
Summary. Secretion is a fundamental cell process
underlying different physiological and pathological
events. In cells from the human immune system such as
eosinophils, secretion of mediators generally occurs by
means of piecemeal degranulation, an unconventional
secretory pathway characterized by vesicular transport of
small packets of materials from the cytoplasmic
secretory granules to the cell surface. During piecemeal
degranulation in eosinophils, a distinct transport vesicle
system, which includes large, pleiomorphic vesiculo-
tubular carriers is mobilized and enables regulated
release of granule-stored proteins such as cytokines and
major basic protein. Piecemeal degranulation underlies
distinct functions of eosinophils as effector and
immunoregulatory cells. This review focuses on the
structural and functional advances that have been made
over the last years concerning the intracellular
trafficking and secretion of eosinophil proteins by
piecemeal degranulation during inflammatory responses.
Key words: Human eosinophils, Vesicle-mediated
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Introduction

Secretion is an essential biological activity of all
eukaryotic cells by which they release specific products
in the extracellular space during physiological and
pathological events. Most eukaryotic proteins are
secreted through the conventional endoplasmic

reticulum (ER)-Golgi secretory pathway. The classical
picture of the cell secretory pathway includes protein
synthesis within the ER, transport of cargo inwards
towards the Golgi apparatus and then through the Golgi
and trans-Golgi network (TGN) en route to the plasma
membrane, all carried by transport vesicles (Watson and
Stephens, 2005). In cells from the human immune
system such as eosinophils, basophils, neutrophils and
mast cells, additional secretory vesicle traffic is active.
This secretory pathway is characterized by vesicular
transport of small packets of materials from the
cytoplasmic secretory granules to the cell surface
(Dvorak et al., 1991, 1992; Beil et al., 1993). Termed
piecemeal degranulation (PMD) because of a “piece by
piece” release of secretory granule contents, this
secretory process is now recognized as a central
secretion mode during inflammatory responses. In
contrast to classical granule exocytosis which involves
granule fusion with the plasma membrane and release of
the total granule content, piecemeal degranulation
enables release of specific granule-stored proteins.

Since the early description in basophils, PMD has
been documented in diverse inflammatory cells and in a
variety of experimental models and diseases (Dvorak,
1992b, 2005a). In human eosinophils, PMD is the most
frequently encountered secretory process in cells from
subjects with a range of inflammatory and allergic
disorders (Dvorak et al., 1980; Karawajczyk et al., 2000;
Erjefalt et al., 2001; Ahlstrom-Emanuelsson et al., 2004)
and is responsible for the regulated release of cytokines
and other proteins during eosinophil responses. We have
been studying structural mechanisms underlying PMD in
human eosinophils during different situations. This
review focuses on the structural and functional advances
that have been made over the last years concerning the
intracellular trafficking and secretion of eosinophil
proteins by PMD during inflammatory responses.
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Eosinophil as a secretory cell

Eosinophils are leukocytes of the innate immune
system with a wide range of functions. They are
typically associated with host defense against helminthic
pathogens and with inflammatory and allergic diseases
such as asthma. Moreover, emerging evidence indicate
that eosinophils are essential cells for tissue remodeling,
repair and immunoregulation. It is now becoming
apparent that eosinophils modulate acute phase and
innate inflammatory responses as well as acquired
immunity associated with both TH1 and TH2 immune
responses (reviewed in Gleich, 2000; Adamko et al.,
2005; Rothenberg and Hogan, 2006; Foley et al., 2007;
Jacobsen et al., 2007; Trivedi and Lloyd, 2007). 

In response to varied stimuli, including cross-linking
of different subclasses of immunoglobulin receptors,
interferon–γ (INF-γ), and the chemokines, eotaxin
(CCL11), and RANTES (CCL5), eosinophils are
recruited from the circulation into inflammatory foci,
where they modulate immune responses through the
extracellular release of granule-derived products
(reviewed in Gleich, 2000; Munitz and Levi-Schaffer,
2004; Adamko et al., 2005; Rothenberg and Hogan,
2006; Rosenberg et al., 2007). The inflammatory action
of eosinophils is therefore effected by degranulation
mechanisms. In addition to PMD, two other mechanisms
can be involved in eosinophil secretion: i) classical
exocytosis by which granules release their entire
contents following granule fusion with the plasma
membrane, including compound exocytosis, which also
involves intracellular granule-granule fusion before
extracellular release; and ii) cytolysis, which consists of
extracellular deposition of intact granules upon lysis of
the cell (reviewed in Erjefalt and Persson, 2000; Moqbel
and Coughlin, 2006; Weller et al., 2009). Granule
exocytosis is rarely documented during inflammatory
responses while cytolysis and PMD have been reported
more frequently during human diseases. For example, in
a recent study conducted in patients with nasal
polyposis, while 30.7% of eosinophils were inactive,
41.7% exhibited PMD and 27.5% showed cytolysis
(Armengot et al., 2009).

Classical, acute effector eosinophil responses
involve secretion of four distinct cationic proteins: major
basic protein (MBP) (Gleich et al., 1973; Lewis et al.,
1978); eosinophil cationic protein (ECP) (Egesten et al.,
1986); eosinophil-derived neurotoxin (EDN) (Peters et
al., 1986); and eosinophil peroxidase (EPO) (Egesten et
al., 1986). Secretory responses of human eosinophils
also involve release of numerous cytokines with multiple
biologic activities including transforming growth factor-
alpha (TGF-α ) (Wong et al., 1990), granulocyte
macrophage colony-stimulating factor (GM-CSF)
(Broide et al., 1992; Levi-Schaffer et al., 1995;
Desreumaux et al., 1998); tumor necrosis factor-alpha
(TNF-α) (Beil et al., 1993); INF-γ (Spencer et al., 2009);
IL-2 (Levi-Schaffer et al., 1996); IL-3 (Fujisawa et al.,
1994; Desreumaux et al., 1998); IL-4 (Moqbel et al.,

1995; Moller et al., 1996b); IL-5 (Dubucquoi et al.,
1994, Moller et al., 1996a, Desreumaux et al., 1998); IL-
6 (Lacy et al., 1998); IL-10 (Spencer et al., 2009); IL-12
(Spencer et al., 2009); IL-13 (Woerly et al., 2002); IL-16
(Lim et al., 1996), regulated on activation, normal, T cell
expressed, and secreted (RANTES/CCL5) (Ying et al.,
1996; Lacy et al., 1999); eotaxin (CCL11) (Nakajima et
al., 1998); vascular endothelial growth factor (VEGF)
(Horiuchi and Weller, 1997), stem cell factor (SCF)
(Hartman et al., 2001); epithelial cell-derived neutrophil
activating peptide (ENA-78/CXCL5) (Persson et al.,
2003); growth-related oncogene-alpha (GRO-α )
(Persson-Dajotoy et al., 2003) and nerve growth factor
(NGF) (Toyoda et al., 2003). 

Different from other immune cells, such as most
lymphocytes which must synthesize proteins prior to
secretion; both cationic proteins and cytokines are stored
as preformed pools within eosinophil secretory granules.
Notably, secretion of the preformed eosinophil cytokines
is a rapid and stimulus-specific event (Bandeira-Melo et
al., 2003; Spencer et al., 2009). Using different stimuli to
represent Th1, Th2 and inflammatory and regulatory
microenvironments, we observed differential secretion
of cytokines. For example, despite preformed,
intragranular stores of IL-12 and IL-4, eosinophils
responded to Th1 and proinflammatory cytokine stimuli
dose-dependently with secretion of IL-4 but not IL-12.
On the other hand, INF-γ was secreted in response to
Th1, Th2 and inflammatory stimuli. These findings
provide insights into the functions of human eosinophils
in mediating inflammatory processes and initiation of
specific immunity (Spencer et al., 2009).
Ultrastructural views of piecemeal degranulation in
activated eosinophils

Structural changes in secretory granules

Human eosinophils are characterized by a major
population of secretory specific granules (Kita et al.,
1998; Lacy and Moqbel, 2000; Munitz and Levi-
Schaffer, 2004), also termed secondary or crystalline
granules. These granules exhibit a distinctive
morphology with a central crystalline core compartment
and an outer matrix surrounded by a delimiting
trilaminar membrane (Fig. 1). Because of their unique
morphology, this granule population defines the
eosinophil lineage in multiple species (Dvorak and
Weller, 2000).

Piecemeal deranulation is defined by the
ultrastructural identification of emptying secretory
granules. During PMD secretion, secretory granules
undergo a progressive emptying of their contents, a
phenomenon identified by transmission electron
microscopy (TEM) by the presence of lucent areas
within their internal structure, reduced electron density,
disassembled contents or membrane empty chambers
(Erjefalt et al., 2001; Dvorak, 2005b; Melo et al., 2005a;
2005c (Figs. 2, 3). Structural alterations within secretory
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granules associated with PMD are described in a
diversity of human inflammatory and allergic disorders
including asthma (Karawajczyk et al., 2000); nasal
polyposis (Erjefalt et al., 2001; Armengot et al., 2009);
allergic rhinitis (Erjefalt et al., 2001; Ahlstrom-
Emanuelsson et al., 2004); ulcerative colitis (Erjefalt et
al., 2001); Crohn’s disease (Erjefalt et al., 2001); atopic
dermatitis (Cheng et al., 1997); gastric carcinoma
(Caruso et al., 2005); shigellosis (Raqib et al., 2003) and
cholera (Qadri et al., 2004). In this form of secretion,
human eosinophils secrete granule matrix and/or core
contents, but retain their granule containers. The result in
electron-microscopic images is a cell filled with partially
empty, and/or fully empty specific granules (reviewed in
Dvorak and Weller, 2000) (Figs. 2, 3).

The number of emptying granules within human
eosinophils increases when the cells are activated, both
in vivo and in vitro in different conditions (Karawajczyk
et al., 2000; Erjefalt et al., 2001; Ahlstrom-Emanuelsson
et al., 2004; Melo et al., 2005b). In addition, eosinophil
specific granules in the process of secreting their
contents can show larger size than resting granules in the
same cell, a phenomenon likely due to the changes that
occur within granules in response to degranulating
stimuli (Figs. 3A, 4C). 

We have been using inflammatory stimuli, such as
the classical eosinophil agonists, eotaxin (CCL11),
RANTES (CCL5) or platelet activating factor (PAF),
and different technical approaches, especially electron
microscopy to study PMD in human eosinophils (Figs. 2,
3). These stimuli trigger PMD, and pretreatment with
brefeldin-A, a potential inhibitor of vesicular transport
(Nebenfuhr et al., 2002), inhibits agonist-induced
granule emptying (Melo et al., 2005b). Early aspects of
stimulus-induced eosinophil PMD, when most granules
did not yet show signs indicative of content losses, can
be observed after 30 min of stimulation. At this time,
granules develop into irregular structures with
progressive protrusions from their surfaces,
preferentially present on intact granules that had an ill-
defined core and matrix (Melo et al., 2005b).

After 1h of stimulation, specific granules show
dramatic changes in ultrastructure compared to those in
unstimulated cells. In unstimulated eosinophils, granules
are seen as round or elliptical structures with their
classical morphology and full of contents (Fig. 1). Upon
stimulation, granule contents exhibit clear losses
classically associated with PMD (Figs. 2, 3) (Melo et al.,
2005b). 

Of interest, not all eosinophil specific granules are
uniformly, coordinately, and simultaneously responsive
to stimuli (Fig. 2). Studies using classical eosinophil
agonists showed that whereas only 8% of granules in
unactivated eosinophils had granules undergoing
piecemeal degranulation, 43% (eotaxin), 25%
(RANTES) and 34% (PAF) showed emptying granules
(Melo et al., 2005b). Moreover, the responses of
eosinophils were not uniformly distributed. For example,
in scoring the numbers of granules that exhibited loss of

granule contents indicative of piecemeal degranulation,
in unstimulated cells 70% of eosinophils had <10% of
granules with losses whereas eotaxin elicited a marked
heterogeneity of granule emptying responses within
eosinophils such that >15% of eosinophils had >90% of
their granules exhibiting content losses (Melo et al.,
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Fig. 1. Multifunctional granule-stored products within human
eosinophils. Ultrastructural image of a human eosinophil shows the
cytoplasm packed with specific granules containing an internal often
electron-dense crystalline core. Cores are surrounded by an electron-
lucent matrix. In response to a variety of stimuli, eosinophils secrete
cytotoxic cationic proteins and an array of cytokines and chemokines.
Figure 1 list: eosinophil proteins documented within specific granules.
Bar, 480 nm. Gr, specific granules; Nu, nucleus; LB, lipid body. CCL5
(RANTES), regulated on activation, normal T cell expressed and
secreted (Lacy et al., 1999); CCL11 (eotaxin) (Nakajima et al., 1998);
ECP, eosinophil cationic protein (Egesten et al., 1986); EDN, eosinophil-
derived neurotoxin (Peters et al., 1986); ENA-78/CXCL5, epithelial cell-
derived neutrophil activating peptide (Persson et al., 2003); EPO,
eosinophil peroxidase (Egesten et al., 1986); GM-CSF, granulocyte
macrophage colony-stimulating factor (Levi-Schaffer et al., 1995,
Desreumaux et al., 1998); GRO-α, growth-related oncogene-alpha
(Persson-Dajotoy et al., 2003); IL-2 (Levi-Schaffer et al., 1996); IL-3
(Desreumaux et al., 1998); IL-4 (Moqbel et al., 1995; Moller et al.,
1996b); IL-5 (Moller et al., 1996a; Desreumaux et al., 1998); IL-6 (Lacy
et al., 1998); IL-10 (Spencer et al., 2009); IL-12 (Spencer et al., 2009);
IL-13 (Woerly et al., 2002); INF-γ, interferon gamma (Spencer et al.,
2009); MBP, major basic protein (Gleich et al., 1973; Lewis et al., 1978;
Melo et al., 2009); NGF, nerve growth factor (Toyoda et al., 2003); SCF,
stem cell factor (Hartman et al., 2001); TGF-α; transforming growth
factor-alpha (Egesten et al., 1996); TNF-α , tumor necrosis factor-alpha
(Beil et al., 1993). Reprinted from (Melo et al., 2008b) with permission.



2005b). In vivo, the numbers of emptying eosinophil
granules in nasal biopsies from patients with seasonal
allergic rhinitis obtained before and after the pollen
season was also quantitated (Ahlstrom-Emanuelsson et
al., 2004). Among the pre-seasonal tissue eosinophils, an
average of 37±2.7% (mean ± SD) of the granules were
altered as a result of piecemeal degranulation, while the
extent of piecemeal degranulation was increased to
87±1.8% in association with seasonal pollen exposure
(Ahlstrom-Emanuelsson et al., 2004). Moreover,
eosinophils showing signs of severe-to-complete loss of
granule content were exclusively observed during the
pollen season and the degree of eosinophil degranulation
was correlated with levels of ECP in lavage fluids
obtained at histamine challenge (Ahlstrom-Emanuelsson
et al., 2004). 

Therefore, morphological changes in emptying

granules reflect the activation state of granules. As
observed in eosinophils and other cells undergoing
PMD, granules can show different stages of emptying
(from loosening of the matrix and core to more advanced
stages up to complete emptying). Of note, in contrast to
classical regulated secretion characterized by extrusion
of entire granules, PMD sustains a pool of intact
secretory granules. The presence of intact secretory
granules intermingled with granules undergoing
depletion of their contents has been described in
different types of secretory cells, including other cells
from the immune system such as mast cells and
basophils and seems to be a general feature of piecemeal
degranulation (reviewed in Crivellato et al., 2003). In
eosinophils, this may contribute to the special capability
of these cells to rapidly release their products under
different or repetitive stimuli (Melo et al., 2005b). 
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Fig. 2. Ultrastructure of an eotaxin-activated
human eosinophil showing piecemeal
degranulation (PMD). After stimulation with
eotaxin, specific granules (Gr) exhibit different
degrees of emptying of their contents and show
morphological diversity indicative of PMD.
Granules can appear as irregular structures
with protrusions from their surfaces (Ai); show
disassembled matrices and cores or residual
cores (Aii) or lucent areas in their cores,
matrices or both (Aiii). Cells were incubated
with eotaxin for 1h, immediately fixed and
prepared for transmission electron microscopy
as before (Melo et al., 2005b). Nu, nucleus.
Scale bar: 1.0 µm.



Secretory vesicular trafficking from eosinophil specific
granules

As noted, a large number of studies have
documented the occurrence of PMD in different cell
types based on the ultrastructural identification of
emptying secretory granules (Dvorak, 1998; Crivellato
et al., 2003; Melo et al., 2005b). By conventional TEM,
also frequently reported is the presence of vesicles as
well as tubules attached to, surrounding or budding from
secretory granules within activated human eosinophils
(reviewed in Melo et al., 2008b). 

Using a cytochemical method for EPO detection, an
early study has documented the presence of EPO-
containing, membrane-bound vesicles attached to
specific granules and plasma membrane and also free in
the intervening cytoplasm in eosinophils arising in
growth factor-supplemental cultures of human cord
blood mononuclear cells. These EPO-loaded vesicles
were identified as the vesicular system involved in the
transport of products from granules to the cell surface

(Dvorak et al., 1994).
Although numerous products are known to be

localized within the eosinophil secretory granules for
decades (Fig. 1), the ultrastructural immunolocalization
of granule-stored proteins at transport vesicles was
consistently documented only during the last 5 years
(Melo et al., 2005c, 2009; Spencer et al., 2006). 

By using a pre-embedding immunolabeling
approach which is performed before standard EM
processing, we have identified consistent secretory
vesicle traffic of granule-stored proteins from eosinophil
specific granules to cell membrane (Melo et al., 2005c,
2009). Pre-embedding immunoEM optimizes antigen
preservation and is more sensitive to detect small
molecules than post-embedding labeling that is done
after conventional EM processing. Moreover, to reach
antigens at membrane microdomains such as vesicles,
we used Fab-fragments linked to very small (1.4 nm)
gold particles as secondary antibodies. This strategy has
enabled the identification of vesicular trafficking of
typical granule-stored proteins such as IL-4 and MBP
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Fig. 3. A. Piecemeal degranulation
(PMD) in a platelet activating
factor (PAF)-stimulated human
eosinophil. Stimulation with 
PAF induced granule losses
characteristic of PMD. Granules
showing reduced electron
density, with residual cores or
membrane empty chambers are
clearly observed (arrowheads).
Intact, non-emptying granules
with typical morphology (*) are
seen close to emptying granules.
Boxed areas in A are shown in
high magnification in Ai and Aii.
Eosinophil Sombrero vesicles
with characteristic morphology
are seen in Ai while Aii shows a
vesicle profile (arrow) budding
from a secretory granule. B.
Significant increases in numbers
of emptying granules occurred
after stimulation with eosinophil
agonists (*: P<0.05). Eosinophils
were isolated by negative
selection from healthy donors,
stimulated, immediately fixed
and prepared for transmission
electron microscopy. Counts
were derived from 3 experiments
with a total of 3,945 granules
counted in 95 electron micro-
graphs randomly taken and
showing the entire cell profile
and nucleus. Reprinted from
(Melo et al., 2005b) with
permission. Nu, nucleus. Scale
bar: A, 600 nm; Ai, Aii, 300 nm.



(Fig. 4) (Melo et al., 2005c, 2008a, 2009), recognized
for a long time only within cores of eosinophil granules
(Moqbel et al., 1995, Moller et al., 1996b). This vesicle-
mediated secretion from secretory granules has likely
been previously underestimated because of technical
issues – inadequate preservation of vesicles and/or
inability of antibodies access to them.

Until recently, it was believed that the transport of
secretory proteins between the eosinophil cytoplasmic
granules and cell membrane was carried out only by
small round vesicles (Dvorak et al., 1991; Dvorak,
1992a; Beil et al., 1993). Interestingly, our EM studies
have recently brought conclusive evidence for the
participation of morphologically distinct, large
membrane-bound tubular compartments, referred to as
Eosinophil Sombrero Vesicles (EoSVs), in the
eosinophil secretory route (Spencer et al., 2006; Melo et
al., 2008b, 2009) . 

In activated human eosinophils, EoSVs undergo a
remarkable formation and redistribution. When
eosinophils are stimulated with classical eosinophil

agonists, such as eotaxin, there is an increase of the total
number of cytoplasmic EoSVs (Melo et al., 2005c). In
addition, EoSVs are more frequently observed
surrounding and/or in contact with secretory granules
(Melo et al., 2005c). By quantitative TEM, it was
demonstrated that activation induces a significant
increase in the numbers of granule-attached EoSVs.
Interestingly, the majority of these EoSVs (90%) are
associated with granules showing ultrastructural changes
typical of PMD (reviewed in Melo et al., 2008b). 

Both small round vesicles and EoSVs compartments
are positively immunolabeled for typical granule
products (Melo et al., 2005b,c). Eosinophil peroxidase
(EPO)-loaded vesicles and tubules were initially
detected within eosinophils that developed from human-
cord blood mononuclear cell cultures supplemented with
interleukin-5 (IL-5) (Dvorak et al., 1994). Accordingly,
mobilization of MBP into large tubular vesicles was
demonstrated more recently by immunonanogold
electron microscopy when eosinophils were stimulated
with eotaxin. Vesicles containing MBP were identified
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Fig. 4. Large tubular
carriers actively
transport major basic
protein (MBP). A-C.
Eosinophil sombrero
vesicles - EoSVs -
(arrows) are observed
in the cytoplasm by
transmission electron
microscopy (TEM) after
i m m u n o n a n o g o l d
labeling for MBP.
Vesicles are seen
beneath the plasma
membrane in the
cytoplasm (A), fused
with the plasma
membrane (B) and
attached to an enlarged

partially empty granule (C), typically indicative of PMD. D. EoSVs, isolated by subcellular fractionation, are densely labeled for MBP. Note that MBP is
preferentially localized within the vesicle lumen. Eosinophils were stimuated by eotaxin as described in Material and Methods. Gr, specific granules; Nu,
nucleus. Reprinted from (Melo et al., 2009) with permission. Scale bars: A, 400 nm; B, 230 nm; C, 250 nm; D, 200 nm.



within and extending from granules as well as around
emptying granules and underneath the plasma membrane
(Fig. 4A-C) (Melo et al., 2009). Eosinophil sombrero
vesicles within intact eosinophils (Fig. 4A-C) or isolated
from these cells by subcellular fractionation (Fig. 4D)
were extensively labeled for MBP, which was clearly
localized within the vesicle lumina (Fig. 4). MBP-loaded
vesicles had an effective interaction with the secretory
granules and seemed to be, at least in part, structurally
linked to them (Fig. 4C). This interaction may be
important for vesicular replenishment of MBP from
granules. As noted, the MBP-positive vesicular system
was associated with a secretory pathway transporting
MBP from eosinophil specific granules and not with a
synthetic route from the trans-Golgi network, which was
rarely labeled for MBP (Melo et al., 2009). 

In a recent study, we demonstrated that the total
numbers of EoSVs are significantly increased within
eosinophils from a patient with hypereosinophilic
syndrome (HES) (Melo et al., 2009). Eosinophils from
HES individuals are typically activated (Ackerman and
Bochner, 2007), compared to cells from normal donors.
The identification of increased number of EoSVs in HES
eosinophils is important because they would explain the
reason for the loss of electron dense cores (enriched in
crystallized MBP) observed in tissue eosinophils from a
range of disorders, such as Crohn’s disease, eosinophilic
gastroenteritis and HES (Fig. 5) (Dvorak, 1980; Torpier
et al., 1988; Dvorak et al., 1990). In fact, deposition of
MBP can be demonstrated in affected tissues of patients

with HES (Tai et al., 1987) and vesicular trafficking is
likely involved in this secretory mechanism.

Vesicular trafficking of IL-4, a hallmark, granule-
stored cytokine was identified in human eosinophils
using different approaches (Melo et al., 2005c). This
study clearly demonstrated a consistent and preferential
labeling for IL-4 on vesicle membranes and not on their
internal content as observed for MBP-labeled vesicles.
Labeling for TGF-α, another granule-stored cytokine,
was also documented at transport vesicles membranes in
a previous EM study (Egesten et al., 1996). These
findings showing preferential cytokine labeling at
vesicle membranes instead of vesicle lumina provide
more evidence for the occurrence of distinct cellular
mechanisms involved in the mobilization of specific
proteins from eosinophil granules. A functional
implication of a membrane-bound vesicular transport of
cytokines is that it adds support to the occurrence of
selective release of products from eosinophils as
previously indicated (Lacy et al., 1999; Bandeira-Melo
et al., 2001). Interestingly, pools of IL-4 and MBP-
loaded vesicles were also identified in unstimulated
eosinophils. This may contribute to the rapid protein
mobilization and release following cell activation (Melo
et al., 2005c) and may underline the eosinophil role as a
regulator of local immune and inflammatory responses
(reviewed in Jacobsen et al., 2007; Adamko et al., 2005;
Akuthota et al, 2008 ). Major basic protein, for example,
in addition to being a recognized molecule for defense
against parasites, seems to be involved in the regulation
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Fig. 5. Ultrastructure of an eosinophil from a
patient with hypereosinophilia. Secretory
granules and a large number of tubular vesicles
are observed in the cytoplasm. Arrows indicate
content losses from granules electron dense
cores. Nu, nucleus; LB, lipid body. Scale bar:
800 nm.
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Fig. 6. Tomographic
slices and 3D models
from an emptying
specific granule. A-F.
The tomographic
volume shows
intragranular sub-
compartments in
conjunction with
mobilized content.
Circles indicate the
same sub-
compartment
surrounding part of
the electron dense
content that is
relocated to the
granule outer
membrane. Note in C
and D that the
electron density of this
membrane changes at
the site of contact with
the membranous
intragranular sub-
compartment. The
arrows point to a
forming Eosinophil
Sombrero Vesicle
(EoSV). Seventy and
five serial single virtual
slices as in F were
extracted from the
tomogram, outer
granule membrane
was partially traced in
red and intragranular
vesiculotubular
structures were
outlined in blue as in
G so as to generate
3D models. H-K. 3D
models of the same
granule show
intragranular
membrane domains
(blue) organized as a
flattened tubular
network and tubules.
In J and K, the model
has been rotated to
provide another view.
An area of continuity
between the
intragranular
membranous network
and the limiting
granule membrane is
indicated in J (arrows).
The slices (~ 4 nm of
thickness) were
extracted from 3D
reconstructions of a
400 nm eosinophil
section analyzed by
automated electron

tomography at 200 Kv. The numbers on the upper left corner indicate the slice number through the tomographic volume. gr, granule. Cells were
stimulated with eotaxin as in Figure 2 and processed for transmission electron microscopy. Reprinted from (Melo et al., 2005b) with permission. Also
see Movie 1 and Movie 2 in supplementary material at www.traffic.dk/videos/6_10.asp. Scale bars: A-F, 500 nm; G, 450 nm; H, 400 nm; I, 180 nm; J,
K, 150 nm.



of cytokine responses (Specht et al., 2006). 
Altogether, these studies provide new insights into

the intracellular mechanisms mediating secretion of
eosinophil granule-derived proteins. This is important to
understand the pathological basis of allergic and other
eosinophil-associated inflammatory diseases.
Electron tomography of secretory granules and vesicles

Studies using electron tomography have been
redefining our understanding of the organization of
several organelles and membrane systems and leading to
many new insights into the functional organization of
varied cells (Trucco et al., 2004; Melo et al., 2005b;
Chen et al., 2008; Staehelin and Kang, 2008). 

Novel insights into the structural mechanisms
underlying PMD were identified using electron
tomography. We used fully automated dual-axis electron
tomography to study the 3D architecture of mobilized
eosinophil secretory granules and EoSVs in high
resolution. By tracking 4nm-thick serial digital sections
of human eosinophils, we found that eosinophil specific
granules are not merely storage stations, but are
elaborate and compartmentalized organelles with
internal, membranous vesiculotubular domains which
undergo dynamic changes in their structure and contents
in response to stimuli (Melo et al., 2005b) (Fig. 6).
Intragranular membranous sub-compartments are
imaged in 3D models as an aggregate of flattened
tubular networks and tubules with interconnections in
some planes and structural connections between the
intragranular membranous network and the granule
limiting membrane (Fig. 6). Moreover, the tomographic
reconstructions revealed that intragranular vesiculo-
tubular compartments can sequester and relocate granule
products (Melo et al., 2005b) (Fig. 6). These findings
have the important functional implication that proteins
may be specifically sorted and segregated within granule
sub-compartments before reaching the outer granule
membrane in order to be delivered to the cell surface
through vesicular compartments. These events of
sequestration and relocation of granule products are
important by enabling the differential secretion of
granule products, as previously demonstrated by us
(Bandeira-Melo et al., 2001; Spencer et al., 2006) and
other groups (Lacy et al., 1999). 

The presence within granules of membranes was
confirmed by immunonanogold labeling for CD63 (Melo
et al., 2005b), a tetraspanin membrane protein previously
implicated in eosinophil granule secretion (Mahmudi-
Azer et al., 2002). Internal CD63-positive membranes
have been recognized in some other lysosome-related
organelles such as platelet alpha granules (Heijnen et al.,
1998) and MHC class II compartments in dendritic cells
(Barois et al., 2002). However, the origin of the CD63-
bearing membranes within eosinophil granules has not
been ascertained. It is likely over time these extensive
intragranular membranous compartments are refreshed

from endocytic recycling, from granule membranes
and/or from biosynthetic pathways, but this remains to
be delineated. 

Electron tomography has also provided new insights
into the intriguing structure of EoSVs. Three-
dimensional reconstructions and models generated from
digital serial sections revealed that individual EoSVs are
curved tubular structures with cross-sectional diameters
of approximately 150-300 nm. Along the length of
EoSVs, both continuous, fully connected, cylindrical and
circumferential domains and incompletely connected
and only partially circumferential curved domains were
identified (reviewed in Melo et al., 2008b). These two
domains explain both the “C” shaped morphology of
these vesicles and the presence of elongated tubular
profiles very close to typical EoSV, as frequently seen in
2D cross-sectional images of eosinophils. Electron
tomography revealed therefore that EoSVs present
substantial membrane surfaces and are larger and more
pleiomorphic than the small, spherical vesicles (~50 nm
in diameter) classically involved in intracellular
transport (Melo et al., 2005c, 2008b). In fact, the
findings using electron tomography highlight EoSVs as
a dynamic system with a remarkable ability to change
their shape and to interact with secretory granules (Melo
et al., 2005c, 2008b). In addition, tracking of vesicle
formation using 4 nm-thickness digital sections by
electron tomography revealed that EoSVs can indeed
emerge from mobilized granules through a tubulation
process (Melo et al., 2005c). Remarkably, the use of
Brefeldin A dramatically suppressed EoSV numbers,
perhaps by its previous demonstrated direct action
within eosinophil granules to collapse the intragranular
membranotubular networks with formation of lipid-rich
deposits (Melo et al., 2005b) and inhibit tubulation
needed for EoSV formation (Melo et al., 2005c).
Electron tomography also showed that small round
vesicles bud from eosinophil specific granules. These
findings provide direct evidence for the origin of
vesicular compartments from granules undergoing
release of their products by PMD. 
Receptor-mediated secretion of cytokines from
human eosinophils

Functional and structural events within eosinophil
granules and transport vesicles are crucial for the
regulated release of cytokines and other proteins during
eosinophil responses to allergic and inflammatory
diseases. Upon cell stimulation, specific cytokines are
selectively mobilized, from among over two dozen other
preformed, granule-stored proteins, into secretory
vesicles. 

A major advance in the understanding of piecemeal
degranulation in eosinophils was the demonstration that
the differential secretion of cytokines is mediated
through their cognate receptors which are highly
expressed in eosinophil secretory granules and vesicles
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(Moqbel and Coughlin, 2006; Spencer et al., 2006). 
Our EM observations of a strong association of IL-4

with membranes of secretory vesicles, suggesting
participation of a docking molecule, led us to analyze
IL-4 receptor expression throughout eotaxin-induced
piecemeal degranulation of IL-4 (Spencer et al., 2006).
In addition to nominal surface expression, we have
detected intracellular stores of each component of
functional type I and II IL-4 receptors. Both IL-4 and IL-
4 receptor alpha chain colocalize in eosinophil granules;
and after eotaxin-stimulation, IL-4 receptor alpha chain,
bearing bound IL-4, is mobilized into secretory vesicles
(Spencer et al., 2006). Importantly, the signal
transducing accessory chain of the IL-4 receptor
complex (γc chain) did not exhibit eotaxin-induced
mobilization. Thus, trafficking of IL-4Rα-chaperoned
IL-4 within tubular carriers may be accomplished
without initiating an IL-4R-mediated signaling cascade
(Spencer et al., 2006). 

Eosinophils also contain substantial intracellular
quantities of other granule- and vesicle-associated
cytokine receptors, including for IL-6α, and IL-13.
Intracellular stores of CCR3 were also expressed within
human eosinophils, and its intracellular detection
increased upon stimulus-induced release of RANTES, a
known CCR3 ligand (Spencer et al., 2006). 

Receptor chain involvement in cytokine secretion
may provide a crucial link to unlocking regulatory
mechanisms governing specificity of rapid, stimulus-
induced release of preformed immunomodulatory
proteins from human innate immune cells. Receptor-
mediated trafficking of cytokines, a mechanism ideally
suited to the large surface area inherent in tubular
carriers, is thus a likely mechanism governing both the
selectivity and rapid transit of cytokines for secretion. 

Once loaded, granule-derived vesicles dock at
appropriate cell membrane locales, and release their
specific cargo. Electron microscopic visualization of
vesicles transporting granule-stored proteins, such as
MBP, was clearly demonstrated at the cell membrane. 

The molecular mechanisms involved in the
docking/fusion of these specific eosinophil transport
carriers at the cell membrane remain to be fully
elucidated. It was demonstrated that SNARE complexes,
comprised of v (vesicle) and t (target)-SNARES, are
involved in the process of eosinophil secretion (reviewed
in Moqbel and Coughlin, 2006). SNARE (SNAP
receptors) complexes formation is a critical event
preceding membrane fusion and mediator release in a
variety of cells (Wickner and Schekman, 2008).
Specifically, eosinophil secretory vesicles, but not
granules, express the v-SNARE VAMP-2 (vesicle
associated membrane protein 2), which co-localized with
RANTES throughout IFN-γ -induced piecemeal
degranulation of RANTES (Lacy et al., 2001), and likely
mediates specific membrane docking through interaction
with plasma membrane t-SNARES, SNAP-23 and
syntaxin-4 (Logan et al., 2002, 2003). 

Concluding remarks

Activated eosinophils within tissues modulate
immune responses and elicit effector functions through
secretion of cytokine, lipid and cationic protein
mediators. An understanding of the intrinsic complexity
of the eosinophil secretory pathway is beginning to
emerge. 

Our studies have identified vesicular trafficking in 
activated human eosinophils that directs transport of
granule-stored proteins from secretory granules to the
cell surface. This secretory process, termed PMD, is
central to eosinophil inflammatory responses. 

It is recognized that eosinophils have a remarkable
capacity to select cytokines and proteins to be secreted
from their cytoplasmic granules through PMD in
response to varied stimuli (Melo et al., 2005b; Moqbel
and Coughlin, 2006). How a specific cytokine is
chaperoned through the secretory pathway in
eosinophils? The differential secretion of cytokines is
mediated through intracellular receptors, including IL-4,
IL-6, and IL-13 receptors as well as CCR3, identified at
secretory granules and vesicles (Spencer et al., 2006).
Receptor-mediated differential secretion of proteins,
characterized in human eosinophils, may be a more
general mechanism, occurring in other leukocytes. 

Large tubular carriers provide an additional
mechanism to rapidly transport material between
membranes in different secretory pathways and are also
responsible for moving the bulk of the secretory traffic
between distant compartments (Luini et al., 2005;
Simpson et al., 2006). In eosinophils, large carriers
termed EoSVs may be fundamental for the diversity of
proteins that need to be rapidly transported from within
these cells (Melo et al., 2008b). During secretion, these
specialized large tubular carriers in conjunction with
small vesicles are actively formed and, in parallel,
specific granules undergo highly dynamic changes
related to the progressive release of their contents.
Studies using electron tomography unveiled the three
dimensional structure of EoSVs which exhibit distinct
morphology, including substantial membrane surface,
important for membrane-bound intracellular transport
(Melo et al., 2008b).

Our studies have demonstrated vesicular trafficking
of MBP and cytokines, such as IL-4, from secretory
granules in activated eosinophils. Interestingly, rapid
release of these granule-stored proteins may involve the
presence of small storage/transient sites (vesicular pools)
in the cytoplasm as identified in unstimulated
eosinophils (Melo et al., 2005c, 2009). These
extragranular sites appear to be relevant for the rapid
release of small concentrations of proteins under cell
activation without immediate disarrangement of the
intricate crystalline cores within eosinophil specific
granules. This is important for the eosinophil roles as an
effector or immunoregulatory cell. 

Knowledge of the secretory trafficking events within
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eosinophils underlying secretion from granule-stored
products requires further mechanistic studies. Different
aspects concerning the regulation of this vesicle-
mediated traffic remain to be defined. One main question
is whether granule-stored proteins are synthesized in a
ER-independent way. A recent work has provided
evidence for DNA and RNA synthesis in eosinophil
secretory granules (Behzad et al., 2009). Structural
studies from our group have previously demonstrated
that these granules are highly elaborate organelles with
internal membranes (Melo et al., 2005b). Altogether,
these findings indicate new roles for eosinophil secretory
granules as organelles with potential ability to synthesize
and sort their battery of proteins. 

The recognition of PMD as a secretory process to
release granule-stored proteins is important to
understand not only normal leukocyte functions but also
the pathological basis of allergic and other eosinophil-
associated inflammatory diseases. The understanding of
all events and mechanisms governing differential
sorting, packing and secretion of granule-stored
mediators may be also fundamental to the goal of
specifically blocking eosinophil secretion as a
therapeutic strategy in the management of serious
immune and inflammatory conditions (Moqbel and
Coughlin, 2006).
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