAL (34, 36)
Aminopeptidase N (CD13) Upregulated in BAL (43)
fc (CD131) Downregulated in BAL (44)
FcaRI (CD89) Upregulated in asthma (45)
FeyRlll (CD16) Upregulated in allergic asthma or after whole-lung antigen challenge (46)
Glucagon-like peptide-1R Downregulated in allergic asthma 47)
Granulocyte monocyte-colony stimulating  Upregulated in BAL (44, 48)
factorRa (CD116)
HLA-DR Upregulated in BAL or sputum (20, 37)
Intercellular adhesion molecule-1 (CD54)  Upregulated in BAL or sputum (27, 37)
Interleukin (IL)-2Ra (CD25) Upregulated in BAL (22)
IL-3Ra (CD123) Upregulated after segmental lung antigen challenge or in BAL (22, 48)
IL-5Ra (CD125) Downregulated in BAL (44, 48)
IL-17RA Upregulated in mild allergic asthma (49)
IL-17RB Upregulated in mild allergic asthma (49)
L-selectin (CD62L) Downregulated in BAL or sputum (27, 28, 38,
40, 50)
Neuropeptide S R Upregulated in severe asthma (51)
P-selectin glycoprotein ligand-1 (CD162)  Upregulated after segmental lung antigen challenge or (48 h) after whole-lung antigen challenge (34, 52)
Semaphorin 7A (CD108) Upregulated in BAL (53)
Activated aw integrin Highly activated conformation [reported by monoclonal antibody (mAb) CBRM1/5] in BAL or sputum (28, 34, 41)
Activated p+ integrin (CD29) Partially activated conformation (reported by mAb N29) increased in all or non-severe asthma, or after (34, 36, 52,
segmental antigen challenge 54, 55)
Correlates negatively with forced expiratory volume in 1 s (FEV4) after or during withdrawal of inhaled corticosteroid
(ICS) in non-severe asthma and predicts decreased FEV; according to receiver-operator characteristic analysis
Correlates with fraction of exhaled nitric oxide (FENO) upon withdrawal of ICS in non-severe asthma
Correlates negatively with FEV+/forced vital capacity in younger non-severe asthmatic patients or in
phenotype clusters 1-2 (mild-moderate allergic asthma)
At 48 h, post-segmental lung antigen challenge correlates with decrease in FEV; during the late phase post-
whole-lung antigen challenge in mild allergic asthma
Highly activated conformation (reported by mAbs HUTS-21 and 9EG7) in BAL
(Continued)
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TABLE 1 | Continued

Protein Observation Reference
Activated B, integrin Partially activated conformation (reported by mAb KIM-127) correlates with BAL eosinophil percentage in mild allergic (34, 36)
asthma
Highly activated conformation (reported by mAb24) in BAL
Activated FcyRll Activated conformation (reported by mAb A17 or A27) increased in mild asthma, after whole-lung antigen (18, 56, 57)

challenge (in dual responders), or in BAL

Correlates with FENO in asthma

Observations refer to expression level, usually determined by flow cytometry, and are, if not indicated otherwise, on human blood eosinophils. For abbreviations, please see list

immediately after abstract.

The search strategy used Pubmed (https://www.ncbi.nim.nih.gov/pubmed?db=PubMed) with various combinations of terms including “eosinophils” and “activation” and “asthma”
and “state” or “status” or “biomarker” or “review” (the combination of only “eosinophils” and “activation” and “asthma” resulted in an unmanageable large number of publications).
Publications covering years until 2017 were examined, with primary publications covering the years 2014-2017 being especially examined. Primary references covering years until

2013 were partly obtained from published review articles.

DOWNREGULATION IN SEVERE ASTHMA
OR AFTER ANTIGEN CHALLENGE

Some surface proteins on blood eosinophils are downregulated
in more severe or uncontrolled asthma compared to less severe
disease (Table 2). These include CD44, a hyaluronan receptor,
and CD48, whose levels are lower in poorly controlled or severe
asthma compared to well-controlled or moderate disease (21, 25).
Similarly, activated B, integrin, reported by mAb N29 (see above),
is increased in non-severe, but not in severe, asthma compared to
healthy control subjects (52).

A possible explanation for this phenomenon is a high degree
of ongoing extravasation of the most activated eosinophils,
i.e., those with the highest level of CD44, CD48, and , integrin
activation, in severe asthma. This is consistent with a role for
CD44 in the movement of eosinophils to the airway in mice after
antigen challenge (8, 68). Also, CD44, like P-selectin glycoprotein
ligand (PSGL)-1, relocalizes on blood eosinophils after stimula-
tion with IL-5 or related cytokines, when the eosinophil changes
shape and polarizes, and becomes concentrated at one end of the
eosinophil in the nucleopod, which is a specialized uropod next
to the nucleus (69). Such clustering of CD44 and other surface
molecules may stimulate arrest and extravasation of eosinophils
(8, 69). Similarly, uropod elongation, at the rear of a moving
cell, is considered a crucial step in other leukocytes, including
neutrophils and lymphocytes, before extravasation (70). Further,
there is greater lung endothelial expression of vascular cell adhe-
sion molecule (VCAM)-1, the ligand for asp; integrin, in severe
asthma, as observed in bronchial biopsies (71), which is compat-
ible with efficient extravasation of eosinophils with activated
ouP; integrin. The fraction of eosinophils that does not adhere
to VCAM-1 in vitro has decreased B, activation, as reported
by N29 (64), which also provides support for the scenario in
which the eosinophils with a higher degree of auf; activation
are the ones that preferentially adhere to VCAM-1 (8, 17, 64).
Finally, N29 reactivity, surface-associated P-selectin, and level of
PSGL-1 decrease transiently after whole-lung antigen challenge
in patients with mild allergic asthma (Table 2) (52). P-selectin
activates eosinophil f; integrin and induces the N29 epitope
in vitro (64) and is associated with N29 reactivity in vivo (52).
P-selectin is not synthesized by eosinophils (67). The P-selectin
bound to the eosinophil surface is likely derived from activated

TABLE 2 | Eosinophil surface proteins downregulated in severe or poorly
controlled asthma, or transiently after whole-lung antigen challenge.

Protein Observation Reference

CD44 Downregulated in poorly controlled compared to (21)
well-controlled asthma

CD48 Downregulated in severe compared to moderate (25)
asthma

P-selectin Decreased transiently after whole-lung antigen (52)

(CD62P) challenge

P-selectin Decreased transiently after whole-lung antigen (52)

glycoprotein  challenge

ligand-1

(CD162)

Activated f1  Intermediate-activity state (recognized by (52)

integrin monoclonal antibody N29) increased in non-severe

but not severe asthma

Decreased transiently after whole-lung antigen
challenge

Observations refer to expression level, determined by flow cytometry, and are on
human blood eosinophils.

P-selectin is not synthesized by eosinophils (67) but can be associated with the
eosinophil surface and is likely derived from activated platelets (52, 64).

platelets associated with the eosinophils; a proportion (variable
among different subjects) of eosinophils both in whole blood
samples and purified eosinophils stain positively for the platelet
marker oy, integrin (CD41) and P-selectin by flow cytometry or
immunofluorescence microscopy (52, 64). The role of platelets,
platelet activation, and platelet-eosinophil complexes in eosino-
phil recruitment and eosinophilic inflammation is the focus
of another review within this Frontiers in Medicine Research
Topic of “Pathogenic Advances and Therapeutic Perspectives for
Eosinophilic Inflammation” and is described in more detail there
(Shah S, Page CP, and Pitchford S: “Platelet-eosinophil interac-
tions as a potential therapeutic target in allergic inflammation and
asthma,” submitted). Overall, the observations described above
support the scenario that the most activated eosinophils; i.e., in
this case, the cells with the highest degree of bound P-selectin,
the highest level of the P-selectin counter-receptor PSGL-1, and
activated ouf;; extravasate, for instance, after whole-lung antigen
challenge or in severe asthma.

In addition to possible extravasation of the most activated
eosinophils in severe asthma and after whole-lung antigen

Frontiers in Medicine | www.frontiersin.org

June 2017 | Volume 4 | Article 75


https://www.ncbi.nlm.nih.gov/pubmed?db=PubMed
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive

Johansson

Eosinophil Activation Status in Asthma

challenge, it may also be, at least under some circumstances,
that it is the most “activatable” cells that extravasate and the
least “activatable” ones that remain in the circulation. High
percentage of sputum eosinophils in asthmatic patients was
found to be associated with low or no upregulation of o
integrin or activation of FcyRII (CD32) on blood eosinophils
in response to formylmethionine-leucyl-phenylalanine (fMLF)
in vitro, whereas low sputum eosinophil count was associated
with great o upregulation and CD32 activation in response
to fMLF (72). These results indicate that the responsiveness of
circulating eosinophils to a chemoattractant is lower in subjects
with high sputum eosinophilia. This is possibly because the most
responsive cells are continuously extravasating. An alternative or
additional explanation may be that in patients with low sputum
eosinophilia, the circulating eosinophils are not activated and
are able to mount a great response to fMLF. On the other hand,
in subjects with high sputum eosinophilia, the blood cells may
already be at least partly activated (i.e., ay already upregulated
and CD32 altered to an activated conformation). In such a situ-
ation, fMLF may not achieve, or may achieve only little, further
activation in vitro.

RESPONSE TO INTERVENTION

The expression or activation state of some proteins changes
after pharmaceutical administration, e.g., with mepolizumab,
an antibody against IL-5 (Table 3) (19). Anti-IL-5 mepolizumab
causes decreased f, integrin, but not f; integrin, activation
of blood eosinophils (Figure 1) (34). This indicates that the
intermediate {3, activation state on circulating eosinophils is the
result of exposure to IL-5 in vivo and is consistent with in vitro
data that IL-5 causes B, but not p; activation, whereas P-selectin
activates 3, but not B, (64). The differential response to anti-IL-5
demonstrates that pharmaceutical intervention may inhibit one
aspect of eosinophil activation but not another. Further, com-
paring blood eosinophils after segmental lung antigen challenge
pre- and post-mepolizumab demonstrated that anti-IL-5 caused
decreased levels of oy, o, and f, integrins as well as PSGL-1 (34),
indicating that the upregulation of these proteins that occurs
on blood eosinophils after segmental lung antigen challenge is

IL-5-dependent. Finally, in contrast to the situation with blood
eosinophils, anti-IL-5 did not affect the activation state of awmf,
and the level of oy, o, and P, on BAL eosinophils (34), indi-
cating that the activation status of airway lumen eosinophils is
independent of IL-5. This is consistent with the finding that BAL
eosinophils have downregulated or no IL-5 receptor (Table 1)
(44, 48), whereas they, in contrast, have upregulated IL-3 and
granulocyte monocyte-colony stimulating factor (GM-CSF)
receptors (Table 1) (22, 44, 48).

Whereas anti-IL-5 causes a decrease in blood eosinophil
count (9, 10, 34), administration of anti-IL-13 or anti-IL-4
receptor o causes an increase in blood eosinophils (11, 73, 74).
This observation is consistent with a scenario in which IL-13- or
IL-4-induced factors, including VCAM-1, periostin, and eotax-
ins, promote eosinophil extravasation and trafficking (75-78).
It would be interesting to know whether the circulating eosino-
phils after anti-IL-13/IL-4Ra treatment have become more or
less activated, or not altered, but the surface phenotype of blood
eosinophils after anti-IL13/IL-4Ra has not yet been reported.
On one hand, one may imagine that they should become more
activated, since ongoing extravasation of activated cells presum-
ably has decreased, so activated cells instead may be expected to
accumulate in the circulation. On the other hand, IL-13 or IL-4

TABLE 3 | Eosinophil surface proteins reported to respond to intervention in
asthma.

Protein Observation

oL integrin (CD11a) Decreased by anti-interleukin (IL)-5 (mepolizumab)
after segmental lung antigen challenge

Decreased by anti-IL-5 (mepolizumalb) after
segmental lung antigen challenge

Decreased by anti-IL-5 (mepolizumab) after
segmental lung antigen challenge

Decreased by anti-IL-5 (mepolizumab) after
segmental lung antigen challenge
Intermediate-activity state (recognized by
monoclonal antibody KIM-127) decreased by anti-
IL-5 (mepolizumab)

o integrin (CD11b)
B2 integrin (CD18)
P-selectin glycoprotein

ligand-1 (CD162)
Activated B integrin

Observations refer to expression level, determined by flow cytometry, and are on blood
eosinophils in mild allergic asthma (34).

A 100

counts

NPT I PP P

0

KIM-127

FIGURE 1 | Anti-interleukin (IL)-5 (mepolizumab) decreases B, but not B+ integrin activation on blood eosinophils. Reactivity of monoclonal antibody (A) KIM-127 (to
the intermediate-activity state of B, integrin), and (B) N29 (to the intermediate-activity state of ; integrin) on blood eosinophils before (green) and after (blue) anti-IL-5
mepolizumab administration. Red, isotype control. A representative subject with mild allergic asthma from Ref. (34).

Bi1oo

counts

AP I I P

0

N29
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themselves may stimulate some aspects of eosinophil activation,
e.g., they have been reported to upregulate CD69 (8), indicating
that anti-IL-13/IL-4Ra may lead to lower activation of blood
eosinophils, or that at least some aspects of eosinophil activation
may be decreased.

Recently, a mathematical modeling approach was taken in
order to understand the effect of anti-IL therapy on eosinophil
activation and dynamics (79). The mathematical model of
Karelina and colleagues predicts a rapid decrease in total and
activated eosinophil counts in blood and airways after anti-IL-5
mepolizumab administration. The decrease in blood eosino-
phils in the model is consistent with the literature, whereas
the model appears to predict a greater proportional decrease
in airway eosinophil counts than what actually happens after
mepolizumab (9, 10, 34). The decrease in blood eosinophil
activation in the model is consistent with the observed decrease
in P, integrin activation (see here above and Figure 1) (34).
However, the decrease in activated eosinophils in the airway in
the model is not consistent with the observed lack of effect on
integrin activation and expression levels on BAL eosinophils
after mepolizumab (34). This disagreement between the model
and observations may be because the model assumes that IL-5
is involved in the activation of airway eosinophils, whereas in
reality, it may not be. Other factors such as IL-3 may be essen-
tial or compensate for IL-5 to stimulate and maintain airway
eosinophil activation (see above and more below). Further,
the model correctly predicts an increase in total eosinophils
in blood and a decrease in the airway for anti-IL-13 therapies.
Finally, it also predicts an increase in the number of activated
eosinophils in blood after anti-IL-13, something which has
not been reported but would be interesting to investigate, as
mentioned above.

A MODEL FOR EOSINOPHIL ACTIVATION
STATES IN THE CIRCULATION AND
THE AIRWAY IN ASTHMA

The results from the studies on integrins discussed above sug-
gest that there is variation in the activation status of circulating
eosinophils among different individuals (8). Healthy persons and
some patients with asthma display inactive B, integrins, patients
with non-severe asthma have partially activated f; and P, integrins
to different degrees, and patients with severe asthma have inactive
or less activated B, integrins (8). The latter occurs likely due to
arrest and extravasation of activated eosinophils (see model in
Figure 2 and references in the figure legend). Similarly, a scenario
for FcyRII (CD32) activation on blood eosinophils has been
described, where the degree of activation initially is elevated along
with a higher level of systemic inflammation and then lower at the
greatest degree of systemic inflammation (8, 18).

Airway lumen eosinophils, as sampled during BAL, have
highly activated and upregulated owfp. and highly activated f,
(34, 36), downregulated or no IL-5 receptor (44, 48), as well as
upregulated IL-3 receptor (22, 48) and upregulated and highly
activated FcyRII (CD32) (56). As the integrin activation state and
levels on BAL eosinophils are not affected by anti-IL-5 (see above

in Section “Response to Intervention”) and BAL eosinophils
lack IL-5-receptor, the airway lumen eosinophil phenotype is
presumably the result of and maintained by other stimuli than
IL-5, e.g., the related cytokines IL-3 and/or GM-CSE. IL-3 is the
most likely responsible factor, since it, compared to IL-5, causes
a higher degree of prolonged upregulation and activation of op:
and CD32 (81).

The activation status of the lung tissue eosinophil in asthma
is largely unknown. As depicted in Figure 2, eosinophils in lung
tissue likely are adherent to or migrating in the ECM, e.g., by
interacting with the ECM protein periostin, which is upregulated
and associated with eosinophil recruitment to the airway in type
2 immunity-high asthma (82-86). Eosinophil adhesion to and
motility on periostin is mediated by onf, integrin and stimulated
by nanogram per milliliter IL-5 (75, 80), which induces the
high-activity conformation of omf; (41, 64). Thus, assuming that
tissue eosinophils interact with periostin, they likely have highly
activated amf,. Whether tissue eosinophils express (like blood
eosinophils) or lack (like BAL eosinophils) IL-5R, and in the lat-
ter case are stimulated and maintained active by GM-CSF or IL-3,
appears uncertain and would be very interesting to determine.

Some recent very interesting articles studied mouse lung tissue
eosinophilsand partlyalso human lung tissue eosinophils (87, 88).
Abdala Valencia and colleagues reported that, after antigen
challenge, mouse lung tissue eosinophils shifted from a surface
phenotype with intermediate expression of Siglec-F and no or
very low ax integrin (CD11c) to a Siglec-F-high/CD11c-low
phenotype, and that BAL eosinophils were of the latter phenotype
(87). Mesnil and others found that mouse steady-state pulmo-
nary resident eosinophils were IL-5-independent and expressed
an intermediate level of Siglec-F (in consistency with the first
tissue phenotype in the Abdala Valencia publication), high
L-selectin (CD62L), and low CD101 (immunoglobulin super-
family member 2) (88). After antigen challenge, these resident
tissue cells were accompanied by newly recruited inflammatory
tissue eosinophils, which were IL-5-dependent, Siglec-F-high,
CD62L-low, and CD101-high (88, 89). In addition, Mesnil and
colleagues determined that parenchymal resident eosinophils
found in non-asthmatic human lungs had a CD62L-high,
IL-3R-low phenotype, which was distinct from the phenotype
of asthmatic sputum eosinophils, being CD62L-low/IL-3R-high
(88). Their description of sputum eosinophils is consistent with
earlier findings on sputum and BAL eosinophils (Table 1). Thus,
both in humans and mice, lung tissue eosinophils may be of two
phenotypes, one resident phenotype unrelated to asthma and dif-
ferent from the asthmatic airway lumen eosinophil phenotype,
and one inflammatory phenotype recruited in asthma and similar
or more similar to the airway lumen phenotype. A more detailed
description of the tissue-resident eosinophils is given in another
review within this Research Topic (Marichal T, Mesnil C, and
Bureau F: “Homeostatic eosinophils: characteristics and func-
tions,” submitted). As indicated above, a more complete description
of the inflammatory lung tissue eosinophil phenotype in asthma
and a comparison to the blood and airway lumen phenotypes in
asthma are warranted, e.g., to answer questions about integrin
activation status of the lung tissue eosinophils and whether they
express IL-5R.
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1b) pre-activated

or “primed”
1a) non-activated eosinophil
eosinophil .
P-selectin IL-5
PSGL IL-5R °
—
2) arresting
~ eosinophil
04p1 & aMp2 a4p1 & aMp2
inactive intermediate-
activity state
Blood
endothelium
9 IL-5 or
3) extravasated, IL-3/GMCSF?
- adherent and
migrating ? ~
ECM eosinophil py ADAM8
epithelium l
IL-3/GMCSF
Bronchiallumen 4) bronchial lumen IL-3R/IGMCSF-R
eosinophil adpl & aMp2
highly
activated

FIGURE 2 | Model of eosinophil activation states in asthma. (1a) Circulating non-activated eosinophil with asf; and awf. integrins in the inactive conformation or
state, as found in normal subjects, some patients with non-severe asthma, or as observed in severe asthmatic patients likely because of a high degree of
extravasation of activated eosinophils. (1b) Pre-activated or “primed,” partly activated, circulating eosinophil with asp+ and amf. in the intermediate-activity state, as
a result of signaling triggered by P-selectin (likely derived from activated platelets, see the main text) and low concentration of interleukin (IL)-5, respectively, as
found primarily in some subjects with non-severe asthma. (2) Eosinophil arresting on activated endothelium in asthma with o+ and awf2 in unknown state, with
auf primarily mediating arrest on vascular cell adhesion molecule (VCAM)-1 with a possible minor contribution of awp.. (3) Extravasated, adherent, and migrating
tissue eosinophil in asthma with asp+ and a2 likely in the high-activity state, with high-activity awp2, resulting from cytokine-triggered signaling, mediating
interaction with the adhesive and pro-migratory extracellular matrix (ECM) protein periostin, and the eosinophil-releasing disintegrin and metalloproteinase

(ADAM) 8 involved in PN degradation and cell migration. (4) Bronchial lumen highly activated eosinophil in asthma with asp: and awf- in the high-activity state and
with downregulated or no IL-5 receptor, and with high-activity awp. resulting from IL-3 and/or granulocyte monocyte-colony stimulating factor (GM-CSF)-triggered
signaling. Modified and extended from Ref. (8) and also based on Ref. (34, 36, 44, 69, 80). Note: this model focuses on the activation states of integrins and on
receptors for IL-5 family cytokines. It is not intended to be a full rendition of all possible factors involved in eosinophil recruitment. For instance, glycoproteins and
glycans, including endothelial surface selectins and their role in eosinophil rolling, are covered in other reviews within this Research Topic (O’Sullivan JA, Carroll DJ,
and Bochner BS: “Glycobiology of eosinophilic inflammation: contributions of siglecs, glycans, and other glycan-binding proteins,” submitted; and Rao AP, Ge XN,
and Sriramarao P: “Regulation of eosinophil recruitment and activation by galectins in allergic asthma,” accepted). Further, chemokines and their receptors are the
focus of yet another review (Larose M-C, Archambault A-S, Provost V, Laviolette M, and Flamand N: “Regulation of eosinophil and group 2 innate lymphoid cell

trafficking in asthma,” submitted).

CONCLUSION AND PERSPECTIVES

In this article, a number of proteins on the cell surface that have
been suggested to mark eosinophil activation and are altered after
antigen challenge or in the airway, or are associated with asthma
or aspects of asthma, as well as a subset of these proteins that
respond to intervention are reviewed. Partial §; integrin activa-
tion on blood eosinophils is associated with impaired pulmonary
function or airway inflammation, and partial B, integrin activa-
tion is associated with airway eosinophilia in non-severe asthma.
The associations do not occur in severe asthma, presumably due
to greater extravasation of pre-activated eosinophils in severe
disease. Airway lumen eosinophils have highly activated integ-
rins and other changes in surface proteins compared to blood

eosinophils. The activation state(s) of eosinophils in human
lung tissue, although likely very important in asthma, is largely
unknown but has begun to be studied.

The utility of the potential biomarkers of eosinophil activation in
blood, a clinically accessible compartment, e.g., as correlators with
or reporters of aspects of asthma, particularly severe asthma, needs
to be explored further in translational and clinical studies. Although
an occasional marker increases with asthma severity, some markers
aredownregulated in severe disease compared to non-severe disease.
Possible reasons for the latter phenomenon are discussed above in
the text. Still, since some of the markers respond to anti-IL-5, these
or other IL-5-dependent markers may be predictors of response to
intervention. The effect of other therapies, e.g., anti-IL-13/IL-4R,
on surface markers of eosinophil activation has not been reported
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but is a very interesting question. For instance, it may be interest-
ing to examine whether potential alterations in eosinophil surface
activation markers after various interventions may turn out to be
associated with disease improvement, or possibly with decreased
or increased risks for adverse eosinophil-related events. Finally, the
potential relevance of these biomarkers in other eosinophilic and
allergic diseases (19) also requires future exploration.
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Chronic eosinophilic inflammation is associated with tissue remodeling and fibrosis in
a number of chronic T-helper 2 (Th2)-mediated diseases including eosinophilic esoph-
agitis (EoE) and asthma. Chronic inflammation results in dysregulated tissue healing,
leading to fibrosis and end organ dysfunction, manifesting clinically as irreversible air-
way obstruction in asthma and as esophageal rigidity, strictures, narrowing, dysmaitility,
dysphagia, and food impactions in EoE. Current therapies for EOE and asthma center
on reducing inflammation-driven tissue remodeling and fibrosis with corticosteroids,
coupled with symptomatic control and allergen avoidance. Additional control of Th2
inflammation can be achieved in select asthma patients with biologic therapies such
as anti-IL-5 and anti-IL-13 antibodies, which have also been trialed in EOE. Recent
molecular analysis suggests an emerging role for structural cell dysfunction, either
inherited or acquired, in the pathogenesis and progression of EOE and asthma tissue
remodeling. In addition, new data suggest that inflammation-independent end organ
rigidity can alter structural cell function. Herein, we review emerging data and concepts
for the pathogenesis of tissue remodeling and fibrosis primarily in EOE and relevant
pathogenetic parallels in asthma, focusing additionally on emerging disease-specific
therapies and the ability of these therapies to reduce tissue remodeling in subsets of
patients.

Keywords: eosinophilic esophagitis, asthma, inflammation, tissue remodeling, fibrosis, structural cell dysfunction,
corticosteroid, biologic therapy

INTRODUCTION

Allergic inflammation has the capacity to recruit eosinophils to the site of inciting stimulus.
Prolonged eosinophil infiltration can contribute to significant tissue injury, leading to maladaptive
tissue remodeling and fibrosis. We will focus primarily on eosinophilic disorders associated with
robust tissue remodeling, specifically eosinophilic esophagitis (EoE) and its relevant pathogenetic
parallels in asthma.
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CLINICAL FEATURES OF TISSUE
REMODELING

The hypereosinophilic syndrome (HES)-associated tissue remod-
eling is arguably the most severe with cardiac damage leading
to potential morbidity due to endomyocardial fibrosis. Asthma-
associated airway remodeling occurs with epithelial denudation
and goblet cell metaplasia, subepithelial fibrosis, angiogenesis,
and smooth muscle hypertrophy (1). Remodeling is believed
to be the mechanism to irreversible airway obstruction (2).
EoE is an emerging chronic allergen-driven immune-mediated
inflammatory disease that has been gaining recognition, with an
increasing prevalence reaching 1 case per 1,000 persons (3-5).
Chronic, unbridled inflammation in EoE leads to progressive
esophageal fibrostenosis with rigidity and dysmotility with food
impactions (6-9). Adult studies clearly demonstrate a natural
history to stricture formation (6, 7). In both asthma and EoE,
remodeling begins early in life, before the age of 6 years, and
children with EoE can have histologic remodeling at as young as
2 years of age (2, 10).

Eosinophilic esophagitis is defined as a marked esophageal
eosinophilic inflammation (>15 eosinophils per high power
field) that includes other inflammatory cells that likely contribute
to remodeling such as mast cells, basophils, and adaptive as well
as innate lymphoid cells (11-15). In the face of chronic antigen
exposure and tissue damage, a progressive maladaptive esopha-
geal tissue remodeling response causes clinical manifestations
of dysphagia, food impactions, and, sometimes, spontaneous
esophageal perforation (6, 16-20). In children, EoE often pre-
sents clinically as abdominal pain, nausea, vomiting, regurgita-
tion, feeding difficulty, food aversion, weight loss, and failure to
thrive; in adults, dysphagia and food impactions become more
clinically prominent due to progression of esophageal dysfunc-
tion and fibrosis (13, 21). EoE severity has been associated with
a lower body mass index, likely secondary to chronic nutritional
deficit from recurrent dysphagia, food impaction, and food aver-
sion (22). Although most EoE patients are well appearing, they
often require a multimodal management approach that includes
chronic medical treatment, dietary restriction, lifestyle changes,
and repeated endoscopic diagnostic and therapeutic evaluations,
creating a significant healthcare burden and impaired quality of
life (18, 23-28).

In EoE, endoscopic features of remodeling vary between age
groups. In children, features of esophageal pallor and furrows
associate with histologic fibrosis and clinical dysphagia (29).
In contrast, adult features of remodeling include concentric
rings, narrowing, strictures, and the esophageal “pull” sign
(30, 31). The narrowed and fibrostenotic esophagi are often
the endoscopic features of adult EoE and can be intermittently
observed in a subset of children (32). Functional readouts of
esophageal rigidity include esophageal manometry and the
novel application of the functional luminal imaging probe to
assess esophageal rigidity and motility (33, 34). Indeed, esopha-
geal rigidity predicts the risk of food impactions. Ultrasound
studies in both adults and children show transmural esophageal
thickening (35, 36). Similarly, CT scans of asthmatic airways
demonstrate airway wall thickening even in children, while

the HES heart can show increased cardiac muscle fibrosis with
decreased chamber space (2).

Histologic Features of Remodeling

Asthmatic airways demonstrate subepithelial fibrosis, with
increased trichrome staining. The asthmatic epithelium demon-
strates defective epithelial barrier function and loss of junctional
proteins, with goblet cell metaplasia (2, 37). Airway epithelial
barrier function is thought to regulate asthma pathogenesis (38).
Subepithelial angiogenesis accounts for airway wall edema, while
thickened airway smooth muscle causes airway hyperreactivity.
On the basis of the findings in remodeled asthmatic airways,
our lab sought to understand whether esophageal biopsies from
children with severe EoE had histologic findings akin to the
remodeled asthmatic airway. Indeed, histopathologic analysis has
shown extensive cellular and extracellular remodeling changes in
EoE (13, 21, 39, 40). Remodeling is manifested in the epithelium
as basal cell hyperplasia, dilated intercellular spaces, and desqua-
mation; and in the subepithelium as fibrosis, angiogenesis, and
smooth muscle hyperplasia (16, 21, 41). The loss of barrier func-
tion is a cardinal feature of the EoE esophagus with decreased
expression of desmoglein-1 and filaggrin in addition to decreased
E-cadherin and claudin-1 (42-44).

MOLECULAR MECHANISMS OF TISSUE
REMODELING

Interleukins and Cytokines Involved in
Remodeling

Current concepts of tissue remodeling have centralized on cel-
lular and extracellular matrix responses to repetitive tissue injury
and ineffective tissue regeneration in the context of chronic
inflammation (1, 13, 21, 45). It appears that the mechanisms of
remodeling are similar in asthma and EoE (Table 1). IL-4 and
IL-13 play pivotal roles in asthma pathogenesis (1, 46). Progress
in EoE pathogenesis to date has focused mainly on IL-13 (42, 47).
Allergen-mediated induction of IL-4, IL-5, and IL-13 promotes
a T-helper 2 (Th2) immune response, resulting in eosinophil
recruitment and activation. In addition, profibrotic factors such
as TGFp1 appear to play an important role in the remodeling
associated with these allergic diatheses (21).

IL-13 has emerged as a master regulator in EoE and drives the
recruitment and activation of eosinophils via eotaxin-3/CCL26
and IL-5, further augmenting Th2 inflammation in the esophagus
that can resultin irreversible stricture formation (42,47, 48).1L-13
contributes to the disruption of the epithelial barrier function, in
part, via induction of calpain-14 that cleaves desmoglein-1 (49).
Esophageal epithelial cells respond to IL-13 stimulation with
STAT6-dependent expression of eotaxin-3/CCL26 that amplifies
the chemotactic signals for further eosinophilic recruitment (47).
IL-13 either alone or in combination with TGF1 can induce tis-
sue fibroblasts to express periostin, further promoting eosinophil
adhesion to fibronectin (50). IL-13 overexpression in an inducible
transgenic murine model causes esophageal eosinophilia and
stricture formation; turning off IL-13 overexpression to remove
allergic inflammation reduces tissue eosinophilia but is unable
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TABLE 1 | Eosinophilic esophagitis and asthma: summary.

Eosinophilic esophagitis

Asthma

Clinical manifestations of

dysregulated tissue remodeling impactions
Relevant pathogenic cytokines IL-5, IL-13, TGFp1
Relevant pathogenic chemokines ~ CCL26

Cellular manifestations

Tissue mastocytosis Yes

Structural cell alterations
barrier dysfunction

Esophageal narrowing, strictures, rigidity, dysmotility, dysphagia, food

Epithelial desquamation, basal zone hyperplasia, subepithelial fibrosis,
angiogenesis, smooth muscle cell hypertrophy

Myofibroblast formation, smooth muscle cell hypertrophy, epithelial

Irreversible airway obstruction, dyspnea, wheezing, oxygen
desaturations

IL-4, IL-5, IL-13, TGFp1
CCL11, CCL24, and CCL26

Epithelial denudation, goblet cell metaplasia, subepithelial
fibrosis, angiogenesis, smooth muscle hypertrophy

Yes

Myofibroblast formation, smooth muscle cell hypertrophy,
epithelial barrier dysfunction

to reverse the established esophageal stricture (48). In addition,
GATA-1-null eosinophil-deficient IL-13 transgenic mice are
able to develop esophageal tissue remodeling as evidenced by
esophageal epithelial thickness, collagen deposition, and cellular
hyperplasia (51). In contrast to IL-5, IL-13-mediated esophageal
dysmotility and dysfunction via collagen deposition, angio-
genesis, and epithelial hyperplasia can occur independently of
eosinophilic inflammation (48, 51). In murine models of asthma,
airway structural remodeling has been shown to persist even after
complete resolution of allergic inflammation (52, 53).

IL-5 is a major cytokine that regulates eosinophilopoeisis
and the trafficking, survival, and activation of eosinophils (54).
Arguably, the best evidence for the role of IL-5 in human asthma
is the success of humanized, monoclonal anti-IL-5 antibodies in
treating eosinophilic asthma although their ability to decrease
remodeling in human tissues is not clear. Peripheral blood from
patients with active EoE have increased frequency of circulating
activated eosinophils and IL-5-expressing CD4* T cells, and
peripheral blood mononuclear cells from EoE patients produce
significantly more IL-5 compared to healthy controls when
stimulated with house dust mites, ragweed, milk, Aspergillus
fumigatus, or soy (55-59). Upregulated local expression of IL-5
promotes eosinophilic trafficking to the esophagus (60-62). Mice
deficient in either IL-5 or eosinophils have diminished lamina
propria collagen and fibronectin deposition in experimental EoE
(62, 63). Esophageal strictures develop in IL-5-overexpressing
transgenic mice, but not if these mice are also genetically defi-
cient in eosinophils (48), demonstrating that the pro-remodeling
effects of IL-5 are not intrinsic to this interleukin but, rather,
through its capacity to recruit and activate inflammatory cells.

Eosinophils and Other Immune Cells in

Tissue Remodeling

Tissue inflammation in EoE is patchy and can be transmural, with
immune cell infiltration and structural changes extending from
the epithelium to the underlying muscle layers allowing multiple
tissue layers to be directly exposed to the damage induced by
inflammatory cells (39, 64-66). Epithelial barrier disruption acti-
vates a program of IL-33, TSLP, and eotaxin-3/CCL26 expression
in EoE that promotes Th2 immune activation and eosinophil infil-
tration (12, 67-71). Eotaxin-3/CCL26 is a potent chemoattractant
for eosinophils that is highly upregulated in esophageal biopsies

and sera of EoE patients (72, 73); plasma levels of eotaxin-1/
CCL11 and eotaxin-2/CCL24 are not increased in active EoE
(73). In comparison, epithelial levels of CCL24 and CCL26, but
not CCL11, are elevated in severe asthma (1, 74). Asthmatic
eosinophils migrate better in response to ex vivo stimulation with
CCL26 than CCL11 or CCL24 (75); in addition, CCL26 stimula-
tion of asthmatic eosinophils demonstrates a biphasic migration
pattern that potentially contributes to eosinophil-dependent
pathogenesis of persistent asthma. IL-33 and TSLP can activate
the recently discovered Th2-promoting group 2 innate lympho-
cytes (ILC2), which are enriched in active EoE and may promote
remodeling via the expression of IL-5 and IL-13 (14). Infiltrating
eosinophils further drive EoE inflammation via a multitude
of mechanisms including degranulation, inflammatory, and
profibrotic cytokine secretion such as IL-4, IL-5, IL-13, GM-CSE,
and TGFp1, and eosinophil extracellular trap formation, which
correlates with inflammatory features such as white exudates
in active EoE (40, 69). GM-CSF blockade reduces basal cell
hyperplasia and epithelial remodeling in experimental EoE (76).
Other eosinophil blocking strategies are also successful in EoE
animal models including antibody blockade with anti-Siglec-F
(63, 77). Although eosinophils infiltrate densely in EoE, their
complex interactions with non-immune cells such as epithelial
cells, fibroblasts, and smooth muscle cells and other immune cells
such as mast cells, ILC2, basophils, T cells, and invariant natural
killer T cells likely dictate the histologic and clinical remodeling
outcomes of the disease (5, 13, 14, 40, 78).

Eosinophilic esophagitis and asthma are also characterized by
tissue mastocytosis, which contributes to esophageal and airway
dysfunction. Murine models of EoE, which are deficient in mast
cells, show that mast cells contribute to smooth muscle cell mass
(11). Mast cells are also reservoirs for profibrotic factors such as
TGFp1, and decreases in mucosal mast cell numbers are likely
one mechanism by which fibrosis improves following therapy
(79). Similarly, other tryptase-positive cells such as basophils
have been implicated in EoE, and blocking the TSLP receptor
diminishes basophil-induced complications such as food impac-
tions in experimental EoE (12).

Profibrotic Cytokines

Symptomatic EoE presents clinically as dysphagia, stemming
from maladaptive esophageal tissue remodeling that results
in fibrosis causing esophageal dysfunction and dysmotility.
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Eosinophils and mast cells are significant sources of TGFf1, as
previously identified in the esophagus of EoE patients and in the
lungs of asthmatic patients (16, 79, 80). Eosinophils and eosin-
ophil-derived products increase extracellular matrix production
of fibronectin and collagen I in primary human esophageal fibro-
blasts and muscle cells in a process dependent on TGFp1 and p38
signaling (81). TGFp1 expression is elevated in the epithelium
and subepithelium of adult and pediatric EoE patients (16, 82).
TGFp1 signaling induces collagen deposition and production of
fibronectin and other extracellular matrix proteins; and blockade
of the canonical TGFp1 signaling pathway, Smad2/3, decreases
remodeling in an oral ova murine EoE model (83). Also invoking
the canonical TGFf1 pathway, there is an increased epithelial
and subepithelial expression of nuclear Smad2/3 in pediatric
EoE patients. In addition, eosinophil-derived products, secreted
products from eosinophil-fibroblast/muscle cell co-cultures,
TGFp1, or IL-13 altered esophageal muscle contraction in a
feline EoE model (81). In a cohort of pediatric EoE patients,
fibrosis was associated with eosinophilic degranulation in the
epithelium as measured by staining for eosinophilic major basic
protein, whereas fibrosis was not associated with the degree of
esophageal eosinophilia, the number of mast cells, or mast cell
degranulation (67). Kita and colleagues proposed that detection
of eosinophil degranulation might be a more accurate assessment
of EoE severity, based on their observations of marked deposition
of eosinophil-derived neurotoxin in adult EoE biopsies (84).

In addition to its profibrotic effects, TGFP1 can alter tissue
contractility. TGFP1 activates tissue fibroblasts, resulting in
myofibroblast differentiation that further contributes to extracel-
lular matrix deposition and collagen contraction (85). In addition,
TGFp1 induces primary esophageal smooth muscle cell contrac-
tion, a mechanism dependent on the canonical Smad2/3 pathway
and phospholamban, a sarcoendoplasmic reticulum protein that
regulates calcium flux, which is upregulated in EoE biopsies
(79, 85). It is interesting to speculate if esophageal phospholam-
ban plays a role akin to asthmatic orosomucoid like 3, which is
clearly implicated in the pathogenesis of asthma.

TGFp1 also has significant effects on the epithelium. It breaks
down epithelial barriers in asthma by decreasing the expression
of adhesion molecules. In EoE, remodeling has been associated
with epithelial-mesenchymal transition, a TGFpl-regulated
process (86, 87). TGFP1 significantly induces plasminogen
activator inhibitor 1 (PAI-1)/serpinEl in esophageal epithelial
cells. Epithelial PAI-1 reflects the severity of histologic fibrosis
and is also required for TGFf1-induced expression of phos-
pholamban and a-smooth muscle actin ((SMA) in esophageal
fibroblasts, suggesting that it is part of the pathway to esophageal
myofibroblast accumulation (88). Children with genotype TT
at the TGFP1 promoter have significantly elevated numbers of
TGFp1-positive cells, increased mast cells (but not eosinophils),
more severe epithelial remodeling, and, when food sensitized,
worse fibrosis than children of non-TT genotype (89).

Fibrosis may also occur independently of TGFp1, as other
profibrotic molecules such as CCL18 and fibroblast growth fac-
tor-9 (FGF9) are elevated in EoE tissue biopsies (90, 91) and not
all adult subjects have elevated TGFp1 (82, 91). CCL18 is simi-
larly elevated in the bronchoalveolar lavage and sera of asthmatic

patients and preferentially attracts Th2 cells and basophils (92).
Eosinophil-derived major basic protein induces FGF9 produc-
tion that can contribute to the fibroproliferative response in EoE
(90). To our knowledge, the role of FGF9 in asthma has not yet
been described.

Mechanotransduction and Remodeling
There is accumulating evidence that mechanical signals
(“mechanosignaling”) alter the function of structural cells in
the airway and esophagus in a manner that can be independent
of, dependent on, or synergistic with, inflammation (93-95).
Our recently published data demonstrate that rigid matrix
alters the gene expression profile of primary human esophageal
smooth muscle cells toward a pathogenic profile similar to that
induced by TGFP1 (95). EoE fibroblasts from children and
adults had increased aSMA and traction force when cultured on
a rigid matrix (94). Airway epithelial cells respond to physical
parameters such as compressive forces mimicking those seen
in an edematous airway with increased production of disease
relevant inflammatory markers such as endothelin and TGFf2
and decreasing expression of barrier proteins (93). In addition,
compression forces increase fibroblast expression of collagens.
Asthmatic bronchial fibroblasts exhibit higher elastic modulus
than control cells; TGFf1-induced differentiation of bronchial
fibroblasts into myofibroblasts is enhanced by increasing matrix
stiffness (96, 97). Airway smooth muscle cell contraction induces
the release of more active TGF1 (98). Methacholine-induced
bronchoconstriction in the absence of inflammation is sufficient
to induce airway remodeling in asthmatic patients (99). Taken
together, these compelling data invoke a shift in the thought
paradigm from focus almost exclusively on inflammation to
one with an integrated focus on the mechanosignaling coupled
to inflammation. Indeed normalization of mechanosignaling is
likely required to effectively reduce the propagation of inflamma-
tion and dysregulated structural cell gene expression. Currently,
it is not clear what direct or indirect effects there are on inflam-
matory cells cultured either in an environment that is rigid or
compressed. However, it is well accepted that cells such as mast
cells respond to physical insults such as scratching.

CURRENT AND EMERGING
THERAPEUTICS FOR ALLERGIC
REMODELING

Currently, there are no FDA-approved drugs indicated for the
treatment of EoE. Some of the current treatment strategies and
their effects on airway and esophageal remodeling are summa-
rized below (5, 18, 28, 100, 101).

Topical Corticosteroids

Topical esophageal corticosteroids constitute the most commonly
utilized EoE therapy in children and adults. Similarly, inhaled
corticosteroids are the most common agent used for persistent
asthma. There has been relatively rapid accumulation of data
for EoE since biopsies are procured regularly as part of disease
monitoring. In contrast, airway biopsy is done in the context of
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clinical trials. Short-term studies in children have demonstrated
that topical corticosteroids decrease fibrosis, VCAM-1, epithelial
remodeling, subepithelial TGFf1, and nuclear Smad2/3-positive
cells in the subset of patients who have resolution of epithelial
eosinophils following therapy (102). As such, it appears that in
“responder” children, remodeling is in flux and can be reversed
or improved with short-term therapy. Such treatment-responsive
remodeling likely constitutes a physiologic rather than a patho-
logic process. In contrast, children who are “non-responders” to
therapy, as defined by persistent esophageal eosinophilia despite
therapy, have continued subepithelial fibrosis, vascular activa-
tion, and TGFp1-expressing cells. Topical fluticasone treatment
downregulates mRNA expression of eotaxin-3 and decreases the
degree of eosinophilic and lymphocytic tissue infiltration in EOE
esophagi (47, 103, 104). In addition, topical fluticasone treatment
of EoE patients reduces IL-13 mRNA expression and reverses
expression of 98% of IL-13-induced EoE transcriptome to the
levels of healthy controls (47). EoE esophageal mucosal integrity
is improved with topical fluticasone, as seen with normalization
of expression of desmoglein-1 and filaggrin (105, 106). Peripheral
blood eosinophils isolated from adult corticosteroid-treated EoE
patients sustain their activated phenotype (107), but exhibit
decreased CD18 surface expression, with resultant diminished
adherence of eosinophils to ICAM-1, ICAM-2, and endothelial
cells (108). Budesonide treatment of adult EoE patients results in
a statistically significant reduction in absolute blood eosinophil
count and serum levels of CCL17, CCL18, CCL26, eosinophil-
cationic protein, and mast cell tryptase. In addition, the absolute
blood eosinophil count changes correlate with esophageal
eosinophil density (109, 110).

Since EoE is a chronic disease, chronic therapy seems war-
ranted. Studying a group of 32 children over a mean of 5 years
(maximum of 10 years) treated with corticosteroids, Rajan and
colleagues showed that children with EoE who persistently
respond well to therapy have significantly less fibrosis and lower
endoscopic scores than children who respond suboptimally to
therapy (10). The clinical reasons for differences in response to
therapy are not clear. However, it is possible that a “remodeling
first-inflammation second” EoE phenotype is less responsive to
steroid therapy. It is also possible that mechanical alterations
in the esophagus, such as rigidity, change the structural and/
or inflammatory cell response to interventions. This concept is
echoed in the adult literature where the fibrostenotic, dysmotile
esophagus is substantially more resistant to topical therapy with
corticosteroids (9, 111). In terms of endoscopic and symptoms
severity, topical corticosteroids can improve the diameter of the
strictured adult EoE esophagus and decrease the rate of food
impactions (8, 112).

In asthma, the effects of inhaled corticosteroids on remodeling
and the best remodeling endpoint to follow are not entirely clear
(2). This is likely due to the paucity of repeated human airway
tissue for study and the complexity of the pulmonary structure
as branching occurs. In a murine model of allergen-induced
asthma, corticosteroids prevent myofibroblast accumulation and
peribronchial collagen deposition and fibrosis (113). In addition,
corticosteroids can improve a subset of gene transcripts in asth-
maticairway fibroblasts (2). Combination treatments with inhaled

corticosteroids and long-acting f2-adrenergic receptor agonists
together have demonstrated superior prevention of asthma
exacerbations (114). Systemic corticosteroids used during severe
asthmatic exacerbations exhibit variable responsiveness, thought
related to the underlying asthma heterogeneity, for example,
corticosteroid-responsive type 2-high airway inflammation-
driven “concordant disease” versus corticosteroid-resistant type
2-low “discordant disease” (115-119). Although inhaled steroids
can improve epithelial shedding, this is not a consistent finding.
Studies of the reticular basement membrane thickening dem-
onstrate improvements, but whether improvement in basement
membrane thickening corresponds to improvements in asthma
complications such as difficult-to-treat airway hyperreactivity or
irreversible airflow obstruction is not clear. Although there is not
a paucity of human tissue for study in EoE, the most clinically
meaningful endpoint of remodeling is still unclear, although the
best targets are likely to be fibrosis and early-onset esophageal
rigidity.

Efficacy of topical corticosteroid therapy is dependent on
mucosal drug deliveryand esophageal mucosal contact time (120).
Swallowed aerosolized corticosteroid has variable delivery, with
oral viscous corticosteroid preparation achieving superior esoph-
ageal mucosal delivery and treatment efficacy (120). Emerging
non-proprietary and proprietary formulations of corticosteroid
are expected to improve treatment options, drug bioavailability,
and treatment efficacy (120-124). While corticosteroid treat-
ment for EoE is effective, there exists a significant number of EoE
patients who do not respond to topical corticosteroid treatments
(122, 125). It has been proposed that topical corticosteroids
are unable to penetrate the deeper esophageal layers where
significant eosinophilic inflammation and tissue remodeling and
fibrosis are likely to take place. Oftentimes, biopsies are limited
to the superficial layers and may offer an incomplete picture of
the histologic response. Targeting the fibrotic tissue may offer
enhanced corticosteroid uptake. Currently, a clinical trial for
EoE is examining the effect of losartan, an angiotensin II receptor
blocker used clinically for hypertension that also exerts anti-
fibrotic effect through suppression of active TGFp1 levels (126).
Losartan has been shown to inhibit collagen I synthesis, resulting
in improved distribution and efficacy of antitumoral agents (126).
Another potential beneficial effect of anti-fibrotic therapy might
involve an indirect improvement of structural cell dysfunction by
reducing tissue rigidity. This is based on the novel observation by
Aceves and colleagues that a rigid matrix induces morphologic
and transcriptional changes in esophageal smooth muscle cells
with increased collagen deposition and cellular hypertrophy (95).
Similar subsequent work by Muir et al. demonstrated the role of
matrix stiffness in modifying TGFf1signaling and contractility
of primary esophageal fibroblasts (94). Taken together, target-
ing inflammation-dependent and inflammation-independent,
rigidity-dependent pathways may represent novel strategies to
modulate tissue remodeling and fibrosis in EoE and beyond.

Elimination Diets in EoE

In children, dietary modification to remove allergen-derived anti-
genic stimulation has been shown to reverse subepithelial fibrosis
in EoE (127, 128). In addition, the combination of elimination
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diet and topical corticosteroids can decrease fibrosis in children
(127). The effect of elimination diet on adult remodeling is not
as clear.

Biologic Therapy
Anti-IL-5 blockade with mepolizumab is safe and achieves
significant reduction in circulating peripheral eosinophils and
inflamed tissue eosinophilia (129-131). Even though IL-5 is
a key regulatory cytokine of eosinophils that is upregulated in
EoE, anti-IL-5 therapy using two different humanized mono-
clonal antibodies partially reduces tissue eosinophilia but does
not alter esophageal fibrosis (132, 133). Although histologic or
radiographic endpoints have not been systematically assessed
in asthma, anti-IL-5 is effective in patients with severe, steroid
refractory asthma and can be steroid sparing in patients with
HES (134-136). In children with EoE, mepolizumab treatment
decreases the numbers of tryptase-positive cells, IL-9-positive
cells, and esophageal eosinophil-mast cell couplets (137).
Anti-IL-13 monoclonal antibody QAX576 significantly
reduces esophageal eosinophilia and expression of EoE-related
genes up to 6 months after treatment, but demonstrates only a
trend for improved clinical symptoms (138). IL-13 blockade
with a humanized monoclonal antibody RPC4046 significantly
reduces esophageal eosinophilia and endoscopic features in EoE
patients and also improves dysphagia; however, the effect is more
prominent in steroid refractory EoE patients, suggesting that
severe subjects may do well with anti-IL-13 therapy (139). This is
consistent with the decrease in transcription of some remodeling
genes including periostin for up to 6 months following treatment
(138). Anti-IL-13 therapy also decreases markers of remodeling
such as periostin and osteopontin in asthmatics, and subjects
with higher serum periostin levels are more responsive to anti-
IL-13 therapy (136, 140). Dupilumab, a blocker of both IL-4 and
IL-13, may be of utility in asthma and EoE-associated remodeling
(140-142).

CONCLUSION

Both EoE and asthma are diseases that involve robust tissue
remodeling as part of the disease processes with resultant
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There is an absolute requirement for Th2 cells in the pathogenesis of allergen-driven
eosinophil-rich type 2 inflammation. Although Th2 cells are generally regarded as
a homogeneous population, in the past decade there has been increasing evidence
for a minority subpopulation of IL-5+ Th2 cells that have enhanced effector function.
This IL-5+ Th2 subpopulation has been termed pathogenic effector Th2 (peTh2), as it
exhibits greater effector function and disease association than conventional Th2 cells.
peTh2 cells have a different expression profile, differentially express transcription factors,
and preferentially use specific signaling pathways. As such, peTh2 cells are a potential
target in the treatment of allergic eosinophilic inflammation. This review examines peTh2
cells, both in mouse models and human disease, with an emphasis on their role in the
pathogenesis of allergic eosinophilic inflammation.

Keywords: Th2, CD161, CD294, chemoattractant receptor-homologous molecule expressed on Th2 cells positive,
hematopoietic prostaglandin D synthase, interleukin-5, eosinophilic inflammation, eosinophilic gastrointestinal
disease

INTRODUCTION AND EARLY OBSERVATIONS

Since the first observation of cytokine heterogeneity of effector T helper (Th) cells (1), there have
been attempts to examine the veracity of the Th1/Th2 paradigm and apply it to disease pathogen-
esis and treatment (1). Although initial investigations into this dichotomy in humans suggested a
clearly laid out Th1-Th2 polarity (1), subsequent investigations were less clearly dichotomous (2).
T cell biology is clonal, and as such, there are clear advantages to studying Th cell differentiation
and cytokine expression at the single-cell level. The initial studies by Mossmann et al. (1) and the
subsequent human investigations by Romagnani (3, 4) employed T cell clones, and although revolu-
tionary at the time, had several technical limitations. T cell cloning is very labor intensive, limiting
the number of clones (individual T cells) and patients who could be studied. More importantly, it is
not clear that the cytokine phenotype of the resultant clone is the same as the original single T cell
from which it was derived.

New scientific discovery is highly influenced by the development of new technology. During the
mid-1990s intracellular cytokine staining was developed as a technique to interrogate the Th1/Th2
paradigm with greater fidelity and verisimilitude than possible with T cell cloning. Intracellular
cytokine staining allows the examination of single-cell cytokine expression in thousands of indi-
vidual cells, almost directly ex vivo. Initial publications clearly showed that although there was
greater complexity in the Th1/Th2 paradigm than initially appreciated, the general paradigm was
supported (5-7). Notably, in one of the authors’ (CP) early papers, IL-4 and IL-5 expression pat-
terns differed, indicating that IL-5-producing cells were a minority subpopulation within the larger
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IL-4+ Th2 pool with a unique phenotype (CD27—, no IFN-y
coexpression) (5), which in a later review was hypothesized to
be an IL-5+ Th2 subpopulation (8).

IL-5+ Th2 cell biology remained largely unexplored for
the next 10 years, being relatively intractable to the available
technology. The advent of polychromatic flow cytometry, and
the ability to examine many phenotypic markers and cytokines
within a single cell, facilitated subsequent murine and human
investigations into IL-5+, pathogenic effector Th2 (peTh2) cell
biology.

DEFINITIONS AND IDENTIFICATION
OF peTh2 CELLS

Like many recently characterized cell populations, nomenclature
has lagged behind the investigations of IL-5+ Th2 cells. Although
the term “IL-54+ Th2” cells is probably the most commonly
used descriptor, multiple other terms have been used. Clearly, a
central distinguishing feature of these cells is their IL-5 expres-
sion. In our work in humans, we initially identified these cells by
intracellular cytokine staining as IL-5+, IL-4+, IL-13+ relative
to the IL-5— Th2 subpopulation that was IL-5—, IL-4+, IL-13+
(9). Subsequently, we demonstrated that the phenotypic markers
hematopoietic prostaglandin D synthase (hPGDS) and CD161
individually identify IL-5+ Th2 cells (10). hPGDS in particular
appears to be a more specific marker for pro-eosinophilic activity
than IL-5 itself. To unify the various phenotypic descriptions, we
have used the term peTh2, to emphasize the pathological role and
enhanced effector function of these cells, which is due to more
than simply IL-5 expression.

In parallel, Nakayama and colleagues have identified a murine
peTh2 analog that they have termed “pathogenic memory” Th2,
reviewed in Ref. (11). Their work has used an adoptive transfer
memory model to generate IL-5+ Th2 and hence their terminol-
ogy underscores the memory aspects of the model system. Luster
and colleagues have identified a similar IL-5+ Th2 subpopula-
tion during investigations to identify CCL8-responding T cells
(12, 13). Lastly, Wambre and colleagues using class II tetramers
have identified a subpopulation of human allergen-specific Th2
cells, which they have termed “Th2A” cells. Using both flow
cytometric and transcriptome profiling, they characterize Th2A
cells having an expression profile conforming to the various
IL-5+ subpopulations noted above (14, 15). The continued
development of peTh2 phenotypic markers that are amenable
to immunohistochemecal detction, such as hPGDS, will facilitate
understanding of their role in human disease. For the purposes of
this review, we will use “peTh2” as a generic term referring to the
various IL-5+ Th2 subpopulations described above. Conversely,
the term “conventional” Th2 (cTh2) refers to a subpopulation
of Th2 cells that is IL-5— or is negative for one of a variety of
phenotypic markers associated with IL-5 expression, such as
CD161, hPGDS, IL-17RB, or ST2.

MURINE STUDIES

Much of our understanding of peTh2 cells comes from the
characterization of IL-54+ Th2 cells in mice. Immunological

memory defines the adaptive immune system, and memory
T cells can be subdivided into central memory (Tem), effec-
tor memory (Tem), and resident memory (Tm) populations,
reviewed in Ref. (16, 17). Of these, Tem lack CD62L (L-selectin)
and can express a variety of chemokine receptors for homing
to peripheral tissues. Nakayama and colleagues categorized
subsets of memory Th2 cells according to their expression of
CD62L and the Thl-associated chemokine receptor CXCR3.
While all memory Th2 subsets expressed IL-4 and IL-13, only
the CD62L¥, CXCR3"" Th