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Summary

Eosinophils are leukocytes resident in mucosal tissues. During Th2-type inflammation,
eosinophils are recruited from bone marrow and blood to the sites of immune response. While
eosinophils have been considered end-stage cells involved in host protection against parasite
infection and immunopathology in hypersensitivity disease, recent studies changed this
perspective. Eosinophils are now considered multifunctional leukocytes involved in tissue
homeostasis, modulation of adaptive immune responses, and innate immunity to certain microbes.
Eosinophils are capable of producing immunoregulatory cytokines and are actively involved in
regulation of Th2-type immune responses. However, such new information does not preclude
earlier observations showing that eosinophils, in particular human eosinophils, are also effector
cells with pro-inflammatory and destructive capabilities. Eosinophils with activation phenotypes
are observed in biological specimens from patients with disease, and deposition of eosinophil
products is readily seen in the affected tissues from these patients. Therefore, it would be
reasonable to consider the eosinophil a multifaceted leukocyte that contributes to various
physiological and pathological processes depending on their location and activation status. This
review summarizes the emerging concept of the multifaceted immunobiology of eosinophils and
discusses the roles of eosinophils in health and disease and the challenges and perspectives in the
field.
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1. Introduction

The eosinophil granulocyte, although likely first observed by Wharton Jones in 1846 in
unstained preparations of peripheral blood, was so named by Paul Ehrlich in 1879 because
of the intense staining of its granules with the acidic dye eosin (1). Since that time the
eosinophil has been the subject of extensive investigation. Its occurrence in such disparate
conditions as parasitic infections (presumably for the benefit of the human host) and
hypersensitivity diseases (perhaps to the detriment of the patient) has become better
understood as a consequence of newer information. Eosinophils are resident in various
organs such as the gastrointestinal tract, mammary glands and bone marrow, and they may
play roles in tissue and immune homeostasis of these organs. In Th2-type immune response,
eosinophils are recruited into sites of inflammation where they produce an array of cytokines
and lipid mediators and release toxic granule proteins. These molecules may regulate
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immune responses, cause tissue damage, and facilitate tissue repair. Eosinophils can also
present antigens to naive and memory T cells and initiate/amplify antigen-specific immune
responses. This review summarizes the biological and immunological properties of
eosinophils and discusses the roles of eosinophils in tissue homeostasis, immune regulation,
and innate and adaptive immunity. This review is not intended to cover the entire field of
eosinophil biology but to provide insights into and conceptual understandings of eosinophils
in various stages of activation and to discuss their roles in health and disease. Outstanding
recent reviews provide detailed information regarding the basic biology of eosinophils and
their products (1-3).

2. Eosinophils at baseline condition

2.1. Eosinophils are resident in several tissues at baseline condition

The life cycle of the eosinophil is divided into bone marrow, blood, and tissue phases.
Eosinophils are produced in bone marrow from pluripotential stem cells. The stem cells
differentiate into a progenitor, which is capable of giving rise to mixed colonies of basophils
and eosinophils, pure basophil colonies, or pure eosinophil colonies. Production of
eosinophils involves a cascade of interdependent regulatory events of at least three classes of
transcription factors, including GATA-1 (a zinc family finger member), PU.1 (an ETS
family member), and C/EBP members (CCAAT/enhancer-binding protein family) (4).
Specifically, PU.1 determines distinct cell lineage fates, with low levels inducing
lymphocytic cells and high levels myeloid differentiation (5). GATA-1 and PU.1
synergistically induce eosinophil lineage differentiation (6). Of these transcription factors,
GATA-1 is likely the most important for eosinophil lineage because mice with a targeted
deletion of the high-affinity GATA-binding site show a specific loss of eosinophils (7).
Among various hematopoietic factors, those important for eosinophil proliferation and
differentiation are interleukin (IL)-3, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and IL-5. IL-3 and GM-CSF are relatively nonspecific and stimulate
proliferation of neutrophils, basophils, and eosinophils. In contrast, IL-5 potently and
specifically stimulates eosinophil production (8).

Although the eosinophil is a formed element of the peripheral circulation, it is primarily a
tissue-dwelling cell. In healthy individuals, most eosinophils are found in the gut (but not
the esophagus), mammary gland, uterus, thymus and bone marrow; the gastrointestinal
eosinophil is the predominant population of eosinophils (9). At baseline condition,
eosinophils are present in the gastrointestinal tract independent of adaptive immunity and
enteric flora, and the eosinophil levels are regulated by the constitutive expression of
eotaxin-1 and eosinophil chemokine receptor, CCR3 (10, 11). Eosinophils also home into
the thymus, mammary gland, and uterus, as controlled by eotaxin-1 (12).

2.2. Potential homeostatic roles for eosinophils

Although the roles of eosinophils in these organs at baseline condition are not fully
understood, eotaxin-1-deficient mice show a two-week delay in the onset of estrus, along
with a delay in the first age of parturition, suggesting a role for eosinophils in preparing the
mature uterus for pregnancy and in blastocyst implantation (13). Deletion of the eotaxin-1
gene also resulted in reduction in terminal end bud formation and reduced branching
complexity of the ductal tree, suggesting a role for eosinophils in postnatal mammary gland
development (12). In addition, eosinophils may have evolved to maintain epithelial barrier
integrity (14) and/or innate host defense in the gastrointestinal tract (15) as discussed more
in detail below.

Another role for eosinophils at baseline condition may include maintenance of immune
homeostasis. Thymic eosinophils express major histocompatibility complex (MHC) class |
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and costimulatory molecules such as CD86 and CD30L (16). Thymic eosinophils are also
positive for CD11b/CD11c and show decreased expression of CD62L and increased
expression of CD25 and CD69, suggesting that they have an activated phenotype. These
eosinophils are postulated to be involved in MHC class I-restricted thymocyte deletion
because their anatomical localization within discrete compartments of the thymus coincides
with negative selection of double-positive thymocytes. Indeed, increased numbers of thymic
eosinophils associated with apoptotic bodies were found in MHC class I-restricted male (H-
Y) antigen T cell receptor (TCR) transgenic mice following cognate antigen treatment.
Eosinophils also likely play roles in long-term maintenance of plasma cells in bone marrow
in mice (17). In bone marrow, eosinophils localize together with plasma cells. Eosinophils
support survival of plasma cells by secreting a proliferation inducing ligand (APRIL) and
IL-6, and depletion of eosinophils induces apoptosis in long-lived bone marrow plasma
cells. Plasma cell numbers were decreased in eosinophil-deficient mice and this defect was
restored by eosinophil reconstitution. Altogether, these results suggest that a steady-state
presence of eosinophils at baseline condition may play an important role in the
morphogenesis and maintenance of mucosal organs as well as in immune homeostasis of the
thymus and bone marrow.

3. Immunoregulatory roles of eosinophils

Previously, eosinophils have been considered as end-stage effector cells. However,
accumulating evidence suggests that eosinophils can perform various immune regulatory
functions likely through presentation of antigens and production and release of a range of
cytokines and other immunomodulatory molecules.

3.1. Eosinophils present antigens

Eosinophils possess the ability to internalize, process and present antigenic peptides within
the context of surface-expressed major MHC I1, the capacity to provide co-stimulatory
signals to T cells through surface expression of molecules such as CD80, CD86 and CD40
and the ability to physically interact with CD4+ T cells (18). Antigen-pulsed eosinophils
administered intratracheally into mice migrate to draining lymph nodes and localize
primarily within T cell zones (19, 20). Similarly, following airway allergen challenge of
mice, eosinophils traffic to and accumulate within draining lymph nodes, where they
upregulate MHC 11, CD86, and CD54 (21). Murine eosinophils process and present antigen
to T cell clones and hybridomas (22) and to antigen-primed and naive CD4+ T cells in vitro
(23). Furthermore, antigen-pulsed eosinophils instilled intratracheally into recipient mice
were sufficient for the expansion of Th2 cells within draining lymph nodes in vivo (24). In
humans, although circulating eosinophils from healthy donors are generally devoid of
surface MHC 1l expression, they are induced to express MHC 1l (25) and costimulatory
molecules (26, 27) with appropriate cytokine stimulation and after transmigration through
endothelial cell monolayers (28). Human eosinophils also constitutively express a Notch
ligand, Jagged1 (29), suggesting a capacity of eosinophils to provide a polarization signal to
naive CD4+ T cells (30).

3.2. Production of cytokines and other immunomodulatory molecules by eosinophils

Eosinophils are a source of a number of regulatory or pro-inflammatory cytokines and
chemokines (3, 31). For example, eosinophils produce cytokines which are able to act on
eosinophils themselves, the so-called "autocrine” cytokines, including I1L-3 and GM-CSF
(32, 33). Other eosinophil-derived cytokines can be divided into two major groups, those
affecting tissue cells and those influencing other immune cells. Human eosinophils
infiltrating intestinal tissues and eosinophils from patients with eosinophilia express
transforming growth factor-a (TGF-o) and TGF-B1 (34, 35). Eosinophils from nasal polyps
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also express TGF-B1, suggesting that TGF-B1 synthesis by eosinophils may contribute to the
structural abnormalities of nasal polyps, such as stromal fibrosis and basement thickening
(36). Indeed, eosinophil-derived TGF-B enhances proliferation and collagen synthesis of
lung and dermal fibroblasts (37). TGF-a produced by cytokine-activated eosinophils
increases mucin production by airway epithelial cells (38). Other profibrotic and angiogenic
factors, such as osteopontin (39), vascular endothelial cell growth factor (VEGF), and
metalloproteinases (MMPS) are produced by human eosinophils (40) (41). Furthermore,
eosinophils produce and release nerve growth factor (NGF) and promote the extension of
neurites in nerve cells (42). Thus, a growing body of evidence demonstrates the ability of
eosinophils to influence tissue cells, leading to remodeling of tissues and changes in their
physiological properties (e.g. hyperreactivity to exogenous stimuli).

By producing cytokines and chemokines, eosinophils may modulate the functions of other
immune cells. Human eosinophils can produce 1L-4 (43, 44), and IL-4 protein has been
localized to eosinophils in airway (45) and skin (43) tissue specimens from patients with
allergic diseases. Furthermore, when stimulated with eotaxin (CCL11) or RANTES (CCLJ5),
human eosinophils rapidly release stored IL-4 by vesicular transport to the local milieu (46).
Several other cytokines and chemokines are also transcribed and/or produced by eosinophils
(3, 31); for example, by RT-PCR, constitutive expression of IL-6 and IL-10 mRNA was
detected in blood eosinophils (44, 45, 47, 48). Eosinophils also express a proinflammatory
cytokine, TNF-a, and chemokines, such as MIP-1a (CCL3) and RANTES (CCL5) (49, 50).
Murine eosinophils were shown to produce APRIL, IL-6 (17) and TGF-B1 (51). Thus,
eosinophils can provide a strikingly wide variety of cytokines and chemokines, suggesting
that eosinophils are potentially involved in diverse biological responses, from tissue
remodeling to activation of resident and infiltrating immune cells.

In addition to producing these cytokines, eosinophils secrete mediators with the potential to
promote Th2-type immune responses. Indoleamine 2,3-dioxygenase (IDO) is an enzyme that
catalyzes the oxidative catabolism of tryptophan to kynurenines. Kynurenines inhibit
proliferation and promote preferential apoptosis of Th1l cells (52). Human eosinophils from
the blood of allergic donors constitutively express IDO (53). Another immunomodulatory
factor generated by human eosinophils is one of their granule proteins, namely eosinophil-
derived neurotoxin (EDN) (see below for more details). EDN is an RNase A superfamily
member and, in addition to its antiviral properties, EDN is a chemoattractant (54) and
activator (55) of dendritic cells (DCs). As a consequence, EDN enhances Th2 responses
through a TLR2-dependent mechanism (56).

3.3. Immunoregulatory functions of eosinophils in vivo

The immunomodulatory functions of eosinophils in vivo are demonstrated in murine models
of allergen sensitization and challenge with ovalbumin (OVA) and helminth infection.
Eosinophil recruitment into the sites of Th2-type inflammation was considered previously a
result of activation of adaptive immune responses that produced IL-5 and eotaxins (2).
However, in vivo studies with helminth infection models revealed that an early influx of
eosinophils into inflammation sites precedes that of lymphocytes (57-59) and that it occurs
even in mice deficient in adaptive immunity (60, 61). Notably, in IL-5/eotaxin double-
knockout mice, in which eosinophil numbers in both blood and tissues are severely
decreased, IL-13 production of Th2 cells in response to OVA challenge is attenuated. This
defect in Th2 cells was restored by eosinophil reconstitution (62), suggesting regulation of
an adaptive Th2-type immune response by eosinophils.

The roles of eosinophils in Th2-type airway inflammation were subsequently addressed
directly by using eosinophil-deficient animals. Lee et al (63) depleted eosinophils by using
an eosinophil-specific promoter to drive expression of a cytocidal protein, diphtheria toxin A
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chain (PHIL mice). In comparison, Yu et al (7) developed mice harboring a deletion of a
high-affinity GATA-binding site in the GATA-1 promoter (Adbl-GATA), which led to the
specific ablation of the eosinophil lineage. When sensitized and challenged with OVA, Th2-
type airway inflammation and asthma-like pathology (e.g. airway hyperreactivity and mucus
production) were attenuated in both PHIL mice and Adbl-GATA mice, and these responses
were restored by reconstitution of eosinophils alone (64) or a combination of eosinophils
and antigen-specific T cells (65). Likewise, airway production of Th2 cytokines and asthma-
like pathology were diminished in Adbl-GATA mice exposed intranasally to a product of the
fungus Aspergillus fumigatus (66). Although the mechanisms to explain how eosinophils
modulate Th2 responses are not fully understood, the deficiency in eosinophils resulted in
attenuated airway production of chemokine, such as CCL7, CCL11, CCL17, CCL22, and
CCL24 (64, 65), and decreased expression of genes regulating the coagulation cascade (66),
suggesting that eosinophils may be involved in priming of the tissue environment for
effective mobilization of Th2 cells. It will be important to dissect whether these chemokines
are derived from eosinophils themselves or from other immune cells or tissue cells
interacting with eosinophils.

4. Effector functions of eosinophils

As summarized in the reviews (1-3), eosinophils contain numerous highly basic and
cytotoxic granule proteins that are released upon activation. They also produce an arsenal of
enzymes and lipid mediators, which are implicated in effector functions of eosinophils.

4.1. Granule Proteins

Human eosinophil granules contain major basic protein (MBP), MBP2, eosinophil cationic
protein (ECP), eosinophil peroxidase (EPO), EDN, and B-glucuronidase. Human MBP is a
13.8kD single polypeptide rich in arginine and five unpaired cysteines with a calculated pl
of 11.4 (67). It has weak sequence identity (23-28%) with C-type lectin domains of
mannose-binding protein and the lectin domain of the low-affinity IgE receptor, FceRII (68).
MBP is translated as a 23- to 25.2-kD proMBP with a calculated pl of 6 to 6.2. The 9.9-kD
propiece of proMBP might protect the cell during transport of cytotoxic MBP from the
Golgi apparatus to the eosinophil granule (69). Because human MBP binds to and disrupts
the schistomula's membrane, it directly damages S. mansoni (1). MBP is cytotoxic against
other helminths, including T. spiralis newborn larvae, Brugia pahangi, Brugia malayi
microfilariae, and Trypanosoma cruzi, and certain bacteria, such as Staphylococcus aureus
and Escherichia coli. Human MBP is also toxic to tumor cells and other mammalian cells by
disrupting the integrity of lipid bilayers (70). MBP2, the recently discovered MBP homolog,
has a calculated pl of 8.7 and is about 100 times less basic than MBP (71). MBP and MBP2
have identity in 42 of the approximately 117 total amino acids. MBP2 has effects similar to
MBP in cell killing and neutrophil (superoxide anion production and IL-8 release) and
basophil (histamine and leukotriene C4 release) stimulation assays, but likely with reduced
potency.

Human ECP is a basic protein, pl 10.8, and consists of a single polypeptide chain of 15.5 kD
(1, 72). The ECP amino acid sequence has 32% identity to human pancreatic ribonuclease
(RNase) A. ECP possesses RNase activity and is also known as RNase-3. In general, the
RNase activity of ECP is required for the neurotoxic and antiviral properties of the protein,
but not for the antibacterial and antihelminthic activities. ECP is also a potent toxin for
parasites including schistosomula of S. mansoni, newborn larvae of T. spiralis, and
microfilariae of B. pahangi and B. malayi. Importantly, both EDN and ECP show
ribonuclease-dependent antiviral activity (73, 74).
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Human EDN is a powerful neurotoxin that can severely damage myelinated neurons in
experimental animals (1). With ECP, EDN belongs to the pancreatic RNase A superfamily
and is also known as RNase-2 or RNase Uy ; it is also found in human liver, lung and spleen
(75). EDN shows 36% amino acid sequence homology with RNase A and marked amino
acid sequence homology (67%) with ECP. However, EDN has about 100 times more RNase
activity than ECP. EDN shows significant toxicity against newborn larvae of T. spiralis.
Interestingly, pancreatic RNase by itself does not produce neurotoxicity when injected
intrathecally into rabbits (76), nor is it toxic to newborn larvae of T. spiralis. EDN and ECP
have antiviral activities and decrease the infectivity in RSV group B suspensions (74, 77).
When purified eosinophils were added to RSV viral suspensions, the viral titers were
reduced; addition of EDN or ECP had a similar effect and was dependent upon the
ribonuclease activity in the EDN and ECP preparations (73, 77). Interestingly, ribonuclease
A lacked this antiviral activity, suggesting that ribonuclease activity is necessary but not
sufficient for the anti-viral effects of EDN and ECP. Furthermore, in guinea pigs infected
with parainfluenza, pretreatment with anti-1L-5 and reduction of eosinophils strikingly
increased the viral content in the airways (78), suggesting a potential role for eosinophils in
viral immunity.

EPO is a member of a mammalian peroxidase family. EPO consists of two subunits, a heavy
chain of 50 to 58 kD and a light chain of 10.5 to 15.5 kD in a 1:1 stoichiometry, and it has
an isoelectric point greater than 11 (76). Myeloperoxidase (from neutrophils and monocytes)
in the presence of H,0, and halide kills bacteria, viruses, Mycoplasma, and fungi. EPO
shows similar antimicrobial activity, but it prefers bromide over chloride. Furthermore, at
plasma concentrations of bromide (20-120 uM) and thiocyanate (20-100 uM), both
hypobromous acid and oxidation products of thiocyanate are produced by EPO (79). EPO is
a central participant in generating reactive oxidants and radical species by activated
eosinophils (80). Eosinophil activation in vivo shows oxidative damage of proteins through
bromination of tyrosine residues (81). Furthermore, eosinophils are a major source of nitric
oxide-derived oxidants in specimens from patients with severe asthma (82). EPO plus H,0O,
and halide (CI~, Br™, or I7) kills not only a variety of microorganisms, such as E. coli,
schistosomula, microfilariae of B. pahangi and B. malayi, trypanosoma, toxoplasma, and
mycobacteria, but also mast cells and tumor cells. Furthermore, binding of EPO to microbes
such as S. aureus, T. cruzi, and Toxoplasma gondii markedly potentiates their killing by
mononuclear phagocytes.

Considerable evidence exists to link these eosinophil granule proteins and human diseases.
For example, the concentrations of MBP in the bronchial alveolar lavage (BAL) fluids from
patients with asthma and from monkeys are correlated with the severity of bronchial
hyperreactivity (83, 84). MBP has been localized to damaged sites of bronchial epithelium
in patients with asthma and chronic rhinosinusitis (85, 86). Instillation of human MBP and
human EPO provokes bronchoconstriction, and MBP increases airway responsiveness to
inhaled methacholine (83). Interestingly, polyglutamic acid antagonizes MBP’s ability to
increase respiratory resistance and bronchial hyperreactivity in cynomolgus monkeys (87),
suggesting that the cationic nature of MBP contributes to the damage and physiologic
changes. In vitro, MBP acts as an antagonist for M2 muscarinic receptors. Many eosinophils
localized close to nerves with extracellular MBP adhering to the nerves in human airway
tissues (88). Finally, neutralization of endogenously secreted MBP, either with a polyanionic
peptide or with antibodies to MBP, can prevent antigen-induced bronchial hyperreactivity in
guinea pigs (89). Marked deposition of free EDN is also observed in affected tissues from
patients with eosinophilic esophagitis (EoE) (90) (Figure 1). Deposition of EDN is reduced
in certain patients with EOE who are treated with anti-I1L-5 antibody (91). Future studies are
necessary to dissect whether localization of these eosinophil granule proteins in mucosal
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organs simply reflects eosinophil infiltration, whether they play important roles in the
pathophysiology of disease, and if that is the case, how they cause immunopathology.

4.2. Lipid mediators and other inflammatory molecules

In general, PLA, hydrolyzes membrane phospholipids, phosphatidylcholine (PC), and/or
phosphatidylethanolamine (PE) to produce arachidonic acid (AA) and lyso-PC and/or lyso-
PE. AA may be metabolized by cyclooxygenase or 5-lipoxygenase/5-lipoxygenase-
activating protein (FLAP) into prostaglandins or leukotrienes, as well as lipoxins and 5-
hydroxyeicosatetraenoic acid (5-HETE). Lyso-PC is acetylated to form platelet activating
factor (PAF) (92). In eosinophils, the predominant metabolite via the 5-lipoxygenase
pathway is LTCy4, which, in turn, is metabolized to LTD,4 and the less active LTE4 (1). This
finding is in contrast to neutrophils, which can produce large amounts of LTB, but little, if
any, LTC4. These mediators contract airway smooth muscle, promote secretion of mucus,
alter vascular permeability, and elicit eosinophil and neutrophil infiltration. Eosinophils
contain high levels of ether phospholipids (the stored precursor to PAF), about fourfold
more than neutrophils, suggesting that the eosinophil is a good PAF producer (93). PAF has
a number of important pharmacologic activities, including the activation of platelets and
neutrophils and induction of bronchoconstriction.

Several proinflammatory enzymes have been associated with the eosinophil (1).
Avrylsulfatase B is located predominantly in the small granules of the eosinophil. p-
glucuronidase activity in eosinophils is about twice that in neutrophils, and exposure of
eosinophils to opsonized zymosan particles releases up to 24% of the total cellular -
glucuronidase. Eosinophils are a major source of the 92-kD MMP-9 (gelatinase B) (94, 95).
This gelatinase is also localized on eosinophils infiltrating into the lesions of patients with
bullous pemphigoid (96), and it cleaves type XVI1I collagen, a transmembrane molecule of
the epidermal hemidesmosome. Furthermore, MMP-9 is likely required during eosinophil
migration (41, 97).

4.3. Activation of human eosinophils takes multiple stages

In early 1980’s, increased numbers of unusual human eosinophils with a specific gravity
<1.085 g/ml (98) were reported in peripheral blood of patients with eosinophilic disorders,
such as hypereosinophilic syndrome (99) and asthma (100). These eosinophils, called
“hypodense eosinophils™, were highly reactive to stimuli and showed increased survival,
adhesion, leukotriene synthesis, superoxide production and antibody-dependent cytotoxicity
as compared to “normodense eosinophils” (101, 102). Thus, eosinophils in human blood are
not a homogenous population but represent various magnitudes of activation. Subsequent
studies showed that exposure of eosinophils to activating cytokines, such as IL-3, IL-5, and
GM-CSF, leads to the development of hypodense eosinophils.

IL-3, IL-5, and GM-CSF, besides being growth and maturation factors for eosinophils,
stimulate several functions of mature human eosinophils. Among human peripheral blood
leukocytes, eosinophils are the only cells having detectable levels of IL-5 receptors,
consistent with the specific action of IL-5 on human eosinophils (103, 104). Importantly,
IL-5 synergistically enhances the chemotactic response of eosinophils toward chemokines or
lipid mediators (105, 106). IL-5 also activates LTC4 and superoxide generation,
phagocytosis, and helminthotoxic activity, as well as immunoglobulin (1g)-induced
degranulation (107). GM-CSF and IL-3 also activate and enhance eosinophil functions, such
as cytotoxic killing, superoxide production, leukotriene production, phagocytosis of serum-
opsonized zymosan, and Ig-induced degranulation (108). Other Th2 cytokines, such as IL-4
and IL-13, also activate eosinophils. IL-4 upregulates the binding of eosinophils to IgA
(109). IL-4 or IL-13 act synergistically with TNF-a or IL-5 for increased expression of
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CD69 (110). Another Th2 cytokine, 1L-9, may act synergistically with these eosinophil-
active cytokines during cellular development. The addition of IL-9 to CD34" cells cultured
in IL-3 and IL-5 enhances eosinophil development (111), likely through upregulation of the
expression of IL-5R alpha chain on human CD34" cord blood progenitor cells (112). A
prototypic Thl cytokine, IFN-y, activates eosinophils, but does so in a delayed manner
(113). For example, in short-term cytotoxicity assays, eosinophils are maximally activated
by GM-CSF followed in order of potency by IL-3, IL-5, TNF-q, and IL-4; whereas, after a
24-hour incubation, maximal eosinophil activation is caused by IFN-y followed by GM-
CSF, IL-3, and IL-5. The proinflammatory cytokines, TNF-a, IL-33 and TSLP, also
modulate eosinophil functions. TNF-a prolongs eosinophil survival in vitro, enhances
eosinophil synthesis of LTC,, increases eosinophil toxicity towards S. mansoni larvae, and
increases eosinophil adhesion for endothelial cells (108). Although TNF-a itself has only
modest activity toward eosinophils compared with the eosinophil hemopoietins (e.g., IL-5),
the activity of TNF-a synergizes with that of IL-5 (114). IL-33 and TSLP are cytokines
produced by tissue cells, such as airway epithelium, and they are implicated in Th2-type
immune responses (115). Both TSLP (116) and IL-33 (117) activate eosinophil effector
functions such as adhesion to matrix proteins, cytokine production and degranulation.
Although TSLP enhances survival of mature eosinophils, IL-33 is devoid of this activity.
Interestingly, I1L-33 does not affect neutrophil functions (117), suggesting that IL-33 may
regulate functions of eosinophils specifically in airway mucosa.

Little information is available regarding cytokines and molecules that inhibit eosinophils.
TGF-B, an anti-inflammatory cytokine (108), decreases the number of eosinophils in human
bone marrow suspension cultures (118). TGF-p also inhibits eosinophil survival induced by
the eosinophil hemopoietins in vitro (119). Furthermore, IFN-a and IFN-y suppresses
antigen-induced eosinophilia and CD4+ T cell recruitment into airway tissues in mice (120,
121). IFN-a has been successfully used to treat certain subgroups of patients with
eosinophilia (122). More recently, a selective mechanism for the induction of human
eosinophil apoptosis by cross-linking of surface Siglec-8 (sialic acid-binding
immunoglobulin-like lectin 8) has been identified (123). Importantly, the presence of
eosinophil activating factors, such as IL-5 and GM-CSF, enhances eosinophil apoptosis
induced by Siglec-8-crosslinking (124). Furthermore, glycan ligands for the mouse
orthologue of Siglec-8, namely Siglec-F, have been localized in mouse lungs (125),
suggesting that Siglec-8/Siglec-F may play a role in the disposal of activated eosinophils in
the airways.

Mature eosinophils change their morphology and phenotype as they are exposed to
cytokines in vitro and in vivo. For example, as discussed above, after culture with GM-CSF
alone, I1L-5 plus TNF-a, or IL-3 plus IFN-y, eosinophils express HLA-DR and increased
amounts of ICAM-1, giving these eosinophils the capacity to process and present antigens to
T cells (114, 126). In vitro stimulation of blood eosinophils with IL-3, IL-5, or GM-CSF
induces the expression of an early activation antigen, CD69 (127), and the IL-2 receptor a-
chain (CD25) (128); these cytokines also upregulate the expression of the B, integrin,
CD11b(129). Peripheral blood eosinophils from patients with helminth infections and BAL
eosinophils from patients with asthma show increased expression of ICAM-1, HLA-DR,
CD11b, CD11c, CD44, CD66, CD66b, CD69, and CD81 (130-134). Importantly,
expression of aMp2 integrin (i.e. CD11b/CD18) and an activation epitope of aMp2 are
increased in airway eosinophils from the patients with asthma who are exposed to airway
allergens (135); the changes correlated with clinical deterioration of respiratory function
after antigen exposure. Thus, the activation status of eosinophils is unlikely to be the same
among different individuals and in different organs, and this status is regulated actively by
the immunological milieu surrounding the eosinophils.

Immunol Rev. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kita

Page 9

In vivo-activated human eosinophils are highly reactive to various agonists. For example,
eosinophils in the BAL after allergen challenge show a greater respiratory burst and
adherence response to fMLP (132). Eosinophils isolated from the blood of patients with
asthma also demonstrate many enhanced proinflammatory properties compared to those
from normal individuals, including enhanced adhesion, chemotaxis, transendothelial
migration, and LTC4 production (134). Furthermore, the treatment of asthma patients with a
combination of inhaled glucocorticoids and B-adrenergic agonists not only improves lung
function, but also inhibits markers of eosinophil priming, such as the respiratory burst and
PAF releasability (136). These phenotypic and functional changes in human eosinophils are
likely a “priming” step while eosinophils are recruited from bone marrow into the tissues,
and these primed eosinophils can be promptly and fully activated in response to
secretagogues with a lower threshold than that for normal or resting eosinophils.

4.4. Eosinophil activation in innate immunity

Fully activated human eosinophils appear to defend against large, nonphagocytosable
organisms, most notably the multicellular helminthic parasites and fungi. Some of the
mechanisms used by eosinophils in host defense against these organisms may also produce
detrimental effects on the host. Several lines of evidence have indicated that bacterial and/or
viral infections may exacerbate allergic inflammation. Direct activation of eosinophils by
microbe-derived molecules may explain the mechanism.

Functionally important receptors for recognition of conserved motifs in pathogens, the Toll-
like receptors (TLRs), have been identified in mammals (137). Expression of TLR4 in
eosinophils has been reported (138, 139). An extensive analysis of eosinophil expression of
TLRs and their responses to TLR ligands showed that eosinophils constitutively expressed
TLR1, TLR4, TLR7, TLR9, and TLR10 mRNAs and that the TLR7 ligand, R-848, can
activate eosinophils (140). Thus, although the natural ligands have not yet been identified,
eosinophils” TLR7 system may represent an important mechanism for host defense against
viral infections.

Proteolytic enzymes, produced by various microbes and allergens, such as house dust mites,
fungi, and cockroaches, potently induce activation and non-cytotoxic degranulation of
eosinophils. Proteases, especially serine proteases, activate hematologic and interstitial cells
through a family of G-protein-coupled protease-activated receptors (PAR) and induce
production of several pro-inflammatory mediators (141, 142). Four members of this receptor
family have been cloned and are designated PAR1, PAR2, PAR3, and PARA4. Protease
cleavage of these receptors creates a neo-NH, terminus, which acts as a tethered ligand and
activates the seven-transmembrane segment of the PAR. Human PAR1, PAR3, and PAR4
are activated by thrombin, whereas PAR2 is activated by trypsin but not by thrombin.
Human eosinophils constitutively transcribe mMRNA for PAR2 and PAR3, but not for PAR1
and PARA4 (143). Trypsin, an authentic agonist for PAR2, potently induces superoxide anion
production and degranulation of eosinophils; 5 nM trypsin induces responses that were
50~70 % of those induced by 100 nM PAF, a positive control. Similarly, a cysteine protease,
papain, potently induces isolated human eosinophils to degranulate and to produce
superoxide anion (144). Importantly, eosinophils are activated by a natural cysteine protease
from mite allergens, Der f 1, and release their granule proteins (144). Eosinophils also
recognize aspartate protease activity and cysteine protease activity produced by fungus
Alternaria alternata (145) and cockroaches (146), respectively, through PAR-2, and they
release granule proteins and cytokines. Thus, human eosinophils are likely equipped with
mechanisms that recognize and respond to proteases, such as those found in microbes and at
allergic response sites, resulting in active release of proinflammatory mediators.
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An association between fungal exposure and asthma has been widely recognized (147).
Moreover, exposure to Alternaria is a risk factor for respiratory arrest in patients with
asthma (148). These airborne fungi and their products may contribute to the development
and exacerbation of allergic airway diseases. For example, fungal products, e.g., proteases,
induce immunologic and inflammatory reactions, resulting in a Th2-like cytokine response
and the destruction of mucosal barrier functions (149). Extracts of Alternaria potently
induces eosinophil degranulation (150). Alternaria also strongly induces other activation
events in eosinophils, including increases in intracellular calcium concentration, cell surface
expression of CD63 and CD11b, and production of IL-8. Interestingly, Alternaria does not
induce neutrophil activation, suggesting specificity for fungal species and cell type. In
addition, when human eosinophils are exposed to live Alternaria alternata fungus,
eosinophils release their cytotoxic granule proteins into the extracellular milieu and onto the
surface of fungal organisms and kill the fungus in a contact-dependent manner (151).
Eosinophils do not express common fungus receptors, such as dectin-1, but use their
versatile B2 integrin molecule, CD11b (see below for more details), to recognize and to
adhere to a major cell wall component, B-glucan.

A unique antibacterial activity of human eosinophils is also recognized. Human eosinophils
rapidly release mitochondrial DNA in response to exposure to bacteria. The traps contain the
granule proteins ECP and MBP and display antimicrobial activity (15). The mitochondrial
DNA and the granule proteins bind and kill bacteria in the extracellular space in vitro and in
vivo. Indeed, after cecal ligation and puncture, eosinophil-rich I1L-5 transgenic, but not wild-
type, mice are protected from microbial sepsis. These data suggest previously unrecognized
mechanisms for eosinophil-mediated innate immune responses that may be crucial for
maintaining the mucosal barrier function. Alternatively, if these eosinophil responses are
targeted to commensal bacteria or environmental fungi, they may trigger exacerbation of
inflammation leading to pathological outcomes.

Eosinophil activation can be induced by other biological molecules. For example, important
mediators in the nervous and cardiovascular system, adenosine triphosphate (ATP) and other
nucleotides, induce Ca2* mobilization, oxygen radical production and CD11b upregulation
of human eosinophils through P2X and P2Y purinoreceptors (152, 153). PGD, is the major
prostanoid released by mast cells during an allergic response. Exposure of eosinophils to
PGD, induces rapid morphological changes, chemokinesis, and cellular degranulation of
human eosinophils through a newly discovered seven-transmembrane receptor, the
chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2) (154).
During tissue injury, endogenous molecules are released by stressed or damaged tissues,
including uric acid, ATP, high mobility group box (HMGB)-1 protein, and S100 calcium-
binding protein family members (155, 156). Eosinophils are attracted to uric acid crystals
and produce a large quantities and various kinds of cytokines and chemokines (157);
minimal levels of granule proteins are released in response to uric acid. Furthermore, the
endogenous ATP produced by eosinophils themselves likely provides a positive feedback
signal to eosinophils through a P2Y purinoreceptor, P2Y2. Similarly, HMGB-1 attracts
eosinophils and enhances their survival in vitro (158). Aluminum-containing compounds
(e.g. alum) are routinely used to elicit an effective immune response to vaccines. After
intraperitoneal injection of alum, eosinophils are quickly recruited to the spleen and are
involved in early priming of B cells and antigen-specific IgM production (159). Thus,
eosinophils may recognize damaged tissues/cells and contribute to tissue homeostasis or
modulate the inflammatory and immunological processes.

4.5. Eosinophil activation in adaptive immunity

The ability of eosinophils to recognize the products of adaptive immunity was known before
investigations of their activities in innate immunity were performed. Initial studies of
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eosinophil degranulation in vitro used parasites as a model. Eosinophils incubated with
antiserum-coated schistosomula of S. mansoni degranulate and release MBP (1, 108).
However, investigation of eosinophil degranulation in this system was complicated by the
presence of the viable worm. Subsequently, artificial but more defined models for
“parasites” have been used to investigate the mechanisms of eosinophil degranulation.
Sepharose beads coated with 1gG, IgA, and sIgA stimulated eosinophil degranulation (160);
sIgA was the most effective among these 1gs. IgA; is a highly potent stimulus for eosinophil
killing of S. mansoni (161). Comparison of neutrophils and eosinophils suggests that
neutrophils express much higher levels of FcaR (CD89), detected by the binding of IgA and
by anti-FcaR antibody (162). The FcaR on eosinophils has a higher molecular mass (range
70 to 100 kD) than FcaR on neutrophils (range 55 to 75 kD), suggesting that the FcaR on
eosinophils and neutrophils is likely highly glycosylated with a major protein core of 32 kD
for both cell types. Interestingly, eosinophils from allergic individuals display enhanced
FcaR expression, whereas neutrophils do not (162). While the exact mechanism to explain
why sIgA is a more potent stimulus than IgA is unknown, eosinophils have been shown to
possess a binding site(s) for the secretory component (163, 164). Furthermore, the
interaction with the secretory component greatly enhanced pro-inflammatory functions of
eosinophils, but not of neutrophils (164). IgG may also be involved in eosinophil activation.
Human eosinophils killed both an anti-FcyRI1-bearing hybridoma cell line and chicken
erythrocytes coated with antibody to chicken erythrocyte covalently coupled to Fab
fragments of anti-FcyRII. Flow cytometric analyses showed that freshly isolated human
eosinophils possess FcyRIl (CD32), but not FcyRI (CD64) or FcyRII (CD16) (165).
Collectively, these findings along with the localization of eosinophils at mucosal organs
suggest an important role for sigA and maybe IgG in mediating the eosinophil's effector
functions in vivo.

The role of IgE in mediating eosinophil activation is controversial. Eosinophils isolated from
patients with eosinophilia degranulated in response to anti-IgE antibody or IgE-coated
parasites (108, 166). Eosinophils can potentially express three types of IgE receptors, the
low-affinity IgE receptor, the lectin-type IgE-binding molecule (167), and the high-affinity
IgE receptor. It has been claimed that the high-affinity IgE receptor, FceRl, is present on
eosinophils from patients with eosinophilia and that various functions of eosinophils,
including degranulation and parasite cytotoxicity, are mediated through this receptor (168).
On the other hand, the number of high-affinity receptors expressed on the surfaces of
eosinophils from patients with allergic diseases or airway eosinophilia was minimal or
undetectable (169); ligation of FceRI did not result in detectable eosinophil degranulation
(170). Furthermore, eosinophils make protein for the a chain of FceRlI, but this protein is
released extracellularly instead of being expressed on the cellular surface (169).

Eosinophil degranulation can be induced by soluble stimuli themselves. Eosinophil-
chemotactic cytokines, such as RANTES (CCL5) and MIP-la (CCL3), also induce
eosinophil degranulation, although the effects are less pronounced than those of IL-5 or
GM-CSF (171, 172). Interestingly, eosinophil granule proteins themselves, including MBP
and EPO, stimulate eosinophils and cause degranulation in a noncytotoxic manner,
suggesting an autocrine mechanism of eosinophil degranulation (173). The other stimuli for
eosinophil degranulation include serum-opsonized zymosan; fMLP; the lipid mediator, PAF;
the complement fragments C5a and C3a; naturally occurring peptides, such as substance P
and mellitin; calcium ionophore A23187; and PMA (174, 175). For example, PAF potently
evokes the release of granule proteins, reactive oxygen species, and LTC,4 from eosinophils
(176, 177) . Furthermore, eosinophils and neutrophils react differently to PAF, and PAF
activates two separate and distinct effector pathways in human eosinophils (178).
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Notably, an integrin, Mac-1 (CD11b/CD18, aMp2), likely plays a critical role for regulating
eosinophil degranulation; this molecule is not only important for eosinophil recruitment but
is also crucial for eosinophil effector functions. Historically, as described above, receptor
ligands immobilized to relatively large surfaces (such as IgG-coated Sepharose beads and
parasites) but not particulate ligands (such as aggregated 1gG and bacteria) are effective
stimuli for eosinophil degranulation (108). Later, it was found that (3, integrins, especially
Mac-1, play a crucial role in the activation of eosinophils stimulated by IgG, when 1gG is
immobilized onto tissue culture plates or Sepharose beads (179). Similarly, the eosinophil
functional response to PAF or GM-CSF is greatly influenced by the availability of cellular
adhesion (180). When eosinophils are stimulated with these soluble mediators, eosinophils
adhere to the tissue culture wells through B2 integrins, and this adhesion process provides
critical signals to induce cellular activation and degranulation (176). Conversely, eosinophils
activated with sIgA but kept in suspension (i.e. without Sepharose beads) produce cytokines
such as GM-CSF and IL-8 but do not release granule proteins. Similar findings are observed
when eosinophils are stimulated through FcyRII (175). As described above, Mac-1 is also
used to recognize B-glucan on the surface of fungi and to release granule proteins (151).
Indeed, eosinophil granule protein release can be induced by the direct ligation of integrins
by antibodies or ligands to Mac-1 (181) or VLA-4 (182) in the absence of additional stimuli.
Some in vivo experiments also suggest that these adhesion molecules may be important in
bronchial asthma. For example, in cynomolgus monkeys that had been allergen challenged
several times, anti-Mac-1 mAb inhibited the development of bronchial hyperreactivity and
reduced the levels of ECP in the BAL fluid, but did not inhibit the airway eosinophilia
(183). Thus, B2 integrins, in particular CD11b/CD18, may play a pivotal role in determining
the functional outcomes and cell survival of human eosinophils that are exposed to
immunological and inflammatory stimuli. The ability of human eosinophils to effectively
engage the integrins and to respond to microbes/molecules with a large surface likely makes
this leukocyte distinct from other granulocytes. While the molecular mechanism to explain
the pronounced activation of eosinophils by cellular adhesion through B2 integrin is not fully
understood, it likely involves other cell surface molecules that are physically associated with
the integrin such as the GPI-anchored protein CD66b and signaling molecules localized in
lipid rafts (184).

5. Conundrum in mouse and human eosinophils

Mice in many respects mirror human biology well and have been used extensively and
successfully to study the mechanisms of Th2-type inflammation in asthma and parasite
infection and the roles of eosinophils in these disease models. The sequencing of mouse and
human genomes revealed that only 300 or so genes appear to be unique to one species or the
other (185). Despite this conservation significant differences exist between mice and
humans in immune system development, activation, and response to challenge, in both the
innate and adaptive arms (186). Such difference may not be surprising as the two species
diverged somewhere between 65 and 75 million years ago, differ hugely in both size and
lifespan, and have evolved in quite different ecological niches where widely different
pathologic challenges need to be met. We run the risk of overlooking aspects of human
immunology that do not occur, or cannot be modeled, in mice. Unfortunately, eosinophils
are not exempt from these challenges. For example, mouse eosinophil-associated
ribonucleases are remarkably divergent (>50%) orthologues of human EDN and ECP (187).
Among various molecules involved in activation and effector functions of human
eosinophils as discussed above, FcaRI (IgA receptor), FcyRIIA and C (activating 1gG
receptor), and CD66b cannot be identified in the mouse genome. Biologically, mouse
eosinophils show distinct responses to cytokines and other agonists and have a limited
propensity to degranulate or produce inflammatory mediators in vitro (176, 188) (Figure 2).
Lack of eosinophil degranulation in mouse models of asthma and Th2-type airway
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inflammation is reported by several investigators (189, 190). While it is difficult to
determine whether the features of the mouse asthma model are the result of an inherent
property of mouse eosinophils, a limitation of the stimuli used to provoke eosinophils, or
both, it is crucial to keep in mind the species divergence and to consider such differences in
applying mouse models to human disease.

The roles of eosinophils in mouse models of helminth infection are also controversial (191,
192). Although treatment with anti-1L-5 reduced the number of circulating and tissue
eosinophils, there was no evidence for any change in the nature or extent of helminth
infection (193, 194). Similar conclusions were reached in several studies with genetically
altered mice, including eosinophil-less mice (IL-5 or IL-5Ra gene deletion) or eosinophil-
deficient mice (Adbl-GATA and PHIL) (195-197). On the other hand, eosinophils appear to
play a role in reducing the parasite burden in mice infected with the nematodes
Strongyloides and Angiostrongylus (198, 199). There are several reasons to be considered
for explaining why it is difficult to discern a role for eosinophils in mouse models. Most of
all, many of these experiments are performed with human pathogens that do not naturally
infect rodents. Therefore, the mouse immune system may not have been exposed to
evolutionary pressure to develop the responses to these pathogens. Different immune
responses to parasites and other antigens observed among different mouse strains add to this
complexity (64, 200).

6. Summary and future directions

Eosinophils have been considered end-stage cells involved in host protection against parasite
infection and immunopathology in Th2-type inflammation. However, recent studies changed
this perspectives and eosinophils are now considered multifunctional leukocytes involved in
tissue homeostasis, modulation of adaptive immune responses, and innate immunity to
certain microbes. As normal constituents of the gastrointestinal tract, mammary glands and
bone marrow, eosinophils likely play roles in development and homeostasis of these organs.
Numerous lines of evidence suggest that eosinophils are capable of producing
immunoregulatory cytokines and are actively involved in regulation of Th2-type immune
responses in vivo. However, such new information does not preclude data from earlier
studied showing that eosinophils, in particular human eosinophils, are also effector cells
with pro-inflammatory and destructive capabilities. The damaging characteristics of
eosinophil lipid mediators and granule proteins were well-established in the 1990s.
Eosinophils with activation phenotypes are observed in biological specimens from patients
with disease, and deposition of eosinophil products is readily seen in the affected tissues
from these patients. Therefore, it would be reasonable to consider the eosinophils as
multifaceted leukocytes that contributes to various physiological and pathological processes
depending on their location and activation status (Figure 3).

The challenge is that these functions of eosinophils most likely overlap with the effects of
other immune cells, such as CD4+ T cells, and the role of eosinophils alone may be difficult
to demonstrate in physiological settings including patients with real disease. Furthermore,
inflammation is a complex event induced by various triggers, such as infection and tissue
injury and stress, resulting in not only tissue damage but also tissue repair and homeostasis
(201). Eosinophils can be involved in any of these processes or their combinations in a given
disease or disease model. It would be difficult to discern the role of eosinophils if
eosinophils are involved in both damaging and repair processes. Thus, further and careful
analysis of recent genetically-engineered eosinophil-deficient mice in vivo and further
characterization of the immunobiology of eosinophils in vitro will be necessary to answer
critical questions concerning the true involvement of this leukocyte in health and a variety of
disease processes. The relevance of experimental models in human disease and the potential

Immunol Rev. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kita

Page 14

biological differences in mouse and human eosinophils also need to be taken into account.
Although this is a challenging task, future studies have a promise to reveal the true
importance of eosinophils in human health and disease.
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Figure 1.

Deposition of EDN in esophageal tissue from patients with eosinophilic esophagitis (EOE).
Esophageal biopsy specimens from two separate EoE patients (A and B) were stained with
rabbit anti-human EDN antibody followed by FITC-conjugated goat anti-rabbit 1gG. Wide
spread diffuse extracellular EDN is observed throughout the esophageal epithelium, in
particular on the luminal surface and in the superficial mucosa. Arrows indicate intact
eosinophils. Original magnification; x160 (A) and x400 (B).
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Figure 2.

Differential responses of mouse and human eosinophils to stimuli. Panels A and B show
superoxide production induced by immobilized IgGs, PAF, IL-5 or eotaxin in human and
IL-5 transgenic mouse eosinophils, respectively. Human eosinophils were stimulated with
immobilized IgGs [wells precoated with 100 pg/ml human (h)IgG1, mouse (m)IgG1,
mlgG2a or mlgG2b], 1 uM PAF, 5 ng/ml recombinant hIL-5, 50 ng/ml hEotaxin, or 10 ng/
ml PMA. Peritoneal lavage mouse eosinophils were stimulated similarly except recombinant
mlL-5 and mEotaxin were used at the same concentrations. Superoxide production was
measured by reduction of cytochrome c. Results are means + SEM of three experiments.
Panels C and D depict the morphology of human and mouse eosinophils stimulated with
immobilized hlgG1 and mlgG2a, respectively. Original magnification; x400.
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Figure 3.

Multifaceted functions of eosinophils. Functional properties of eosinophil can be divided
into at least three stages including resting, partial activation and full activation. Different
types of immunological stimuli (or absence of stimuli) trigger production and release of
different molecules by eosinophils. Accordingly, eosinophils may affect tissue development,
homeostasis and repair, regulate the immune responses and exert pro-inflammatory effector
functions. Eosinophil survival and death is controlled similarly by stimuli and tissue envi
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