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Eosinophils are granulocytes with unique biology. The fact that these cells have been largely preserved during

evolution strongly suggests that they play relevant physiological functions. Eosinophils have traditionally been

classified as effector cells with prevalent cytotoxic activity, although recent evidence indicates that these cells may

play a role in a wide range of homeostatic and regulatory functions.

eosinophil  severe asthma  type 2 inflammation  molecular biology  cell biology

allergy

1. Eosinophil Structure

Eosinophils are polymorphonuclear leukocytes, usually measuring 10–16 μm in diameter, with a segmented

bilobed nucleus. Characteristic of this cell is the presence of a large number of molecules with pleiotropic functions,

such as cationic granule proteins, chemokines, cytokines, growth factors, immunomodulatory molecules, lipid

mediators, mainly accumulated within the intracellular compartment (Figure 1). Eosinophils also have a large array

of transmembrane proteins (integrins) and surface receptors which mediate the interaction with the micro-

environment and allow the response to multiple stimuli (Figure 1) .[1]
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Figure 1. Eosinophil structure, granules, surface receptors, exosomes and EETs. Eosinophils are supplied by a

large number of proteins, receptors and enzymes that allow them to interact with the microenvironment and

express a number of receptors on their surface, including receptors for cytokines, chemokines and lipid mediators,

which are involved in cell growth, survival, adhesion, migration and activation. In addition to receptors, adhesion

molecules such as integrins are expressed on the cell surface, which allows eosinophils to migrate and react to

several stimuli. The effects of eosinophils are largely achieved due to the content of their granules. Primary

granules include Charcot-Leyden/galectin-10 protein, a characteristic eosinophilic protein implicated in asthma and

parasitic infections, as well as a constituent part of so-called eosinophilic extracellular traps, whose other major

constituents are nuclear or mitochondrial DNA strands. Specific or secondary granules contain four main cationic

proteins: MBP, ECP, EPX and EDN. In addition, some of the content of the granules is released through particular

vesicles called sombrero vesicles. Each of them has different effects, clarified in the text. Lipid bodies contain

prostaglandins, thromboxane and leukotrienes, which participate in allergic inflammation, fibrosis and thrombosis.

Finally, eosinophils are able to release exosomes that fuse with the cell membrane, which are involved in epithelial

damage. CLC/Gal-10: Charcot-Leyden crystal proteins; ECP: eosinophil cationic protein; MBP: major basic

proteins; EPX: eosinophil peroxidase; EDN: eosinophil-derived neurotoxin; MHC class II: Mayor histocompatibility

complex-II; EET: eosinophilic extracellular traps. See the text for further explanation.
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1.1. Eosinophil Granules

Eosinophil cytoplasm is packed with different types of granules (Figure 1). The two major types of large granules

present within mature human eosinophils are specific granules and immature specific granules. The specific

granules, also called “secondary granules”, consist of a dense crystalline nucleus surrounded by a membrane, a

unique morphology found only in eosinophils. ; these granules contain a large variety of mediators, including

basic proteins, cytokines, chemokines, growth factors and enzymes, which are able to produce tissue inflammation

and damage. The main represented specific granule substances are eosinophil cationic protein (ECP), major basic

proteins (MBP-1 and MBP-2), eosinophil peroxidase (EPX) and eosinophil-derived neurotoxin (EDN) . Specific

immature granules, also called “primary granules” are tendentially smaller than specific granules and are the

principal location of Charcot-Leyden crystal (CLC) protein (a member of the carbohydrate-binding family of

galectin-10).

In eosinophils have also been identified a third intracellular compartment, the lipid bodies, is specifically committed

to the production of eicosanoid mediators of inflammation.

Eosinophil sombrero vesicles (EoSVs) are not granules, but distinct tubular vesicles that tend to curl into a hoop-

like morphology, giving rise to the term. EoSVs derive from specific granules and travel to the cell membrane to

discharge their contents to the extracellular domain.

1.2. Eosinophil Surface Receptors

Eosinophils display a vast array of receptors and surface molecules, which allow them to integrate with the innate

and adaptive branches of the immune system involved in inflammatory responses and homeostasis. While many

are selectively expressed on eosinophils such as interleukin-5Rα, CC-chemokine receptor 3 (CCR3), sialic acid-

binding immunoglobulin-like lectin 8 (Siglec-8), the epidermal growth factor-like module containing mucin-like

hormone receptor 1 (EMR1) appears completely unique to the eosinophil. The wide range of receptors present on

eosinophils makes theme very versatile cells, with the ability to react to the stimulus, co-stimulate cells in antigen

presentation and migrate to tissues in both physiological and pathological conditions .

Cytokine Receptors

Eosinophils display receptors for IL-3, IL-5, and granulocyte–macrophage colony-stimulating factor (GM-CSF), the

three main cytokines involved in differentiation and maturation of these cells. The heterodimeric receptor for IL-5 is

likely to be the most important cytokine receptor expressed by eosinophils, since IL-5 plays a fundamental role in

all stages of eosinophil biology. The alpha-subunit, IL-5Rα, is specific to IL-5, while the beta-subunit is shared with

the receptors for IL-3 and GM-CSF. Eosinophils also possess specific receptors for various other cytokines and

growth factors, including IL-4, IL-13, IL-33, thymic stromal lymphopoietin (TSLP), and transforming growth factor-β

(TGF-β) .

Adhesion Receptors

[2]

[3]

[1]

[2]
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Eosinophils express various types of membrane adhesion receptors, primarily integrins and selectins, which are up

regulated by a wide range of pro-inflammatory cytokines and chemokines.

Integrin molecules are trans-membrane glycoproteins made up of an α and a β chain that includes the very late

antigen-4 (VLA-4, CD49d/CD29) and the complement receptor CR3 (CD11b/CD18), also known as macrophage-1

(Mac-1) antigen.

Selectins are surface glycoproteins belonging to three groups (E-, L-, and P-selectin), in particular, L-selectin

(CD62L) and P-selectin glycoprotein ligand-1 (CD162) are constitutively and highly expressed on circulating

eosinophils .

Adhesion molecules act in a coordinated way, allowing eosinophils to roll and adhere to endothelia, thus facilitating

their migration and accumulation at the sites of inflammation.

Chemoattractant Receptors

Eosinophils express on their surface various seven-transmembrane spanning G protein-coupled receptors for

chemokines. Among them, CCR3 is an important, highly expressed receptor that binds to all three subtypes of

eotaxin (a selective eosinophilic chemo-attractant) and to other chemokines, including the monocyte-3

chemoattractive protein (MCP-3) and MCP-4. The relevant role of CCR3 in asthma pathology is also supported by

the evidence that the airways of patients with asthma contain more cells expressing mRNA for CCR3 and its

ligands than non-asthmatic controls . CCR1 is another key chemokine receptor on the surface of eosinophils,

activated by chemoattractant cytokine ligand-3 (CCL-3) and CCL-5 (also known as RANTES: regulated on

activation, normal T cell expressed and secreted).

Fc Receptors

The eosinophil displays various immunoglobulin (Ig) receptors and related family members involved in functional

activities in which eosinophils are involved, including antibody-mediated cellular cytotoxicity (ADCC) for helminths

and other immunomodulatory functions and pathological activities in diseases associated with eosinophilia. Fc

receptors for IgA, IgD, IgE, IgG and IgM, localized on the membrane of eosinophils, promote interaction with the

adaptive immune system.

The high-affinity Fc-epsilon R1-alpha (FcεR1) binding IgE is usually expressed in very small quantities in a trimeric

form (without a β chain) and seems to have no role in eosinophil activation . In contrast, cross-linking of FcαRI

and FcγRII, with IgA and IgG, respectively, has been shown to induce eosinophil activation .

Major Histocompatibility Complex-II

Eosinophils express major histocompatibility complex class II (MHC-II) and co-stimulatory molecules such as CD80

and CD86, necessary for T-cell activation and proliferation. Lung eosinophils of asthmatic patients undergoing

[4]

[5]

[6]

[7]
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allergen challenges express higher levels of HLA-DR (a subtype of the MHC-II molecule) than blood eosinophils .

Pattern Recognition Receptors (PRRs)

Pattern Recognition Receptors are membrane proteins expressed on the surface of eosinophils that are directly

stimulated during host innate immune responses from pathogen-associated molecular patterns (PAMPs) and

damage-associated molecular patterns (DAMPs); these PRRs promote the interactions of eosinophils with invading

microorganisms (especially helminths) and with the surrounding microenvironment. Among a variety of homeostatic

and anti-infective activities, PRRs regulate the immune response and tissue damage . Toll-like receptors (TLRs)

are one of the most represented subtypes of PRR expressed by eosinophils (as well as many other cell lines) on

their surface and even on endosomes . Other significant PRRs expressed by eosinophils also include

proteinase-activated receptors PAR-1 and -2. The latter could play a relevant role in the activation of eosinophils in

response to proteases released by aeroallergens such as dust mites, fungi, or pollen ; moreover, there are other

types of PRRs with partially overlapping characteristics of the previous mentioned, like retinoic acid-inducible gene-

I-like receptors, nucleotide-binding oligomerisation domain-like (NOD-like) receptors, and the receptor for

advanced glycation end products (RAGE) .

Lipid Mediator Receptors

Eosinophils express specific receptors for lipid mediators such leukotrienes, prostaglandins, and platelet-activating

factors involved in eosinophil chemotaxis and transmigration.

Siglec-8

Sialic acid-binding immunoglobulin-like lectin (Siglec)-8 is an inhibitory receptor selectively expressed on human

eosinophils, but information about its function in asthma pathology is still limited. Siglec-8 gene expression in

asthma sputum cells is associated with type 2-high profiles of asthma and recent observation that administration of

an antibody targeting Siglec-8 can induce selective eosinophil apoptosis, suggesting that it could represent a

potential therapeutic target for eosinophil-mediated disease .

Inhibitory Receptors

Other inhibitory receptors regulating the survival and the activation of eosinophils, include CD300a, killer activating

receptors, potassium inwardly-rectifying channel, and FcgRIIb .

1.3. Intracellular Receptors

The eosinophil has many intracellular receptors that regulate its function (such as some toll-like receptors and the

glucocorticoid receptor). In the intracellular compartment of eosinophils, a splicing variant of the glucocorticoid

receptor (GR-A) is present in large quantities . GR-A is the pro-apoptotic isoform and is five times higher in

[8]
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eosinophils than in neutrophils, which is why eosinophils are much more susceptible than other cells to the

therapeutic actions of glucocorticoids, such as apoptosis .

2. Eosinophil Biology

A series of sequential processes regulate the particular biology of eosinophils; these events occur in different

compartments, from the bone marrow to the blood and peripheral tissues, in physiological or pathological

conditions. All the different phases, from maturation to degranulation, are regulated by the interaction of the

eosinophil with a series of molecules that include transcription factors, adhesion molecules and cytokines.

2.1. Eosinophil Differentiation and Maturation

Eosinophils are generated and developed in the bone marrow from multipotent hematopoietic stem cells, which

create a population of committed progenitors of the eosinophilic lineage (EoPs) that in turn are capable of further

differentiating into mature eosinophils, their terminal form .

Human EoPs are characterized by the expression of surface receptors such as CD34, CD38, and mainly high-

affinity α subunit of the IL-5 receptor (IL-5Rα, or CD125) . Differentiation of eosinophils normally occurs in the

bone marrow; however, eosinophils can also develop from CD34+ EoPs which are found outside the bone marrow,

blood and particularly lung tissue . Increased levels of EoPs been identified in peripheral blood of atopic

subjects compared to non-atopic controls . Likewise, an increase in the number of CD34+/IL-5Rα+ EoPs has

been identified in the bronchial mucosa of asthmatics compared to non-asthmatic controls ; moreover, the

demonstration that blood EoPs have a greater response in vitro to IL-5 in patients with severe eosinophilic asthma

than in milder asthmatics suggests a possible clinically relevant role of in situ eosinophilopoiesis in severe

eosinophilic asthma .

Under homeostatic conditions, in healthy subjects, eosinophilopoiesis is mainly regulated by multiple transcription

factors including GATA-binding protein 1 (GATA-1), Purine Rich Box-1 (PU.1), and the CCAAT-enhancing binding

protein (c/EBP) family . GATA-1 is thought to have the most important role, as disruption of the GATA-1 gene in

mice results in a strain completely devoid of eosinophils .

The development of mature eosinophils in blood and peripheral tissues also depends on the synergistic

contribution of cytokines such as IL-5, IL-3 and GM-CSF .

Eosinophils are fully differentiated after 7 days of maturation in the bone marrow. Mature cells are subsequently

released in peripheral circulation, with a lifespan up to 24 h .

2.2. Eosinophil Migration and Activation

Under physiological conditions, the main migration site of eosinophils is the gastrointestinal tract from the stomach

to the intestine. A minority of them also migrate to the lymph nodes, thymus, liver, spleen, uterus and mammary

[13]
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gland .

This recruitment in different tissues can take place as early as 8–12 h after entry into circulation, mainly through the

binding of the CCR3 to different chemokines, such as CCL11 (eotaxin-1), CCL24 (eotaxin-2) and CCL26 (eotaxin-

3) .

When within tissues, eosinophils can survive for up to 15 days, primarily exerting an immunomodulatory function,

but also promoting tissue repair as well as antimicrobial and antifungal immunity . In inflammatory conditions,

eosinophils can infiltrate tissues where they are not normally found or are minimally present, such as large and

small airways and esophagus , in consequence of a series of extremely well-established steps. In particular,

during allergic inflammation and bronchial asthma, circulating eosinophils adhere to the vascular endothelium and

roll along it before pouring into lung tissue. Initial contact with the endothelium depends on the binding of the

eosinophil cell membrane P-selectin glycoprotein ligand-1 (PSGL-1) to the adhesion receptor P-selectin to the

activated endothelium . The binding of integrin very late antigen-4 (VLA-4) to the vascular cell adhesion

molecule-1 (VCAM-1) promotes the activation and extravasation of eosinophils . IL-13 causes increased

eosinophilic expression of P-selectin and increased P-selectin-mediated adhesion to endothelial cells .

In patients with severe asthma EoPs can also migrate to airways, where they differentiate to mature cells in situ

.

Under physiological conditions, activation, survival, and recruitment of eosinophils are largely driven by IL-5, a

cytokine produced by type 2 helper T cells (Th2) that plays a prominent role in the regulation of eosinophils, EoPs,

mast cells and type 2 innate lymphoid cells (ILC2). Indeed, IL-5 is a key regulator cytokine for eosinophils acting at

multiple functional levels and time points during their lifespan. Epithelium-derived alarmins, including IL-33, IL-25,

and thymic stromal lymphopoietin (TSLP) partly trigger the production of IL-5 .

In the context of eosinophilic asthma, the increase in eosinophils in the airways begins after exposure of the

epithelium of the airways to various allergens or antigens, thus triggering the activation of an immunological

cascade that directs eosinophils into the airways through the stimulation by Th2 cytokines and chemoattractants

. When helper T cells are activated by allergens, they switch to the Th2 phenotype and begin secreting IL-4, IL-

5, and IL-13 .

IL-5 and RANTES are the most relevant inducers of eosinophil migration in the asthmatic lung . The airway

epithelium is also involved in the secretion and production of these Th2 cytokines through the production of IL-33,

and IL-25, which are secreted after any type of epithelial insult ; these alarmins also activate ILC2s from

the innate immune system, which also secrete and produce IL-5, IL-4, and IL-13 ; it is interesting to consider

that the action of the epithelial alarmins IL-25, IL-33 and TSLP on eosinophilopoiesis is both indirect, since the

secretion of IL-5 occurs by the ILC2, but it is also direct, since IL-33 can precede and promote IL-5 signaling in the

eosinophil development process .
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In addition the relevant role in promoting the proliferation, differentiation, and maturation of EoPs expressing IL-

5Rα in the bone marrow, IL-5 is able to induce the release of eosinophils into the bloodstream, as well as the

activation and survival of mature eosinophils at the tissue level, acting in combination with eotaxines .

The cytokines IL-3 and GM-CSF are also implicated in the activation and survival of tissue eosinophils through

induction of Bcl-xL expression, but their action is less specific than that of IL-5 .

2.3. Eosinophil Degranulation

Once activated, eosinophils migrate from the peripheral blood to the inflammation site, in which they modulate the

inflammatory response through the release of granules and therefore their contents . Different degranulation

processes are able to release specific granule contents (Figure 2):

[40]

[41][42][43]

[11][34]
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Figure 2. Following different stimulations, eosinophils can release the contents of the granules by classical

exocytosis, compound exocytosis, piecemeal degranulation (PMD) or cytolysis. Conventional exocytosis consists

of the release of granule content by fusion of the granule itself to the cellular membrane (panel A). Compound

exocytosis is another type of exocytosis in which granules in which granules merge with each other before

interacting with the cellular membrane (panel B). Piecemeal degranulation is the progressive and selective release

of vesicles from specific granules and the unloading of their contents after the fusion with the cellular membrane

(panel C). Cytolysis is a non-apoptotic form of cell death with rupture of the nuclear and plasma membrane,

subsequent release of nuclear DNA and deposition of specific intact granules in the extracellular space. After
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cytolysis, there may be the release of eosinophilic extracellular traps (EETs), giving this peculiar form of cell death

the characteristic name of EETosis (panel D).

(a) conventional exocytosis, in which the fusion of the granule directly with the cell membrane determines the

release of the content of the specific granule itself;

(b) compound exocytosis, another type of exocytosis in which intracellular fusion of granules occurs prior to

interaction with the plasma membrane and extracellular release;

(c) piecemeal degranulation (PMD), the most common mechanism of eosinophil degranulation, in which vesicles

(that can be round or tubular) are released from specific granules and move towards the cell membrane to unload

their content into the extracellular space . Tubular vesicles tend to fold into a peculiar morphology and are

therefore called “sombrero vesicles” ;

(d) Cytolysis, a rapid non-apoptotic cell death in which the formation of vacuoles within cells occurs, with rupture of

the nuclear and plasma membrane, the subsequent release of nuclear DNA and deposition of specific intact

granules in the extracellular space. In this way, eosinophils release eosinophil extracellular traps (EETs), which

consist of DNA fibers from the cellular nucleus . Activated eosinophils are also capable of rapidly releasing other

substances in addition to granule proteins into the extracellular space, such as bactericidal traps obtained from the

combination of mitochondrial DNA and granule proteins; this type of cell death, which is characteristic of

eosinophils, is also known as EETosis (“eosinophil extracellular trap cell death”) .

Finally, eosinophils can release exosomes into the extracellular environment; it has been demonstrated that

eosinophils of asthmatic patients release greater amounts of extracellular vesicles (EVs) than those released by

the eosinophils of healthy subjects . EVs are important mediators produced by cellular processes ; this

evidence strengthens the hypothesis that eosinophilic exosomes can be considered independent functional units,

since, even in the absence of the cell of origin, they seem to be able to feed eosinophilic inflammation; however,

exosomes and microvesicles are not the same entity: exosomes are generated by the fusion of multivesicular

bodies (MVBs) with the plasma membrane, and microvesicles are shed by the outward vesiculation of the plasma

membrane . The pathogenetic relevance of eosinophil-derived EVs makes them a potential diagnostic and

phenotypic biomarker of asthma, in particular of severe eosinophilic asthma .

3. Eosinophil Heterogeneity

Eosinophils were previously thought to be terminally differentiated cells upon their release from the bone marrow

into the bloodstream, instead latest evidence demonstrated that eosinophils are able to further differentiate and

mature in peripheral tissues, resulting in sub-populations with distinct phenotypic and functional profile .

Previous evidence from Mesnil et al. showed in mouse models a large population of eosinophils with a distinctive

ring-shaped nucleus, both in absence of inflammation and following the development of dust-induced airway

[44]
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allergy, demonstrating the existence of lung resident eosinophils (rEosinophils) ; these cells, exclusively found in

the lung parenchyma, express the surface receptors CD62L and CD125, intermediate levels of Siglec-F and low

levels of CD101. Interestingly, even if they present the IL-5 surface receptor and react to IL-5 in vitro, rEosinophils

seemed not to depend on IL-5 for their development , whereas the development of allergen-induced

inflammatory eosinophils (iEosinophils) is known to be dependent on the activity of IL-5  In addition, rEosinophils

appear to have a more regulatory gene profile than iEosinophils, and mice without rheosinophils showed increased

Th2 responses to inhaled allergens. Indeed, in allergic conditions, a large number of iEosinophils showing a

segmented nucleus is recruited . iEosinophils express low levels of CD62L, intermediate levels of CD125 and

elevated levels of Siglec-F and CD101 on their surface, and are mainly concentrated in peribronchial areas .

Unlike mouse models, humans appear to have different eosinophil subsets based on cell density, in particular,

normodense and hypodense eosinophils have been identified .

Normodense eosinophils from healthy individuals generally sediment at a density of 1.082 g/mL , while an

increased number of hypodense eosinophils with a reduced density of <1.082 g/mL have been found in blood, BAL

and lung tissues of patients with severe eosinophilic asthma ; these hypodense eosinophils were originally

interpreted as activated eosinophils , since it has been shown that when normodense eosinophils are stimulated

with GM-CSF, IL-3 or IL-5 and in the presence of fibroblasts, they switch to hypodense .

Hypodense eosinophils have been considered a “true” functional and phenotypic subset , since they highly

react to activating stimuli. Indeed, after activation, hypodense eosinophils show greater survival, adhesion, oxygen

metabolism, superoxide production, and antibody-dependent cytotoxicity than normodense .

Taken together, these studies have been useful in demonstrating that human lung eosinophils can be

heterogeneous, however more studies are required for a better understanding of these subpopulations .

If the hypothesis of the existence of different subsets of human eosinophils is correct, it can significantly affect the

choice of treatment in patients with severe eosinophilic asthma, between the total eradication of the eosinophilic

lineage and the control of their IL-5-dependent development program .

4. Overview of Eosinophil-Driven Pathological Conditions

Elevated peripheral blood and tissue eosinophil counts can be found in several conditions, mainly allergic,

rheumatological, infectious and neoplastic pathologies. Other possible conditions associated with eosinophilia have

also been described, such as drug hypersensitivity, hematological and autoimmune diseases. Activation of

eosinophils and subsequent release of eosinophilic mediators (mainly cytokines and type 2 chemokines) are potent

pro-inflammatory effectors  and a significant association has been established between eosinophilia and some

systemic inflammatory diseases . The involvement of eosinophilia in inflammatory pathologies of the

gastrointestinal, vascular, locomotor, and in general of the various mucous surfaces of the organism is known in the

literature, and of course, eosinophils play key role in the pathogenesis of both upper and lower airway

[54]
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inflammation, with a spectrum of pathologic manifestations ranging from allergic rhinitis with or without nasal

polyposis to asthma, and even allergic bronchopulmonary aspergillosis.
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