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Abstract

Eosinophil secretory (specific) granules have a unique morphology and are both a morphologic 

hallmark of eosinophils and fundamental to eosinophil-mediated responses. Eosinophil mediators 

with multiple functional activities are pre-synthesized and stored within these granules, poised for 

very rapid, stimulus-induced secretion. The structural organization and changes of eosinophil 

specific granules are revealing in demonstrating the complex and diverse secretory activities of 

this cell. Here, we review our current knowledge on the architecture, composition and function of 

eosinophil specific granules as highly elaborated organelles able to produce vesiculotubular 

carriers and to interplay with the intracellular vesicular trafficking. We reconsider prior 

identifications of eosinophil cytoplasmic granules, including “primary”, “secondary”, 

“microgranules”, and “small granules”; and consonant with advances, we provide a contemporary 

recognition that human eosinophils contain a single population of specific granules and their 

developmental precursors and derived secretory vesicles.
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INTRODUCTION

Eosinophils are remarkable secretory cells able to release a large and varied collection of 

immune mediators, including cationic proteins, cytokines, chemokines and growth factors, 

which underlie eosinophil functions during inflammatory, allergic and immunoregulatory 

situations (reviewed in [1, 2]). How these mediators exit the cell is still not well understood. 

In many eukaryotic cells, synthesis, transportation and externalization of proteins occur 

Correspondence: rossana.melo@ufjf.edu.br and pweller@bidmc.harvard.edu.
Author contributions
Both authors contributed equally to researching data for the article, discussion of content, and writing, reviewing and editing the 
manuscript before submission.

Conflict of Interest Disclosure
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
J Leukoc Biol. Author manuscript; available in PMC 2019 July 01.

Published in final edited form as:
J Leukoc Biol. 2018 July ; 104(1): 85–93. doi:10.1002/JLB.3MR1217-476R.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through the canonical secretory trafficking pathway associated with endoplasmic reticulum 

(ER) and Golgi. In mature cells from the immune system, such as eosinophils, the scenario 

is much more complex (reviewed in [3, 4]). Eosinophil immune mediators constitute a group 

of unconventionally secreted proteins, that is, proteins that are released via ER/Golgi-

independent mechanisms, also known as nonclassical protein export.

Eosinophil cytokines and other immune mediators are predominantly stored as preformed 

pools within secretory (specific) granules, a major population present in the eosinophil 

cytoplasm, from where they are mobilized and released in response to cell activation 

(reviewed in [5–7]). Thus, export routes in eosinophils involve their ability to “degranulate”, 

an event that has long been described during varied human diseases, immune homeostasis 

and different experimental conditions. However, neither eosinophil degranulation is an 

ordinary cell biological phenomenon nor eosinophil specific granules are mere containers 

for packing of compounds.

Eosinophil secretion of granule-derived products encompasses a multitude of events such as 

interaction between specific granules and vesicular trafficking for differential secretion of 

cytokines (reviewed in [7]); increased production of large, morphologically distinct 

vesiculotubular carriers from specific granules (reviewed in [8]); granule-granule fusions 

and even interactions of fused granules with vesicular compartments [9]; amplified release 

of extracellular vesicles [10, 11]; and extrusion of DNA nets associated with release of 

granule products [12] or with secretion-competent free extracelular granules (FEGs) [13, 

14]. The complete identity of the molecular machinery coordinating the complexity of the 

eosinophil secretory activities remains to be established.

Here, we review current knowledge of the nomenclature, structure and function of 

eosinophil specific granules as highly active and intricate organelles associated with immune 

responses in human mature eosinophils.

ON THE NOMENCLATURE AND COMPOSITION OF EOSINOPHIL 

CYTOPLASMIC GRANULES

A brief history of the eosinophil specific granules and their contents

By examining inflammatory exudates from human and other species during the first half of 

the 19th century, early investigators noticed the presence of so-called “granule blood cells” 

or “compound inflammatory globules” (reviewed in [15]). These distinct granular cells were 

certainly the first observations of eosinophils. However, the term “eosinophil” was 

introduced only in 1879 by Paul Ehrlich to describe cells with granules having a high 

affinity for eosin and other acid dyes [15]. Ehrlich provided the first nomenclature for this 

robust population of cytoplasmic granules, which he called “alpha-granules” and speculated 

appropriately that their contents were secretory products [15]. In fact, the “alpha-granules” 

were secretory granules termed later specific granules, which constitute the central 

morphologic feature of mature eosinophils. The acidophilic nature of these granules is due 

to the large amount of four cationic (basic) proteins stored within them: major basic protein 

1 (MBP-1) (also known as MBP and PRG2), eosinophil cationic protein (ECP) (also known 

Melo and Weller Page 2

J Leukoc Biol. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as RNase3), eosinophil-derived neurotoxin (EDN) (also known as RNase2) and eosinophil 

peroxidase (EPX) (also known as EPO) (reviewed in [2]).

During the 1950’s, an intriguing and unique feature of eosinophil specific granules was 

revealed in both human and other species by transmission electron microscopy (TEM): these 

granules were described as “biconvex discs bounded by a membrane and containing usually 

in their equatorial region, inclusions of a dense, “crystalloid” material embedded in a less 

dense matrix” [16–18]. Pioneer works elegantly showed details of the crystalline lattice of 

the specific granules in human and rodent eosinophils [19]. For this reason, these granules 

are also frequently referred to as crystalloid or crystalline granules and the presence of these 

morphologically unique organelles in a cell cytoplasm or even free in tissues allows the 

prompt identification of eosinophils by TEM (Table 1 and Fig. 2A). During the 1970’s, 

Gleich’s group demonstrated that MBP is the major constituent of the crystalloid cores of 

eosinophil specific granules in both experimental models [20–22] and humans [23]. More 

recently, it was demonstrated that MBP-1 is packed within specific granules of human 

eosinophils as distinctive nanocrystals with amyloid-like structures, which act as inert 

deposits of this cationic protein, thus enabling its intracellular safe storage [24]. 

Interestingly, once released in the extracellular medium under cell activation, MBP self-

aggregation mediates its toxic effect [24].

Notably, works conducted from 1990’s’ [25, 26] have been demonstrating that, in addition to 

cationic proteins, eosinophil specific granules contain many cytokines, chemokines and 

growth factors. A detailed list of these mediators and their biological properties in human 

eosinophils was recently summarized [2]. Moreover, multiple receptors such as chemokine 

receptor type 3 (CCR3), interleukin 4 alpha chain receptor (IL-4Rα), interferon gamma 

alpha chain receptor (INF-γ-αR), cysteinyl leukotriene receptor type 1 (cysLT1R), cysteinyl 

leukotriene receptor type 2 (cysLT2R), purinergic receptor (P2Y12R) (reviewed in [6]), 

Notch 1 receptor [27] and N-ethylmaleimide sensitive factor attachment protein receptors 

(SNAREs): the R-SNARes vesicle-associated membrane protein 7 and 8 (VAMP7 and 

VAMP8) [28] and the Qa-SNARE syntaxin-17 [29] are expressed in specific granules of 

human eosinophils. SNAREs are critical components of the intracellular trafficking 

machinery involved in membrane fusion events [30] and are likely associated with the 

transport of granule-derived specific cargos.

Eosinophil specific granules are also unanticipated sites of certain enzymes such as neuronal 

nitric oxide synthase (nNOS) [31] and protein disulfide isomerase (PDI) [32], which is a 

typical ER protein, involved in the oxidative folding of proteins (reviewed in [33]). The 

functional activity of these enzymes in specific granules from human eosinophils awaits 

further investigation.

On “primary” and “secondary” granules

The cytoplasm of mature human eosinophils is packed with specific granules, but 

occasionally some large granules lacking a typical crystalline core can be observed [34]. 

Based on studies of rat and rabbit eosinophil maturation, it is believed that these core-free 

granules comprise a separate granule population referred to as “primary” granules [35], 

analogously to that found in mature neutrophils in which primary (azurophilic) granules 
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persist in mature cells [36, 37]. Thus, two major types of large granules were considered to 

exist within mature human eosinophils: “primary” (coreless granules) and “secondary” 

(specific, cored granules) [34, 38, 39].

Several lines of evidence, however, have indicated that “primary” granules do not represent a 

separate granule population in eosinophils. It is well documented that during granule 

formation and granule protein genesis, cationic proteins, notably MBP, undergo progressive 

processing passing from precursor forms, such as proMBP, to finally MBP that forms the 

signature crystalline core in eosinophil specific granules [40, 41]. Studies of eosinophil 

differentiation in IL-5-stimulated umbilical cord stem cells cultured for 24 days localized, by 

immunoEM, proMBP predominantly in large uncondensed granules whereas condensing 

granules contained both proMBP and mainly MBP [41]. ProMBP was expressed in 

promyelocytes, myelocytes and metamyelocytes of the eosinophilic lineage that were 

actively forming specific granules. These findings led the authors to propose that “primary” 

(coreless) granules are either granules containing unprocessed proMBP or condensing 

granules containing proMBP and MBP [41]. Other cationic proteins - ECP and EPO – were 

demonstrated in both coreless and specific granules in human eosinophil progenitors of the 

bone marrow [42].

Studies in mice have shown that granule formation is closely associated with the maturation/

terminal differentiation of eosinophils from marrow progenitors [43, 44]. For example, 

combined loss of both MBP-1 and EPX gene expression caused the disruption of 

eosinophilopoiesis with rare eosinophils being found in the peripheral blood [43]. 

Interestingly, these cells showed specific granules-like structures with limiting membranes 

but devoid of electron-dense cores [43]. Accordingly, it was demonstrated that a requisite 

proteolytic processing of granule cationic proteins, including MBP and EPX, during 

eosinophil cell maturation are required both for specific granule formation and eosinophil 

survival [44]. Thus, as the eosinophil matures, its granules undergo condensation and 

crystallization of their centers, which means that coreless granules develop into core-

containing granules (Fig. 1). [42]

Our group has been studying the ultrastructure of eosinophils from humans and 

experimental models during different conditions. In normal donors, the amount of crystalline 

granules in eosinophils isolated from the peripheral blood corresponds to almost 100% of 

the granules. The occurrence of true core-free (immature) granules in these cells is rare, 

considering that some oblique sections of specific granules may not exhibit cores. On the 

other hand, coreless granules can be more frequently seen in eosinophils from peripheral 

blood and tissues in situations in which there is an overproduction of these cells such as 

hypereosinophilic syndrome (HES) and experimental Schistosoma mansoni infection 

(unpublished observations). Thus, exacerbated recruitment of eosinophils may lead to the 

release of a cell population from the blood marrow still in process of maturation/terminal 

differentiation and hence with noticeable numbers of immature granules.

Charcot-Leyden crystal protein (CLC-P), an autocrystallizing protein, is a hallmark of the 

eosinophil involvement in allergic inflammation and has been identified as a member of the 

carbohydrate-binding family of galectin 10 (GAL-10) (reviewed in [45]). The function of 
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CLC-P/Gal-10 is not well understood and its intracellular distribution is still intriguing. 

“Primary” granules, but not specific granules within mature human eosinophils were 

formerly determined as sites for CLC-P [46] and, for this reason, they have been typically 

referred to as CLC-P-positive granules. Nevertheless, CLC-P cannot solely be derived from 

or localized to “primary” granules. First, CLC-P account for ~7–10% of the total eosinophil 

protein in mature eosinophils (reviewed in [45]), being abundant in the eosinophil cytoplasm 

[47, 48]. Therefore, the presence of a small population of “primary” granules cannot account 

for such high concentration and cytoplasmic distribution of CLC-P. Second, quantitative 

analysis of CLC-P-containing granules in immature at myelocyte stage and mature 

eosinophils showed that the number of CLC-P-positive granules increases with maturation 

[48]. This discards the possibility that these granules represent “primary” granules since 

their number would be higher in the myelocyte stage compared to mature eosinophils [48]. 

Third, when double labeling of CLC-P and EPO was performed in eosinophils from the 

peripheral blood, the majority of the granules labeled for CLC-P was also positive for EPO, 

a typical cationic protein stored in specific granules [48]. Fourth, CLC-P also co-localized 

with CD63 [48], a member of the transmembrane-4 glycoprotein superfamily (tetraspanins) 

(reviewed in [49]), that is a marker for eosinophil specific granules [9, 50–53].

Altogether, accumulated data provide evidence that “primary” granules are indeed early 

“secondary” cored granules. Thus, distinct populations of “primary” and “secondary” 

granules are misinterpreted - there are no “primary” and no “secondary” granules - there are 

only immature and mature specific granules (Fig. 1 and Table 1).

On “microgranules” and “small granules”

In the past, several membrane-limited organelles distinct from the crystalloid granules were 

recognized by TEM in mature human eosinophils. “Microgranules” is a term quoted in the 

earlier eosinophil literature to describe one population of these organelles frequently seen in 

the eosinophil cytoplasm as small, round and generally electron-lucent structures [56]. 

However, this term is not appropriate since “microgranules” are not granules and indeed one 

of the forms assumed by membrane-bound vesiculotubular structures (Table 1), which have 

long been recognized in the cytoplasm of mature eosinophils (reviewed in [8]). Only in 

2005, the 3D structure and functional activities of these vesiculotubular structures, named 

Eosinophil Sombrero Vesicles (EoSVs), were unraveled and received attention due to their 

remarkable ability to interact with and to bud from specific granules [54] as discussed later.

EoSVs are tubular carriers with substantial membrane surfaces and considerable plasticity. 

These distinct vesicles are easily identifiable because of their typical ‘mexican hat’ 

(sombrero) appearance in cross sections (~150–300 nm in diameter), with a central area of 

cytoplasm and a brim of circular membrane-delimited vesicle (Table 1). They also can show 

a curved shaped morphology [8, 54] (Table 1). The curved morphology of EoSVs provides a 

higher surface-to-volume ratio system likely suitable for the specific transport of membrane-

bound proteins [57].

The morphology of EoSVs is so unique in eosinophils that their presence in the cytoplasm of 

granulocytes, devoid of specific granules, is useful for lineage assignment of granule-poor 

activated cells [58]. Moreover, the presence of persistent, free EoSVs is a common finding in 
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biopsies after eosinophil lysis [59], and might be also used as a morphological marker for 

eosinophil activity.

Another “granule population” described in the early eosinophil literature was termed “small 

granules” and characterized as round, electron-dense or electron-lucent structures, present in 

tissue eosinophils found in human diseases such as Hodgkin’s disease [60], Crohn’s disease 

[61] and the Chédiak-Higashi syndrome [62] and in blood eosinophils isolated from 

asthmatic patients [63]. By reviewing the morphology of these structures referred to as 

“small granules” [62, 63], it is evident that they are the same as or very similar to EoSVs [8] 

(Table 1).

During the 1970’s, “small granules” were described as sites for acid phosphatase and aB 

[64]. Because specific granules did not exhibit cytochemical activity for arylsulfatase B, this 

enzyme was considered a marker for “small granules” in human eosinophils [64]. Later, by 

using immunoelectron EM, it was demonstrated that arylsulfatase B was in fact primarily 

present within specific granules likely in an inactive form (detected by antibodies) in 

addition to “small granules” [65]. These authors correctly predicted that “small type 

granules” might derive from specific granules during secretion when then the inactive form 

of arylsulfatase would be converted to an enzymatically active form [65]. The morphology 

of arylsulfatase-positive “small granules” is indeed the same showed by now named EoSVs, 

which, as noted above, can originate from specific granules [54]. Another piece of evidence 

that “small granules” are EoSVs came from observations that “small granules” are present in 

increasing numbers in activated tissue eosinophils [61, 64] and that human eosinophils 

contain many “small granules” which appeared to fuse with emptying specific granules [63], 

both features identified later as being of large tubular carriers (EoSVs) being formed from 

activated specific granules [54] (Table 1).

EOSINOPHIL SPECIFIC GRANULES ARE MEMBRANOUS 

COMPARTMENTALIZED ORGANELLES

In 1981, Okuda and colleagues emphasized that “elucidation of the eosinophil functions 

would require an intensive study of their specific granules” [66]. Based on an 

underappreciated ultrastructural study, these authors conjectured that specific granules of 

human eosinophils seemed to be much more complex organelles, both morphologically and 

functionally. By studying human eosinophils activated both in vitro, with 

immunocomplexes, and in vivo (tissues from patients with nasal allergy), they described a 

very intriguing finding: a tubular membranous structure in the matrix of the specific granules 

[66]. These authors reported that emptying, activated specific granules had a characteristic 

membranous tubular pattern, which, when viewed from different angles in thin sections, 

appeared as small tubules or round vesicles and suggested that the tubular structure would 

serve as canal for excreting the enzymatic contents from the specific granules [66]. The 

presence of similar structures within specific granules was also noted in tissue eosinophils 

from patients affected with Hodgkin’s disease [60], Crohn’s disease [61] and eosinophilic 

gastroenteritis [67] as well as in eosinophils isolated from the peripheral blood from patients 

with asthma [63] and helminthic infections [68], after stimulation with platelet activating 
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factor (PAF) or aerosol, respectively. However, little attention had been given to these earlier 

findings.

In 2005, by using different TEM approaches, including optimal morphology and antigen 

preservation with pre-embedding immunonanogold EM [69] and electron tomography, we 

demonstrated that specific granules from human eosinophils indeed contain internal 

membranes, observed as tubules and vesicles, mainly in the granule matrix, after stimulation 

with CCL11, CCL5 or PAF [70]. Quantitative EM analyses showed that, in parallel with a 

significant increase of emptying granule numbers, there were significant increases in 

numbers of granules showing internal membrane domains in response to these agonists [70]. 

The tubular structures that were noted within specific granules in activated eosinophils are 

likely an integral structural component of these granules whose presence can be mainly 

detected after disarrangement of the granule contents. Interestingly, subcompartments within 

specific granules showing clear trilaminar structure, which is typical of phospholipid 

membranes, were seen delimiting granule products, including MBP-1 [51, 70] and collapse 

of these internal membranous domains was observed after treatment with brefeldin-A, which 

affects vesicular trafficking [70].

The presence of membranous domains within specific granules was confirmed by 

immunonanogold EM, a technique that provides precise epitope preservation [69], which 

revealed pools of CD63 within granules undergoing depletion of their contents [9, 70] and 

by electron tomographic analyses, which enabled 3D visualization of granules in high 

resolution [70]. Application of electron tomography brought a new view of specific granules 

as organelles with membranous subcompartments organized as an aggregate of flattened 

tubular networks and tubules with interconnections in some planes as well as connections 

with the granule limiting membrane [70]. This vesiculotubular network is likely involved in 

the formation of EoSVs from specific granules [70].

EOSINOPHIL ACTIVATION TRIGGERS STRUCTURAL CHANGES OF 

SPECIFIC GRANULES

Specific granules of human eosinophils undergo distinct structural changes in response to 

both in vitro stimulation and numerous diseases. These granule alterations can be identified 

in detail only at high resolution by TEM and are informative of the complex and diverse 

secretory activities of these cells (reviewed in [71]).

Morphological patterns of eosinophil degranulation, recently reviewed in ref. [2] include: i) 

Compound exocytosis (Fig. 2B): fusion of a population of granules with each other to form 

large open channels for granule cargo release;[72][73] Fusion of single granules with the 

plasma membrane (classical exocytosis) can also be observed; ii) Piecemeal degranulation 

(PMD) (Fig. 2C): characterized by a “piece by piece” release of secretory granule contents, 

which are differentially packed into secretory vesicles, including EoSVs, that bud off from 

the granules and traffics in the cytoplasm to deliver specific granule proteins to the 

extracellular space (reviewed in [74]). PMD occurs in the absence of granule fusions and 

retains the delimiting membranes of specific granules, which appear as emptying containers 

[74] and; iii) Cytolysis: granule deposition in tissues after cell death, and that may be 
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associated or not with DNA-formed EETs [13, 14, 75]. FEGs remain ligand-responsive and 

competent to secrete and, for this reason, are considered functionally active [13, 52].

Exocytosis is an uncommon in vivo eosinophil degranulation event, but can be observed 

during in vitro interaction of eosinophils with different parasitic helminths [72] and 

environmental fungi [73] or after in vitro stimulation with high concentration of tumor 

necrosis factor alpha (TNF-α) [9]. Cytolysis and PMD are the most frequent modes of 

eosinophil degranulation in vivo, being well-documented in numerous human diseases such 

as nasal polyposis [76–78], allergic rhinitis [77, 79], atopic dermatitis [80], asthma [77], 

ulcerative colitis [77], Crohn’s disease [77], shigellosis [81], cholera [82], gastric carcinoma 

[83] and eosinophilic esophagitis [59].

Interestingly, human eosinophils can show different degranulating patterns in vivo, in 

response to a specific eosinophilic disease or condition. For example, quantitative 

ultrastructural studies in biopsies showed that, while PMD is the predominant eosinophil 

degranulation process in allergic rhinitis [77, 79], most infiltrating eosinophils exhibit 

morphological evidence of cytolysis in eosinophilic esophagitis [59]. In vitro, we observed 

that structural changes indicative of exocytosis and PMD may coexist in the same cell in 

response to activation. This is the case of human eosinophils stimulated with TNF-α, which 

show predominantly compound exocytosis (65%) but also PMD to a lesser degree (28%) [9] 

while stimulation with eosinophil agonists such as CCL5, CCL11 or PAF triggers PMD and 

rare fusion of the granules [70].

INTERPLAY BETWEEN SECRETORY GRANULES AND VESICULAR 

TRAFFICKING

Large vesiculotubular carriers (EoSVs) have been extensively observed within the cytoplasm 

of human eosinophils, especially around or attached to emptying granules (reviewed in [8, 

84] (Fig. 2C). As noted, even when the identity of “small granules” was unknown, the 

association of these structures with specific granules was reported in activated eosinophils 

[63]. This intriguing intracellular distribution was better understood with the use of 

automated electron tomography applied to very thin serial slices (just 4 nm thick) of human 

eosinophils. Computer reconstructions revealed that EoSVs emerge from granules in process 

of secretion through PMD, as observed after stimulation with CCL11 [54] (Movie 1, 

available online). Thus, one remarkable characteristic of eosinophil specific granules is that 

they are able to generate large carriers for transportation of granule-derived products such as 

IL-4 [54], MBP-1 [51], CD63 [9] and INF-γ (unpublished observation).

As noted, amplified formation of EoSVs is a feature of activated eosinophils. Quantitative 

studies clearly demonstrated that the total number of EoSVs significantly increases in 

response to cell activation with CCL11 [54] or TNF-α [9]. Naturally activated eosinophils, 

such as those found in patients with HES, also show higher numbers of EoSVs compared to 

normal donors [51].

It is now clear that EoSVs take part in the eosinophil secretory pathway and that the 

increased formation of EoSVs in activated eosinophils reflects the immune secretory 
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responses of these cells [8, 9, 54]. In fact, EoSVs are not just implicated with PMD but 

likely have a more complex role in human eosinophils. A work from our group demonstrated 

by immunonanogold EM that EoSVs show a differential distribution in the cytoplasm 

trafficking in concert with the movement of granules in process of secretion by both PMD 

and compound exocytosis [9]. Thus, when large chambers of fused granules are formed in 

the cell periphery in response to TNF-α activation, most CD63-positive EoSVs are 

concentrated in this region of the cytoplasm. In contrast, CD63-positive EoSVs show a more 

uniform distribution in the cytoplasm of CCL11-stimulated eosinophils, in association with 

granules undergoing PMD [9]. Our data strongly indicate that EoSVs are acting in the 

translocation of CD63 pools from and/or to specific granules in response to stimulation, in 

order to facilitate/regulate secretion [9].

FINAL REMARKS AND FUTURE DIRECTIONS

Eosinophils have the ability to secrete numerous immune mediators, which are pre-

synthesized and stored within their specific granules, the single population of granules 

within mature human eosinophils. However, nowadays, these organelles cannot be 

considered just storage stations for eosinophil products. The detection of signaling 

molecules at them, such as specific cytokines receptors [52, 55] and SNAREs [28, 29], in 

conjunction with the high-resolution, structural findings of internal, organized membranes 

and ability to release tubular vesicles (EoSVs) [8], makes it clear that specific granules are 

intricate organelles, able to select their products for release in response to a specific 

stimulus. However, much remains to be investigated to understand the entire molecular 

machinery involved. Moreover, there is increasing evidence for a consistent interplay 

between specific granules and vesicular system in human eosinophils. Better 

characterization of this interaction, including detection of a probable retrograde traffic of 

EoSVs from the plasma membrane to specific granules, remains to be investigated. Finally, 

as recently discussed in ref. [2], several issues in comparing specific granules from mouse 

and human eosinophils are unsolved. For example, the ability of specific granules from mice 

in acting as storage sites for cytokines and to release vesicular carriers in response to cell 

activation is still unknown. Future studies are needed to better understanding of the 

structural and functional aspects of mouse specific granules.
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Abbreviations

CLC-P Charcot-Leyden crystal protein

ECP eosinophil cationic protein

EDN eosinophil-derived neurotoxin

EoSV Eosinophil Sombrero Vesicle

EPX eosinophil peroxidase

ER endoplasmic reticulum

FEGs free extracelular granules

GAL galectin

HES hypereosinophilic syndrome

IL-4 interleukin 4

INF-γ interferon gamma

MBP1 major basic protein major 1

PAF platelet activating fator

PMD piecemeal degranulation

TEM transmission electron microscopy

TNF-α tumor necrosis factor alpha
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Figure 1. Developmental morphology of specific granules within human eosinophils
Cored granules of mature human eosinophils are of a single type derived by transition from 

spherical coreless granules. During maturation in the bone marrow, immature specific 

granules undergo condensation and crystallization of their cores. (1) Immature granule in 

process of condensation showing intragranular vesicles surrounding the dense granule 

content; (2) Round immature granule with homogenously dense content; (3) Spherical core-

containing granule seen with an electron-dense central area surrounded by an less dense 

region; (4) Resting, elliptical granule with a well-defined electron-dense core and an 

electron-lucent matrix; (5) An activated granule shows disassembling of its core and matrix 

and formation of vesiculotubular structures (EoSVs). All granules are delimited by a 

phospholipid bilayer membrane. A mixture of granules (1), (2) and (3) is observed in 

precursor cells (eosinophilic myelocytes) of the eosinophil lineage. The density of these 

granules is variable. Initially, small numbers of granule (3) are interspersed among large 

numbers of coreless granules (1) and (2) [34, 85]. Granules (4) and (5) are typical of mature 

eosinophils from the peripheral blood and tissues [5, 74].
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Figure 2. Ultrastructure of eosinophil specific granules in humans
(A) A representative resting eosinophil show the cytoplasm packed with granules full of 

contents with typical morphology. Each granule has a central electron-dense core 

surrounded by an electron-lucent matrix and a delimiting membrane. (B and C) 

Degranulating eosinophils show morphological pattern of compound exocytosis (B), 

characterized by large channels formed by granule-granule fusions and wholesale release of 

granule contents, and piecemeal degranulation (PMD) (C), characterized by progressive 

emptying of the secretory granules in the absence of granule fusions and specific release of 

granule contents. Granule enlargement, disarrangement of the cores and matrices and 

increased formation of EoSVs (highlighted in pink) are observed during PMD. The boxed 

areas in (A–C) are shown in high magnification in (Ai-Ci). Eosinophils were isolated from 

the peripheral blood by negative selection, stimulated for one hour with TNF-α (B) or 

CCL11 (C), immediately fixed and processed for conventional TEM. N, nucleus; Gr, 

specific granules; LB, lipid body. Scale bars, 900 nm (A, C); 1.0 μm (B); 600 nm (Ai, Bi); 

500 nm (Ci).
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