Clinic Rev Allerg Immunol (2016) 50:125-139
DOI 10.1007/s12016-015-8507-6

@ CrossMark

The Eosinophil in Health and Disease: from Bench

to Bedside and Back

Wei Liao' - Hai Long' + Christopher Chia-Chi Chang? - Qianjin Lu'

Published online: 26 September 2015
© Springer Science+Business Media New York 2015

Abstract Historically, eosinophils have been considered as
end-stage cells involved in host protection against parasitic
infection and in the mechanisms of hypersensitivity. However,
later studies have shown that this multifunctional cell is also
capable of producing immunoregulatory cytokines and solu-
ble mediators and is involved in tissue homeostasis and mod-
ulation of innate and adaptive immune responses. In this re-
view, we summarize the biology of eosinophils, including the
function and molecular mechanisms of their granule proteins,
cell surface markers, mediators, and pathways, and present
comprehensive reviews of research updates on the genetics
and epigenetics of eosinophils. We describe recent advances
in the development of epigenetics of eosinophil-related dis-
eases, especially in asthma. Likewise, recent studies have pro-
vided us with a more complete appreciation of how eosino-
phils contribute to the pathogenesis of various diseases, in-
cluding hypereosinophilic syndrome (HES). Over the past de-
cades, the definition and criteria of HES have been evolving
with the progress of our understanding of the disease and
some aspects of this disease still remain controversial. We also

Wei Liao and Hai Long contributed equally to this work.

P4 Christopher Chia-Chi Chang
c3chang@yahoo.com

P4 Qianjin Lu
qianlu5860@gmail.com

Hunan Key Laboratory of Medical Epigenomics & Department of
Dermatology, The Second Xiangya Hospital, Central South
University, 139 Middle Renmin Road, Changsha, Hunan 410011,
China

Division of Rheumatology, Allergy and Clinical Immunology,
University of California at Davis, Suite 6510, 451 Health Sciences
Drive, Davis, CA 95616, USA

review recent updates on the genetic and molecular mecha-
nisms of HES, which have spurred dramatic developments in
the clinical strategies of diagnosis and treatment for this het-
erogeneous group of diseases. The conclusion from this re-
view is that the biology of eosinophils provides significant
insights as to their roles in health and disease and, further-
more, demonstrates that a better understanding of eosinophil
will accelerate the development of new therapeutic strategies
for patients.
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Introduction

Eosinophils, a minority of the white blood cells, are classified
as nonspecific destructive and cytotoxic cells. Our apprecia-
tion of certain basic characteristics of eosinophils is sturdy and
unambiguous. It is clear that eosinophils are produced in the
bone marrow from multipotent hematopoietic stem cells,
which first differentiate into a progenitor, and then into a sep-
arate mature eosinophil lineage. Once mature, they are re-
leased into peripheral blood. Each of these steps is under the
delicate regulation of transcription factors and (or) cytokines.
Eosinophils are considered as end-stage cells which play es-
sential roles in the immune response to parasitic infection, and
in the mechanisms of hypersensitivity.

However, a comprehensive understanding of the role of
this multifunctional cell in both health and disease is still in
great need. In brief, eosinophils express an array of proinflam-
matory cytokines, chemokines, and lipid mediators, and ex-
press receptors for cytokines, immunoglobulins, and comple-
ment as well. Eosinophils can modify T cell activities through
MHC class II and costimulatory molecules that allow
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eosinophils to act as antigen-presenting cells (APCs). In addi-
tion, advances in the field of eosinophil immunobiology have
implicated eosinophils as important participants in the innate
and adaptive immune responses [1-3].

In this review, we present a comprehensive perspective on
the physiology and cellular biology of eosinophils, including
the function and molecular mechanisms of their granule pro-
teins and cell surface markers, and the genetic and epigenetic
regulation of eosinophils, with special attention to the important
roles of the transcription factor GATA-1 and interleukin (IL)-5
[4]. We also review the roles of eosinophils in eosinophilic
human health and diseases, which include not only parasitic
infection and allergic diseases [5] but also a variety of different
syndromes that are identified to be associated with abnormali-
ties of eosinophils. Examples of these syndromes include eo-
sinophilic gastroenteritis and eosinophilic esophagitis, asthma,
and hypereosinophilic syndrome. The recent updates on the
genetic, molecular, and immunologic mechanisms of
hypereosinophilic syndrome (HES) are also reviewed here
and in more detail in another article in this issue.

The Significance of the Eosinophil
Throughout History

The eosinophil granulocyte was first observed by Wharton
Jones in 1846, and later described by Paul Ehrlich in 1879,
who noted its uncommon capacity to be stained with the aci-
dophilic dyes [2]. In spite of the fact that cosinophils have
been discovered for over 130 years, our knowledge about their
biochemistry and molecular biology remains quite limited,
especially when compared to their highly studied sister cell,
the neutrophil. This lack of research did not change until 1989,
but with the development of separation and purification tech-
niques, especially the use of “negative selection,” obtaining
eosinophils in sufficient numbers and of high enough purity
for research studies became possible [6, 7].

Over the years, in particular recently, research studies have
shown that the activities of eosinophils are far more complex
than previously appreciated in both health and disease. For
example, Chu et al. [8] have suggested a role for eosinophils
in plasma B cell survival in the bone marrow. Specifically, it
has been observed that the number of antigen-specific plasma

B cells is decreased in the bone marrow of eosinophil-
deficient mice (PHIL or 2dblGATA1) or mice depleted of
eosinophils when immunized with anti-Siglec-F antibodies
(Table 1). Studies have also highlighted a novel role of eosin-
ophils in maintaining metabolic homeostasis through mainte-
nance of adipose alternatively activated macrophages
(AAMs) [9]. Eosinophils may also contribute potentially to
the protumorigenic and/or antitumorigenic activities, despite
the observation that the presence or absence of eosinophilia in
cancer does not appear to have a major correlation with patient
prognosis [10]. Currently, the presence of eosinophils has also
been recognized as a marker for acute GVHD in transplant
rejection (e.g., kidney [11] and heart [12]), although a thor-
ough understanding of its mechanisms is lacking. In addition,
the list of unexplained eosinophilic diseases has dramatically
expanded in the past decades, whereas the exact roles and
molecular mechanisms of eosinophilia in these diseases re-
main largely mysterious.

Cellular Biology of the Eosinophil: Granule Proteins
and Cell Surface Markers

Eosinophil Granule Proteins

Human eosinophil granules contain four major proteins: major
basic protein (MBP), eosinophil cationic protein (ECP), eo-
sinophil peroxidase (EPO), and eosinophil-derived neurotoxin
(EDN) [13] (Fig. 1), which are capable of inducing tissue
damage and dysfunction [2].

ECP has been shown to possess antibacterial activity and
promote degranulation of mast cells [14, 15]. The functional
mechanism of ECP is thought to involve pore formation in target
membranes [16]. Other noncytotoxic activities of ECP has also
been demonstrated, such as suppression of T cell proliferative
responses, immunoglobulin synthesis by B cells, induction of
mast cell degranulation, and stimulation of airway mucus secre-
tion [17]. Eosinophils play a role in protection against parasitic
infections, a finding that was supported by the direct toxicity of
MBP against helminthic worms [2, 15, 18]. The toxic effect of
MBP is thought to result from increased membrane permeability
through surface charge interactions leading to perturbation of the
cell surface lipid bilayer [19].

Table 1 Mouse strains for the research of eosinophils

Models Characteristics Refs

2dblGATA1 mice With a target deletion of the double GATA-binding site of GATA1, resulting in the loss of eosinophil. [102]

IL5ra"~ mice ILS gene deletion. Less well-developed branching of the mammary ducts, fewer terminal end buds, and [161]
lower overall density of mammary gland structures, although baseline eosinophil counts remain normal.

[37-integrin knockout mice, {37-Integrin deletion. Intestinal eosinophilia develops slowly following Trichinella spiralis infection. [34]

IL5" mice IL5ra gene deletion. No eosinophilia occurs in response to IL-5. [160]
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Fig. 1 Cellular features of eosinophils [25]. Mature eosinophils have
minimal numbers of mitochondria, endoplasmic reticulum (ER), and
Golgi, as well as a nucleus. Eosinophils express a large number of cell
surface markers that support growth, adhesion, chemotaxis, and cell-to-
cell interactions. CCR CC-chemokine receptor, CYCR CXC-chemokine
receptor, CysLT cysteinyl leukotriene receptors, ECP eosinophil cationic
protein, EDN eosinophil-derived neurotoxin, EPX eosinophil peroxidase,

EPO has been shown to catalyze the peroxidative oxidation
of halides and pseudohalides (thiocyanate) together with hy-
drogen peroxide generated by dismutation of superoxide pro-
duced during the respiratory burst [20-22]. This reaction ends
with the formation of bactericidal hypohalous acids, under
physiologic conditions, promoting oxidative stress and subse-
quent cell death by apoptosis and necrosis.

EDN, also known as eosinophil peroxidase (EPX), is an
eosinophil granule-derived secretory protein. EDN can exert
some cytotoxic effects as a cationic toxin and is therefore
able to put down parasites. For example, it is shown that
EDN has the capability to kill newborn larvae of Trichinella
spiralis [15].

Degranulation, the release of granule contents into the ex-
tracellular space, is a prominent eosinophil function in re-
sponse to cytokines. It is accepted that piecemeal degranula-
tion is the most commonly observed physiological form of
eosinophil degranulation. Recent research has provided in-
sights into the molecular mechanism of piecemeal degranula-
tion. For example, IL-4 released from eotaxin-stimulated
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] S *ClqR
Chemokine 5 » C3aR, C5aR
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Fcreceptors
*FcaR
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*RZG-1
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GM-CSF granulocyte-macrophage colony-stimulating factor, /FN
interferon, /L interleukin, LF4 lymphocyte function antigen, MBP major
basic protein, NOD nucleotide-binding oligomerization domain, PRR
pattern-recognition receptor, PSGL P-selectin glycoprotein ligand,
RAGE receptor for advanced glycation end-products, R/G-I retinoic
acid-inducible gene I, 7GF transforming growth factor, 7LR Toll-like
receptor, TNF tumor necrosis factor, VLA very late activation antigen

eosinophils first forms a complex with IL-4Ro within
the granule membrane, and then mobilizes into secretory
vesicles [23, 24]. Several granule- and vesicle-associated
cytokine receptors have been identified in eosinophils to
be in association with degranulation, including the recep-
tors of IL-4, IL-6, and IL-13, as well as CCR3, although
receptor-mediated trafficking pathways await further
evaluation.

Cell Surface Markers

Eosinophils express a large number of cell surface markers
that support growth, adhesion, chemotaxis, and cell-to-cell
interactions (Fig. 1). Specfically, IL-5 receptor subunit-o
(IL-5RA) is the most prominent cytokine receptor associated
with eosinophils in human and mice (Table 1). Among the
main receptors that define the unique biology of the eosinophil
are sialic acid-binding immunoglobulin-like lectin 8
(SIGLEC-8) in humans and SIGLEC-F (or SIGLEC-5) in
mice, as well as CC-chemokine receptor 3 (CCR3) [3, 25, 26].
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Fig. 2 Eosinophilic positioning in the immune system. Eosinophils are
produced in the bone marrow from pluripotent stem cells. The stem cells
first differentiate into a progenitor, and then into a separate eosinophil
lineage. The development of eosinophils is determined by a body of
interdependent regulatory events of transcription factors, especially
GATA-1. IL-5 primarily controls the eosinophil migration from the
bone marrow to the blood. Circulating eosinophils interact with the

Adhesion Receptors

Previous studies have demonstrated that eosinophils can express
various cell surface markers associated with adhesion. For ex-
ample, eosinophils constitutively express L-selectin, which reg-
ulates eosinophil rolling on the endothelium via CD34 and mu-
cosal addressin cell adhesion molecule-1 (MAdCAM-1) in vivo
[27, 28]. Eosinophils also express P-selectin glycoprotein
ligand-1 (PSGL-1 or CD162) and sialyl-Lewis (CD15s), which
interact with E-selectin and P-selectins [29].

Integrins on the surface of immune cells integrate the ex-
tracellular and intracellular environments in the immune
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endothelium by processes involving rolling, adhesion, and diapedesis.
Eosinophils also have a definitive impact on the actions of other
leukocytes. Eosinophils can work as antigen-presenting cells (APCs),
which have been described in the main text. Eosinophils also prime B
cells for production of IgM and interact with dendritic cells (DCs), mast
cells, and neutrophils. Eosinophils help the survival of plasma cells in the
bone marrow

system. Integrin family members &7 (x437), 31 (x41 and
a6B1), and B2 (xLP2, cMP2, aXP2, and aDR2) are
expressed by eosinophils [30, 31].

Lymphocyte function antigen (LFA)-1 («xL{32) is high-
ly expressed by eosinophils. This molecule interacts with
intercellular adhesion molecule-1 (ICAM-1) that is
expressed on the surface of endothelial cells. The impor-
tant role of ICAM-1 in ligand mediating T cell prolifera-
tion in response to antigen has been demonstrated by the
fact that the shortage of ICAM-1 prevents eosinophils
from entering the airways in ICAM-1-deficient mice
[32]. In addition, the (32-integrin/ICAM-1-dependent
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pathways may play a role in the regulation of eosinophil
accumulation in the colon [30].

The x437 integrin interacts with MAdCAM-1, which is
mainly expressed by the vascular endothelium in the intestinal
tract. Eotaxin-1-dependent eosinophil recruitment to the small
intestine is MAdCAM-1/a4 37 integrin dependent [33]. Of note,
in 37-integrin knockout (KO) mice, intestinal eosinophilia
develops slowly following 7 spiralis infection [34] (Table 1).

During their transit from the bloodstream into various tis-
sues, eosinophils use integrins to interact with adhesion recep-
tors on the surface of the vascular endothelium [3]. In mice,
eosinophil recruitment to the site of allergic inflammation in
the lung is dependent on very late activation antigen-4 (VLA-
4, also known as o431 integrin, an integrin dimer composed
of CD49d and CD29) [35]. The critical role of these integrin
molecules in regulating eosinophil trafficking to the allergic
lung has been demonstrated in anti-[3 1 -treated mice and VLA-
4-deficient mice [35, 36]. In a case series of three patients with
multiple sclerosis, marked eosinophilia occurred after treat-
ment with natalizumab, a humanized monoclonal inhibitory
antibody against CD49 [37].

Receptors for Lipid Mediators

Eosinophils are equipped with multiple receptors for lipid rec-
ognition, including cysteinyl receptors (CysLT1R and
CysLT2R), the high-affinity prostaglandin type 2 (PGD,) re-
ceptor, and platelet-activating factor (PAF) receptors [38—40].
CysLT1R is expressed on both mature eosinophils and imma-
ture eosinophil progenitors, while CysLT2R is only expressed
on mature eosinophils. Expression of CysLT1R and CysLT2R
is elevated during asthma exacerbations. It has been shown
that CysLT1R antagonist is capable of stopping eosinophil
from differentiation and/or maturation in vivo [39, 41].

The function of the PGD, receptor (also known as
chemoattractant receptor-homologous molecule expressed on
Th2 cells (CRTH2)) on eosinophils has not yet been fully de-
fined. However, it has been suggested that it may regulate eosin-
ophil transmigration [42, 43], and mediate Th2 cell and
eosinophil/basophil recruitment [42]. Thus, the CRTH2 receptor
is currently being considered as a highly promising therapeutic
target for the treatment of eosinophil-associated disorders. Pre-
liminary data from a Phase II study of a CRTH2 antagonist to
treat patients with moderate persistent asthma have shown a re-
duction in sputum eosinophil levels [44]. More clinical studies
are needed to evaluate the effect of CRTH2 on reducing blood
and tissue eosinophilia in human disease.

Chemokine Receptors
Eosinophils constitutively express the chemokine receptors

CCR3 and CCRI [45, 46]. With expression of CCR1, eosin-
ophils respond to CCR1 ligands including macrophage

inflammatory protein (MIP)-1a/CCL3. CCR3 is a promiscu-
ous chemokine receptor that has up to 11 different ligands
[47]. These ligands include the eotaxins [CCL11 (eotaxin-1),
CCL24 (eotaxin-2), and CCL26 (eotaxin-3)]. CCR3 can also
be activated by CCL5 (also known as “regulated upon activa-
tion, normal T cell expressed and secreted” (RANTES)),
CCL7 (macrophage chemotactic protein-3, MCP3), CCLS8
(MCP2), and CCL12 (MCPS5). Eosinophils have also been
shown to express a series of other chemokine receptors includ-
ing CXCR3, CXCR4, CCRS, CCR6, and CCRS [48-50].

Cytokine Receptors

Studies have shown that eosinophils express specific cytokine
receptor subunits for IL-5, IL-3, and GM-CSF. These include
IL-5 receptor o subunit (IL-5R«, also known as CD125), IL-3
receptor « chain (IL-3R«, also known as CD123), and the «
subunit of the heterodimeric receptor for colony-stimulating
factor 2 (CSF2R«, also known as GM-CSFR or CD116) [51].
Eosinophils also express the c-kit receptor (CD117), IFNy R
a-chain (CDw119), TNF-« receptor types 1 and 2 (CD120a,
CD120b), type 1 IL-4 receptor [IL-4R «-chain (CD124) and
the common «-chain (CD132)], and the IL-9 receptor [CD129
and CD132] [3]. IL-5R is the most prominent cytokine re-
ceptor associated with eosinophils and is expressed by eosin-
ophils and basophils in both humans and mice. IL-5 receptor
signaling plays a significant role in promoting the develop-
ment of eosinophils, as well as inducing eosinophil activation,
and sustains eosinophil survival in peripheral blood and tis-
sues [52]. Activation of CD120a and CD120b are thought to
promote eosinophil apoptosis [53].

Pattern-Recognition Receptors (PRRs)

Human eosinophils express PRRs families, including several
members of the Toll-like receptor (TLR) family, nucleotide-
binding oligomerization domain (NOD)-like receptors and the
receptor for advanced glycation end-products (RAGE) [54].
The expression of TLR1, TLR2, TLR3, TLR4, TLRS, TLR6,
TLR7, and TLR9 has been reported on human eosinophils
[54, 55], although at varying intensities. Of note, the presence
or absence of TLR3, TLR4, and TLR6 has been unclear.
Moreover, it has been suggested that human eosinophils do
not express TLR2 and that peptidoglycan (ligand for TLR2)
and Pam3CSK4 (ligand for TLR1/TLR2) cannot induce acti-
vation [56]. In contrast, mRNAs and proteins for TLRI1,
TLR2, and TLR6 have been found by Wong [55]. Moreover,
they have shown that TLR2 can activate eosinophils by pro-
moting cell surface expression of [CAM-1 and CD18.
Although the overall expression level of TLR on eosinophils
is generally low compared with those in neutrophils, eosinophils
expressed a relatively elevated level of TLR7. Of note, TLR7
may act as the most prominent TLR expressed by eosinophils.
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Functional analysis reveals that the synthetic ligand R-848 (also
known as resiquimod), a TLR7 and TLR8 agonist, induces
eosinophil secretion and prolongs eosinophil survival [56].

Complement Receptors and Fc Receptors

Recently, more and more studies have revealed that eosino-
phils express complement receptors such as CR1 (CD35),
CR3 (CD11b/CD18), CR4 (CDl1c), C3aR, C5aR, and recep-
tors for Clq [57, 58]. CR1 can interact with a number of
complement fragments including C3b, C4b, iC3b, and Clq.
The expression of CR1 on eosinophil is regulated by a number
of triggers, such as leukotriene B4 (LTB,). CR3 is recognized
by the ligands iC3b and ICAM-1; both of which can induce
eosinophil activation [59]. Moreover, eosinophils express Fc
receptors for IgA, IgD, IgG, and IgM [58]. It appears that
these receptors also have a role in stimulating eosinophil sur-
vival, degranulation, and generation of leukotrienes. The ex-
pression of the IgE receptor on eosinophils remains controver-
sial [60], as more investigators tend to believe that eosinophils
express few, if any, « or (3 chains of the high affinity IgE
receptor or the low-affinity IgE receptor (CD23) [61-63].

Physiology of the Eosinophil
Eosinophils and Immune Regulation

Classically, eosinophils have been considered to be end-stage
effector cells. However, recent research has shown that eosin-
ophils, which are equipped with an arsenal of cytokines and
inflammatory mediators, possess numerous immune functions

(Fig. 2).
Antigen Presentation

For eosinophils to function as antigen-presenting cells
(APCs), major histocompatibility complex 11 (MHC-II) pro-
teins [human leukocyte antigen (HLA)-DR] must be
expressed. Fresh blood eosinophils from most normal and
eosinophilic donors are devoid of MHC class II expression
[64], but when cultured in vitro with specific cytokines, e.g.,
GM-CSF, IL-3, or a combination of IL-3 and interferon-y
(IFN-y), eosinophils can be uniformly induced to synthesize
and express MHC class II [7, 64-66]. Similarly, it has been
shown that airway or lymph node eosinophils constitutively
express MHC class II in mice [67, 68]. Thus, cosinophils of
human and mice have the capacity to express HLA-DR.

B7 molecules CD80 (B7-1) and CD86 (B7-2) are especial-
ly significant on APCs and serve to deliver the requisite
costimulatory signals to lymphocytes. The function of B7 on
eosinophils has been well studied by Celestin and colleagues
[66]. The populations of highly purified eosinophils (>98 %),
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isolated from the blood of human, express no detectable
CD80, CD86, or HLA-DR molecules on their surface, as
shown by FACS analysis. Surface CD86 expression becomes
consistently detectable at 48 h and further increases at 72 h
following culture with IL-3 at a concentration of 20 ng/ml. In
contrast to its induction of CD86, IL-3 failed to induce expres-
sion of CD80 on eosinophils. Peritoneal eosinophils of IL-5-
transgenic mice express CD80 and CD86 without cytokine
treatment, and their expression on the eosinophils is increased
by incubation with GM-CSF [69].

Evidence supporting a role of eosinophils in antigen pre-
sentation in vivo shows that eosinophils following antigen
challenge migrate from endobronchial areas to the draining
mediastinal lymph nodes [67]. These eosinophils localize to
the T cell regions of the draining lymph nodes, like classical
APCs, and they form clusters with antigen-specific T cells [67,
70]. Lymph node eosinophils, expressing MHC class II,
CD80, and CD86, can restimulate memory T cells from
antigen-challenged mice [67, 71]. Using mice that have re-
ceived adoptive transfer of antigen-specific naive T cell recep-
tor (TCR)-transgenic T cells, eosinophils have been shown to
have the capacity to activate naive T cells [70].

The capacity of eosinophils to present protein antigen has
been debated in some publications. It has been reported that
mouse eosinophils are in fact efficient APCs for naive antigen-
specific T cells both in vitro and in vivo [72]. Contradictorily,
whole protein-pulsed mouse eosinophils do not seem to be able
to stimulate antigen-specific naive T cells and antigen-specific
primed T cells, although some proliferation of T cells can be
observed [66, 73]. It is interesting to note that the ability of
eosinophils to present antigen may be related to the extraction
methodology. The use of ammonium chloride (chemical formu-
la NH4Cl), an inhibitor of lysosome acidification (needed for
antigen presentation), negatively correlates with eosinophil an-
tigen presentation activity [67, 73], providing a possible expla-
nation for the discrepancy of results between different studies.

Mast Cell Regulation

A substantial body of literature has emerged demonstrating
that eosinophils have the propensity to regulate mast cell func-
tions. Both MBP and ECP, but not EDN, stimulated
concentration-dependent histamine release from purified rat
peritoneal mast cells [74]. Besides, human umbilical cord
blood-derived mast cells can be activated by MBP to release
histamine, PGD-2, GM-CSF, TNF-«, and IL-8 [75]. Several
studies have indicated that MBP induces mast cell activation
in a pattern similar to that of other polybasic compounds, such
as substance P, compound 48/80, and bradykinin [75].

An “eosinophil-mast cell axis” has been proposed whereby
the two innate immune leukocytes interact to enhance their
respective capabilities. Chymase, a mast cell-specific prote-
ase, enhances eosinophil survival, recruits eosinophils into
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tissue sites, and promotes the release of eosinophil-derived
cytokines and chemokines [76]. It is suggested that mediator
exchange between mast cells and eosinophils might occur
through direct cell-cell contacts [77]. Nerve growth factor
(NGF) [78] is preformed in eosinophils and acts in an auto-
crine fashion following activation by EPO. Meanwhile, NGF
promotes mast cell survival and activation [79, 80]. In conclu-
sion, eosinophils and mast cells communicate in a symbiotic
fashion.

Thymic Eosinophils

Thymic eosinophils, localizing to the corticomedullary region,
are preferentially recruited during the neonatal period. In
mice, the absolute number of eosinophils in the thymus in-
creases 10-fold between 7 and 14 days of age to reach parity
with dendritic cells. Thereafter, the absolute number of eosin-
ophils declines, with a marked fall at the age of 28 days. Sub-
sequently, a second influx of eosinophils is observed at
16 weeks of age, corresponding to the commencement of thy-
mic involution. Eosinophils at this stage localize to the med-
ullary region [81].

Detectable mRNA levels of TGF-3 and IL-16 are present
in thymic eosinophils, consistent with their wide distribution
among leukocytes. Thymic eosinophils of mice also express
proinflammatory cytokines TNF-«, IL-1x, and the Th2-
cytokines IL-4 and IL-13 [81]. Recently, it has also been
shown that thymic eosinophils in humans at the neonatal stage
and in childhood, express indoleamine 2,3-dioxygenase
(IDO), IL-4, and IL-13 [82]. Eotaxin-1, which is constitutively
expressed in the thymus, is capable of regulating the recruit-
ment of eosinophils into the thymus [83]. In animal experi-
ments, eosinophilia is completely deficient in eotaxin-
knockout mice [84].

It has also been postulated that eosinophils may participate
directly in the selection of T cells or may aid in the scavenging
of dead cells that fail in negative selection. Consistent with
this speculation, the recruitment of eosinophils and their ana-
tomical localization within discrete compartments of the thy-
mus coincide with negative selection of double-positive thy-
mocytes [81]. Using a model of acute negative selection, in-
jection of the cognate peptide into MHC class I-restricted male
(HY) TCR transgenic mice increases the proportion of thymic
eosinophils. Eosinophils have been associated with clusters of
apoptotic bodies, suggesting eosinophil-mediated MHC class
I-restricted thymocyte deletion.

Eosinophils also express costimulatory molecules that are
related to clonal deletion, such as CD30 ligand (CD153) and
CD66 [81]. In a recent study, the IDO-positive eosinophils
have the capacity to promote the Th2 character of the devel-
oping thymus in normal humans by inducing apoptosis of Th1
cells through depletion of tryptophan [82]. Another function
of thymic eosinophils is that eosinophils aid macrophages in

the phagocytosis of apoptotic thymocytes induced by y-
irradiation [85].

Eosinophils and Reproduction

In the uterus, eosinophils are predominantly localized to the
endometrial stroma and at the endometrial-myometrium junc-
tion, where they may contribute to regulation of development
and maintenance of epithelial integrity [86]. Eosinophil re-
cruitment into the uterus is regulated by IL-5, but their pres-
ence in the subepithelial stroma is not affected by IL-5 defi-
ciency, suggesting redundant pathways [87]. Accordingly, in
response to ovarian steroid hormones, the infiltration of eosin-
ophils in the uterus correlates with the expression of eotaxin-1,
RANTES, and MIP-1« [88, 89].

Eotaxin-1-deficient mice have a 2-week delay in the onset
of estrus, along with a delay in the first age of parturition.
These suggest a role for eosinophils in preparing the mature
uterus for pregnancy [90]. In addition, the infiltration and
degranulation of eosinophils in the cervixes of pregnant wom-
en have been observed by Knudsen and colleagues [91].
Timmons et al. [92] have suggested that the increased pres-
ence of eosinophils in the cervix is involved in dilation for
birth and postpartum remodeling. On the other hand, the effect
of eosinophils during blastocyst implantation and pregnancy
has yet to be proven [93, 94]. Interestingly, the MBP of eosin-
ophils is ectopically expressed by placental X cells and giant
cells in the uterus during pregnancy [95], although this is not
directly related to eosinophils [96].

Deletion of the eotaxin-1 gene in mice results in reduction
in terminal end bud formation and reduces branching com-
plexity of the ductal tree [97]. Eosinophils participate in mam-
mary gland development through local secretion of
eosinophil-derived TGF-f3 [97]. The importance of cosino-
phils in the mammary gland development has also been dem-
onstrated in animal models, which shows less well-developed
branching of the mammary ducts, fewer terminal end buds and
lower overall density of mammary gland structures in IL-5-
deficient mice [98] (Table 1). Unexpectedly, overabundance
of eosinophils in hypereosinophilic mice that express IL-5
retards mammary gland development [86], although the exact
mechanisms remain to be elucidated.

Genetic Regulation of the Eosinophil

Eosinophils are produced in the bone marrow from pluripotent
stem cells. The stem cells first differentiate into progenitors,
which share properties of basophils and eosinophils, and then
into a separate eosinophil lineage [99] (Fig. 2).

The development of eosinophils is determined by many
interdependent regulatory events and transcription factors, in-
cluding GATA-binding protein family (such as GATA1 and
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GATA2), CCAAT/enhancer-binding proteins (such as C/
EBPa and C/EBP¢), and PU.1 (a member of the E26-
transformation-specific (ETS) family of transcription factors)
[100, 101] (Fig. 2). Of above transcription factors, GATA-1
appears to be the most significant for the eosinophil lineage.
GATA-1, a zinc finger family member, is named for its ability
to bind the promoter sequence composed of the bases GATA.
Mice with a targeted deletion of the double GATA-binding site
of GATA-1 gene show a specific loss of eosinophil lineage
[102]. The essential and instructive roles of GATA-1 in eosin-
ophil development have also been confirmed by in vitro ex-
periments [103, 104]. This double GATA site is present in
numerous eosinophil-specific genes such as CC-chemokine
receptor 3, granule protein genes, and IL-5 receptor alpha,
and in the downstream GATA-1 promoter [102, 105, 106].
C/EBP-induced eosinophil differentiation can be separated
into two distinct events, lineage commitment and maturation
[100, 107]. Recently, it has been shown that both activator and
repressor isoforms of C/EBPe can regulate the differentiation
of human CD34+ progenitor cells into eosinophils in vitro
[108]. PU.1 is generally considered as essential for the differ-
entiation of monocytes/macrophages, dendritic cells, and neu-
trophils [105, 109, 110]. It has also been shown that graded
expression of PU.1 determines distinct cell lineage fates, with
low levels inducing lymphocytic and high levels myeloid dif-
ferentiation. Functional interactions between GATA1 and
PU.1 have been reported in eosinophil cell lines. GATA-1
and PU.1 synergistically regulate eosinophil lineage specifi-
cation and eosinophil granule protein transcription [105].
Eosinophil development is modulated by the aforemen-
tioned transcription factors; subsequently, permissive differ-
entiation and proliferation are regulated by IL-3, IL-5, and
granulocyte-macrophage colony-stimulating factor (GM-
CSF) [1]. Located on chromosome 5 in position q31, these
three cytokines bind to receptor that shares the common beta
chain, in addition to the unique alpha chains [111]. Of these
three cytokines, IL-5 is the most specific and potent for selec-
tive differentiation of eosinophils [112]. Specifically, the crit-
ical function of IL-5 in eosinophil development has been dem-
onstrated by genetic manipulation of mice [33, 113, 114]. IL-5
also stimulates the migration of eosinophils from the bone
marrow to the circulation [115]. Several clinical trials with
humanized anti-IL-5 antibody in humans have targeted the
pivotal function of IL-5 in regulating eosinophils [116, 117].
Mepolizumab, a humanized monoclonal antibody (mAb) with
potent IL-5 neutralizing effects, cause a substantial reduction
in blood and sputum eosinophil numbers in the treatment of
patients with asthma [118, 119]. Reslizumab, another mono-
clonal antibody directed against IL-5, has been in clinical trials
for eosinophilic asthma and eosinophilic esophagitis. A
monoclonal antibody directed against the IL-5 receptor,
benralizumab, has also shown promise in the treatment of
eosinophilic asthma [120]. Another approach directed at
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eosinophil-related genes has been to use antisense oligonucle-
otides to inhibit the expression of the common 3-chain and of
the chemokine receptor CCR3 in patients with eosinophilic
asthma [121].

Epigenetic Regulation of the Eosinophil

Epigenetic mechanisms of gene regulation are important fac-
tors to orchestrate a tightly regulated pattern of gene expres-
sion. Epigenetics refers to stable and heritable changes in gene
expression that do not involve changes in DNA sequence. The
major mechanisms of epigenetic gene regulation include
DNA methylation, histone modifications, and microRNA.

It was not until recently that epigenetics has been consid-
ered to be involved in eosinophil biology, but our understand-
ing of the possible mechanisms remains limited. It has been
shown that the development of eosinophils can be regulated
by miR-21 and miR-223 [122, 123]. C/EBP«, highly
expressed in granulocyte and monocyte progenitor cells, is a
key transcription factor for eosinophils. Besides genetics, C/
EBPw is subjected to regulation by a multifaceted molecular
system. C/EBPx mRNA is a target of oncogenic miR-124a,
which decreases expression level of C/EBP«x in a posttran-
scriptional manner [124]. BCR-ABL suppresses C/EBP« ex-
pression through interaction with Poly(rC)-binding protein E2
(hnRNPE2) [125]. Inversely, this mechanism is counteracted
by miR-328, which increases C/EBP« translation [126]. An-
other example is that deregulated expression levels of fms-
liketyrosinekinase (FLT3) affects the phosphorylation of
Ser21, which is needed for the transformation of the functional
C/EBP« protein [127]. It is believed that the different mech-
anisms are highly interactive with each other.

The important roles of epigenetic dysregulation in complex
diseases such as cancer, autoimmune diseases have been well
documented. However, research into the epigenetic mecha-
nisms of eosinophilic diseases is still at an early stage. Among
these, asthma is a representative eosinophilic disease associ-
ated, at least partly, with epigenetic mechanisms, including
DNA methylation and histone modifications. In BALB/c mice
sensitized with chicken ovalbumin (OVA), airway hyperreac-
tivity and pulmonary eosinophilia both diminished after treat-
ed with 5-azacytidine (Aza) [128]. Sun and colleagues [129]
have identified that protein arginine methyltransferase-1
(PRMT1) plays an important role in asthma pathogenesis. In
E3 rats sensitized with OVA, inhibition of PRMT1 amelio-
rates pulmonary inflammation and eosinophil infiltration in
the Ag-induced pulmonary inflammation (AIPI).

Epigenetics is also implicated in the mechanisms of resis-
tance to imatinib in patients with chronic eosinophilic leuke-
mia (CEL) that initially responds to treatment with imatinib,
which has been a conspicuous clinical problem. An imatinib-
resistant EOL-1R cell line (EOL-1R) has been successfully
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established by Nishioka and colleagues [130] by culturing
with increasing concentrations of sunitinib for 6 months.
Treatment with antiepigenetic agents restores the expression
of phosphatase and tensin homolog deleted on chromosome
10 (PTEN) in EOL-1R, resulting in the sensitization of this
imatinib-resistant cell line to imatinib [130].

Hypereosinophilia and Human Diseases

Hypereosinophilia is a common disorder characterized by
marked hypereosinophilia (>1500/mm’) with or without tissue
damage, resulting in a variety of clinical manifestations.
Hypereosinophilia can be divided into two categories clinically:
blood hypereosinophilia and tissue hypereosinophilia, which can
exist either alone or coincidently [131]. The most common dis-
eases with hypereosinophilia are parasitic infections and allergic
diseases such as drug allergy, food allergy, asthma, and atopic
dermatitis. Hypereosinophilia can also be observed in some pa-
tients with HIV infection, and in some patients with
coccidiomyocosis or aspergillosis, two types of fungal infectious
diseases. Tissue hypereosinophilia in skin lesions may be identi-
fied in various eosinophilic dermatoses, and can occasionally be
observed in cutaneous T cell lymphoma [132].

A series of clinical syndromes characterized by marked
blood hypereosinophilia and (or) tissue hypereosinophilia
with unknown cause have been documented. Among these
entities, tissue hypereosinophilia may be observed in specific
organs or systems, including the skin (eosinophilic cellulitis,
eosinophilic fasciitis, eosinophilic pustular folliculitis, etc.
[132]), gastrointestinal tract (eosinophilic esophagitis, eosino-
philic gastroenteritis, and colitis), respiratory tract (eosinophil-
ic asthma, eosinophilic pneumonia), and hematologic system
(eosinophilic leukemia). Another rare group of eosinophilic
diseases, featured by unexplained, persistent blood
hypereosinophilia with or without tissue involvement in mul-
tiple organs or systems, are referred to as HES. The etiology
and pathogenesis of these entities are still largely mysterious.
Other chapters in this special issue will present detailed and
comprehensive reviews on these clinical syndromes separate-
ly. Here, we only discuss the etiology and pathogenesis of
hypereosinophilic syndrome as an example to facilitate a bet-
ter understanding of how research progress has updated our
knowledge into these rare eosinophilic disorders.

Hypereosinophilic Syndrome: a Collection
of Eosinophilic Disorders with Distinct Molecular
Bases

The term “hypereosinophilic syndrome” was first introduced
in 1968 by Hardy and Anderson [133] to describe a rare con-
dition characterized by unexplained, persistent peripheral

hypereosinophilia associated with multiple organ involvement
[134, 135]. It actually referred to a highly heterogeneous
group of disorders with unknown cause at that time. This
heterogeneity has been further validated by both clinical in-
vestigations and translational research into the etiology, which
uncovered diverse genetic and cytological abnormalities asso-
ciated with distinct subsets of hypereosinophilic syndrome.

Definition and Classification of HES

The definition and criteria of HES have been evolving with
the progress of our understanding of the disease over the past
decades, and details of the disease are still controversial with
regard to certain aspects due to the complexity in nomencla-
ture, criteria, and classification.

The original criteria was proposed by Chusid et al. [136] in
1975, which defines HES as a condition characterized by per-
sistent blood eosinophilia (eosinophil count exceeding
1500/mm?) for at least 6 months with presumptive signs and
symptoms of organ involvement, with parasitic, allergic, or
other known causes of eosinophilia excluded.

An updated term, hypereosinophilic syndromes (HESs), was
later thought to be a more relevant term for this group of rare
diseases, because research advances have led to a brand new
concept that HESs refer to a group of different entities with
distinct etiologies and pathologies, instead of just a single disease
with different clinical variants [137]. HESs can be subdivided
into six different groups, which are myeloproliferative variants of
HES, lymphocytic variants of HES, familial eosinophilia, over-
lap HES (referring to eosinophilic disease restricted to a single
organ system), associated HES (eosinophilia >1.5x10/L in the
setting of another diagnosis, such as sarcoidosis, Churg-Strauss
syndrome, or inflammatory bowel disease), and undefined HES
(referring to idiopathic HES with or without symptoms, includ-
ing episodic variants), as proposed by the Hypereosinophilic
Syndromes Working Group in 2006 [137].

In the past decade, several versions of criteria and classifi-
cation algorithms for HES have been successively proposed
by different groups; however, the taxonomy and definition of
HES remain unstandardized among various fields of medi-
cine. Thus, a recent, comprehensive, multidisciplinary con-
sensus was achieved in the Year 2011 Working Conference
on Eosinophil Disorders and Syndromes [138]. According to
this consensus, HES is defined by the following three criteria:
(1) blood eosinophil counts >1.5x 109/L on two examinations
(interval >1 month); and (2) organ damage and/or dysfunction
attributable to tissue hypereosinophilia; and (3) exclusion of
other disorders or conditions as the major reason for organ
damage [138]. HES is further subdivided into three categories:
idiopathic HES, primary or neoplastic HES (HESN), and sec-
ondary or reactive HES (HESR), each including a series of
conditions. Specially, myeloproliferative HES and chronic eo-
sinophilic leukemia (CEL) can be attributable to the HESN
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category, and lymphoid variant HES, for which clonal T cells
is identified as the only potential cause, is deemed as a
subvariant of HESR. Thus, the concept of HES has been
largely updated and standardized [138]. However, challenges
still remain because the etiologies and pathogenic mecha-
nisms of many subsets of HES remain unclear.

Genetic and Molecular Basis of HES: Diverse Variants,
Distinct Etiologies

The heterogeneity of HES was not appreciated until the dis-
tinct molecular mechanisms of certain subgroups of HES were
uncovered in the past 15 years. Among these developments,
identification of the etiologies underlying the myeloprolifera-
tive variant of HES and the lymphocytic variant of HES has
been a milestone in the research history of HES [139].

One of the breakthroughs was the discovery of Fipl-like 1
(FIP1L1)/platelet-derived growth factor receptor alpha
(PDGFRA), a novel fusion tyrosine kinase caused by a complex
chromosomal abnormality, as the etiology of an HES subgroup
that is now designated as the myeloproliferative variant of HES
(M-HES) [140]. The inspiration of this investigation originated
from the interesting observation that a subgroup of patients with
HES showed amazingly good response to the treatment with
imatinib mesylate [141], a tyrosine kinase inhibitor proven to
be successful in treating chronic myeloid leukemia by targeting
its oncogenic BCR-ABL tyrosine kinase. This prompted the
hypothesis that an activated tyrosine kinase that can be targeted
by imatinib, such as platelet-derived growth factor receptor
(PDGFR), ABL, or KIT, might be the etiological cause in this
subgroup of patients with HES. This inferred molecular basis
was soon validated. In a series of patients with HES responsive
to imatinib treatment, expression of the FIP1L1-PDGFRA fu-
sion gene (shortly as F/P fusion), caused by a fusion of the
FIPIL1 gene to the PDGFRA gene due to an interstitial deletion
on chromosome 4q12, was detected in white blood cells [142].
As a constitutively activated tyrosine kinase, FIP1L1-PDGFRA
was demonstrated to transform hematopoietic cells and contrib-
ute to the hypereosinophilia in HES [142, 143], which can be
inhibited by imatinib.

FIP1L1-PDGFRA has been found to be present in the ma-
jority of patients with M-HES [144, 145]. However, M-HES
also includes patients carrying some rare chromosomal abnor-
malities other than the FIP1L1-PDGFRA fusion gene [146],
and those exhibiting clinical and biological signs of myelo-
proliferative disorders (e.g., hepatomegaly, splenomegaly, and
cytopenia) without any identified genetic defect [134]. It
should also be noted that many M-HES patients with detect-
able FIP1LI-PDGFRA fusion genes fulfill the current World
Health Organization criteria for chronic eosinophilic leukemia
(CEL) [147]. A considerable overlap between M-HES and
CEL exists, and thus, these two entities are preferred to be
classified into the same subtype of HES [137].
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The other important advance has been the progress made in
better understanding the lymphocytic variant of HES (L-HES)
[148, 149]. Since the first reports of clonal expansion of CD3-
CD4+ T cells in some patients with HES, evidence has shown
that these phenotypically abnormal T cells produce large
amounts of interleukin-5 (IL-5) [150, 151], a cytokine regu-
lating the growth, differentiation, and activation of eosinophils
[112, 152, 153]. It was later reported that clonal populations of
T cells with aberrant immunophenotypes producing excessive
amount of IL-5 occur in a proportion of patients with idiopath-
ic eosinophilia [154]. The sustained overproduction of
eosinophilopoietic cytokines, mainly IL-5, by clonal popula-
tions of activated T cell subsets with abnormal
immunophenotypes, has become generally believed to be the
driving cause of the secondary polyclonal eosinophilia in the
lymphocytic variant of HES [155, 156].

Beyond that, chromosomal abnormalities have also been
identified in familial eosinophilia [157], an autosomal domi-
nant disorder characterized by marked eosinophilia and pro-
gression to end organ damage in some, but not all, affected
family members [158]. The genetic defects have been mapped
to chromosome 5q31-33. Familial eosinophilia is considered
as a rare variant of HES [137].

Conclusion

These findings in the recent years have greatly refreshed
the interpretation of the etiologies and pathogenic mech-
anisms of HES and have therefore lead to a brand-new
concept of this group of rare disorders in terms of tax-
onomy, diagnostic methods, and therapeutic strategies.
Identification of new genetic, molecular and immuno-
logic mechanisms in those less studied subsets of HES
is still in great need in order to better understand the
role of eosinophils in health and disease.

The field of eosinophil biology has been hallmarked by
revolutionized perspectives and emerging challenges. It
has been increasingly acknowledged that eosinophils
serve as pleiotropic multifunctional leukocytes.
Eosinophil-related cytokines, chemokines, and growth
factors may contribute to augment inflammatory re-
sponses in antiparasitic infection, allergy, and various oth-
er conditions, most of which calls for further studies to
elucidate their mechanisms. A better understanding of eo-
sinophil will aid in the development of new therapeutic
strategies for diseases characterized by eosinophil dysreg-
ulation [159].
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