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Intelligent granules: are eosinophil crystalloid granules
inimitable?
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The controversy surrounding the effector function of eosino-
phils in health and disease continues at both the clinical and basic
discovery levels. Two recent studies reported that an anti-human
IL-5 mAb (mepolizumab) specifically targeting eosinophils sig-
nificantly reduced asthma exacerbations, providing interesting
insights into the potential role of this cell in asthma.1,2 Similarly,
there is increasing evidence that eosinophils play a major role in
tissue remodeling within asthmatic airways.3 In addition, eosino-
phils appear to play major roles in orchestrating the TH2 bias as-
sociated with atopic conditions through production of specific
chemokines, cytokines, and metabolic enzymes.

Previous studies from our laboratory provided ample evidence
that eosinophils synthesize, store, and release a wide range of
proinflammatory mediators, including cationic proteins, cyto-
kines, chemokines, and growth factors.4 The vast majority of
eosinophil-derived mediators are prestored in unique granular
structures known as crystalloid or secondary granules. After their
release to the extracellular environment, crystalloid granule
mediators are known to be widely associated with allergic inflam-
matory events.5

Exocytosis describes intracellular fusion of granules or secre-
tory vesicles with the plasma membrane after cell activation,
leading to the release of granule contents to the extracellular
space. Despite the unifying importance of the process of exocy-
tosis to all immune and inflammatory cell types, the precise
molecular and intracellular mechanisms that regulate mobiliza-
tion of secretory granules/vesicles are only recently becoming
clear. It is generally believed that eosinophil mediators are
synthesized in the Golgi compartment, processed, prepackaged,
and stored in crystalloid granules.6 Three different mechanisms
are known to facilitate mediator release, namely classical exocy-
tosis (whereby a granule at a time fuses with the plasma membrane
en route to the exterior; this is rarely observed in eosinophils),
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compound exocytosis, and piecemeal degranulation. A fourth pat-
tern of degranulation is associated with cytolysis, which is not a
true exocytotic process (Fig 1).7,8 In compound exocytosis a num-
ber of granules fuse intracellularly to form a large degranulation
chamber or cavity, which in turn fuses with the cell membrane be-
fore discharging its contents to the extracellular space.9 In piece-
meal degranulation mediators prestored in crystalloid granules are
selectively released from an intragranular pool, leaving portions
or the entire granules empty in the intact cell.10,11 A large body
of evidence, including our own work, has documented the molec-
ular processes involved in selective mediator mobilization and re-
lease from eosinophil crystalloid granules.12 In the fourth pattern
of eosinophil mediator release (ie, cytolysis), the cell membrane
loses its integrity, which allows the deposition of a large body of
extracellular crystalloid granules within the affected tissue.13 In-
deed, free and intact granules have been localized to various tis-
sues in association with a number of disease states, including
asthma, allergic rhinitis, helminth infections, dermatitis, and urti-
caria.14 The role of these free-floating granules in inflammatory
events remains ill understood. To our knowledge, there are no
studies that have documented the numbers of these cell-free gran-
ules or have correlated the quantity of free eosinophil granules
with clinical parameters.

Over the last several years, many observations directly or
indirectly started to question the definitions of crystalloid gran-
ules as simple storage depots. Indeed, the capacity of crystalloid
granules to select specific mediators for release to the extracel-
lular space was indicative of the presence of a rather intelligent
molecular mechanism within the intragranular space capable of
recognizing and selectively packaging mediators for release to
extracellular space.

Although questions regarding the intragranular machinery of
piecemeal degranulation remain widely unanswered, a series
of questions were also raised by cytolysis in relation to the fate of
intact crystalloid granules in the extracellular space.

In 2000, while still at the University of Alberta in Edmonton,
Alberta, Canada, our laboratory made a serendipitous, intriguing,
and controversial observation. We observed that cell-free crys-
talloid granules from eosinophils expressed functional cytokine
receptors. Curious to understand the biological significance of
this observation, we carried out a series of in vitro experiments to
determine whether eosinophil crystalloid granules could respond
to agonist stimulation in a cell-free environment. Applying cell
fractionation techniques routinely used in our laboratory, we pu-
rified these granules to 100% homogeneity and examined their ca-
pacity to respond to agonist stimulation. We observed that such
stimulation induced a dose-dependent mediator release from
crystalloid granules in a cell-free system. We showed that inhib-
itors of tyrosine kinase and phosphoinositide 3–kinase, as well as
other signal transduction pathways, blocked mediator release
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FIG 1. Upper panel, The 4 patterns of eosinophil granule mediator deposition after activation: classical ex-

ocytosis involving membrane fusion of individual granules with the plasma membrane, leading to mediator

secretion; compound exocytosis, whereby granules fuse together before exteriorization of the fused medi-

ators from a single fusion site; piecemeal degranulation involving rapidly mobilizable small secretory ves-

icles shuttling granule contents to and from the plasma membrane; and cytolysis, in which the cell loses its

membrane integrity, releasing intact membrane-bound granules to the extracellular space. Lower panel,

Magnified view of an extracellular intact eosinophil granule expressing biologically active receptors for

CCL11 (eotaxin and CCR3) and IFN-g (IFN-gRa). Stimulation with relevant ligands induces the release of

stored granule cationic proteins (eosinophil cationic protein [ECP] and eosinophil peroxidase [EPO]), as

well as cytokines (IL-4 and IL-6).7 A recent study showed that the cysteinyl leukotrienes LTC4, LTD4, and

LTE4 stimulated cell-free eosinophil granules to secrete ECP and EPO, but not cytokines, through CysLT1R,

CysLT2R, and P2Y12R.8
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from appropriately stimulated cell-free granules. In 2002, we
were fortunate to collaborate with the groups of Peter Weller
and Anne Dvorak at the Harvard Medical School, who agreed
to help complete and confirm our observation. The result was
an exciting study published in the Proceedings of the National
Academy of Sciences of the United States of America.7

The Harvard group provided ultrastructural evidence to support
the presence of membranotubular structures in the granules as
physical pathways for secretion (inhibitable by brefeldin A) and
to visually demonstrate mediator release from cell-free intact
granules by using acridine orange dye methodology. In addition,
the study provided evidence of localization and functional
presence of signal transduction molecules in eosinophil crystal-
loid granules.

This fascinating new observation has been further strengthened
by a recent Journal of Allergy and Clinical Immunology study by
the Weller laboratory showing that, in addition to functional cyto-
kine and chemokine receptors on eosinophil granule membranes,
bioactive leukotriene receptors (cysteinyl leukotriene receptors
[CysLTRs]: CysLT1R, CysLT2R, and the purinergic P2Y12 re-
ceptor) were expressed.8 Stimulating the cell-free granules with
the agonists of CysLT1R and CysLT2R (ie, leukotriene [LT] C4,
LTD4, and LTE4) at a nanomolar range of concentrations resulted
in the release of eosinophil cationic protein (stored in eosinophil
crystalloid granules) but not eosinophil-derived cytokine or che-
mokine secretion. Montelukast, an inhibitor of CysLT1R, as well
as the P2Y12 receptor antagonist MRS 2395, inhibited eosinophil
cationic protein release after LTC4/LTD4/LTE4 stimulation of eo-
sinophil cell-free granules. This elegant study has further unveiled
the intricacy and mediator selectivity of the cell-free granules and
their receptor machinery that leads to secretion from these organ-
elles once they are deposited outside the cell.

These studies suggest that cell-free granules might act as an
extracellular source of cationic proteins, as well as immune-
regulating cytokines and chemokines. This constellation of
granules found within the airway and other inflammatory sites
might, like ‘‘cluster bombs,’’ contribute to the perpetuation of the
inflammatory process in an affected organ. Indeed, we have
recently reported the presence of intact eosinophils and cell-free
granules in infant thymic tissue. This observation suggests a
potential role for the eosinophil and possibly its cell-free granular
components in this primary lymphoid tissue in the absence of any
insult or danger signal.15

Many questions regarding the nature and function of eosinophil
crystalloid granules (and probably other granular cell phenotype)
inside or outside the cell still remain unanswered. Are eosinophils
unique in having secondary granules that can function as inde-
pendent cell-free organelles capable of agonist-induced mediator
secretion? Does this observation therefore have implications for
other granule-containing cell phenotypes? We would venture to
suggest that intracellular granule populations that exhibit bioac-
tive membranes (ie, expressing appropriate receptors) are likely
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to have the potential to exert extracellular effects when deposited
in extracellular spaces within the context of immune, inflamma-
tory, or both milieus. Thus it now appears appropriate to think that
receptors on granule membranes have the ability to respond to
their relevant ligands extracellularly, an opinion hitherto regarded
as anathema within the realm of cell biology! In addition, the
presence inside the granules of an intricate network of mem-
branotubular mechanisms with all the necessary signal transduc-
tion components to effect secretion renders these cell-free
granules capable of secreting (even differentially, as per intracel-
lular piecemeal degranulation patterns) appropriate mediators
that can influence the local inflammatory milieu. It is tempting to
speculate that these data, including the new observation on
CysLTR expression,8 expand the current appreciation of the ‘‘in-
telligence, capacity, and sophistication’’ of these granules both as
intracellular organelles and extracellular compartments. They ap-
pear to be capable of sensing and responding to various triggers
and ligands within the affected tissue site.

The novel observations referred to above (summarized in the
lower half of Fig 1) have important implications for antieosino-
phil therapies that target the cell but ignore the potential ensuing
tissue damage exerted by cell-free granules acting as ‘‘cluster
bombs’’ in the absence of intact cells. New therapeutic strategies
might be needed to target cell-free eosinophil granules and block
their ability to secrete their mediator content by engaging agonist
ligands to biologically functional receptors.
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