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Abstract
Purpose of Review Charcot-Leyden crystals (CLCs), slender bipyramidal hexagonal crystals, were first described by Jean-Martin
Charcot in 1853, predating Paul Ehrlich’s “discovery” of eosinophils by 26 years. To date, CLCs are known as a classical
hallmark of eosinophilic inflammation. CLC protein expresses palmitate cleaving lysophospholipase activity and is a member of
the family of S-type lectins, galectin-10. We summarize current knowledge regarding the pathological observations of CLCs and
their mechanism of generation focusing on eosinophil cell death.
Recent Findings The presence of CLCs in vivo has been consistently associated with lytic eosinophils. Recent evidence revealed
that cytolysis represents the occurrence of extracellular trap cell death (ETosis), an active non-apoptotic cell death process
releasing filamentous chromatin structure. Galectin-10 is a predominant protein present within the cytoplasm of eosinophils
but not stored in secretory granules. Activated eosinophils undergo ETosis and loss of galectin-10 cytoplasmic localization results
in intracellular CLC formation. Free galectin-10 released following plasma membrane disintegration forms extracellular CLCs.
Of interest, galectin-10-containing extracellular vesicles are also released during ETosis. Mice models indicated that CLCs could
be a novel therapeutic target for Th2-type airway inflammation.
Summary The concept of ETosis, which represents a major fate of activated eosinophils, expands our current understanding by
which cytoplasmic galectin-10 is crystalized/externalized. Besides CLCs and free galectin-10, cell-free granules, extracellular
chromatin traps, extracellular vesicles, and other alarmins, all released through the process of ETosis, have novel implications in
various eosinophilic disorders.
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Abbreviations
CLC Charcot-Leyden crystal
CRSwNP Chronic rhinosinusitis with nasal polyps
EETosis Eosinophil extracellular trap cell death
ETosis Extracellular trap cell death
ETs Extracellular traps, DNA traps
EV Extracellular vesicle
NETosis Neutrophil extracellular trap cell death

Introduction

In 1853, slender needle-like crystals were first reported by Jean-
Martin Charcot who found the crystals in cardiac blood and spleen
of a patient with leukemia. In 1872, Ernst Viktor von Leyden also
described similar crystals in the sputum of asthmatic patients. Of
note, these observations predated Paul Ehrich’s first description of
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eosinophils in 1879. Later in 1914, Schwarz proposed the close
relationship between eosinophils and the crystals (also see ref.
[1–3] for CLC history). To date, Charcot-Leyden crystals
(CLCs), slender bipyramidal hexagonal crystals (~ 100 μm in
maximum length), have been recognized as a classical hallmark
of eosinophilic inflammation in tissue and body fluid. However,
our understanding has not been gone much beyond any definition
of “byproduct of eosinophilic inflammation” for a long time. In
this mini-review, we summarize the pathological literature and
recent findings in the mechanisms of CLC production.

CLC Is Made by Crystallization of Galectin-10

Back in 1950, Ayres et al. reported CLC could be formed
within a few seconds from eosinophils with a detergent and
wetting agents [4]. CLCs were considered to be made by an
unknown protein, and biochemical studies revealed CLC pro-
tein was highly insoluble at neutral pH and remarkably stable
to various enzymes and exhibited a tendency toward non-
covalent aggregates [5, 6]. CLC protein consisted of a 16.5-
kDa markedly hydrophobic polypeptide, comprising 142 ami-
no acids [7]. On the basis of chromatographic and other stud-
ies, CLC protein was found to exhibit lysophospholipase ac-
tivity toward lysopalmitoyl phosphatidylcholine [8–10]. Later
on, based on amino acid sequence and 3D structure, the CLC
protein has been assigned to the galectin superfamily of S-type
lectins, galectin-10 [3, 11, 12].

Of note, CLCs have not been found in non-human species
and protein sequence comparison indicated they are likely hu-
man specific [13]. Crystals of similar shape were found in mice
but are composed of a non-eosinophil-derived chitinase-like pro-
tein Ym1 [14]. An ovine orthologue, galectin-14, has been
shown to be associated with eosinophilic inflammation, but it
was not likely crystalized due to its structure that has little identity
with galectin-10 (25% amino acid identity) [15, 16].

Considerable expression of galectin-10 mRNA and protein
was identified in human eosinophils and basophils [12]. In eo-
sinophils, galectin-10 is a major constituent comprising an esti-
mated 7–10% of total cellular protein. Proteome analysis of pe-
ripheral blood eosinophils revealed that galectin-10 is the 5th
most abundant protein among 7086 identified proteins [17].
Relatively recently, proteomic analysis identified the expression
of galectin-10 in CD4+CD25+ regulatory T cells [18] and IL-22
producingCD4+Tcells [19]. Thus, the expression of galectin-10
has been exclusively described in a small part of human immune
cells, i.e., eosinophils, basophils, and T cell subsets.

Pathological Features of CLCs

Pathological and cytological evidence has consistently indi-
cated the presence of CLCs in tissue and body fluid coincident

with local eosinophilia. In contrast, limited reports were avail-
able on basophil- or T cell–associated CLCs despite their
galectin-10 expression. A recent report showed CLCs in a
bonemarrow biopsy from a Tcell leukemia patient [20], likely
due to the expression of galectin-10 in T cell blasts. CLCs
have been observed at the sites of eosinophil infiltration in
tissues, body fluids, and secretions in a variety of pathological
condition, including non-allergic diseases (Table 1). As early
as 1947, Samter stated that “numerous observations have
established the relation between the presence of disintegrating
eosinophilic leukocytes and Charcot-Leyden crystals” [2].
CLCs have been repeatedly described in association with “ne-
crotic” or “damaged” cells ([21–25], Table 1). In addition, the
presence of CLCs in nasal polyps from patients with eosino-
philic chronic rhinosinusitis was associated with disease se-
verity [26••].

Subcellular Localization of Galectin-10

Eosinophils are bone marrow–derived, terminally differentiat-
ed granulocytes. They lack dividing capacity; therefore, tissue
eosinophils are supplied from the bloodstream. Once in the
tissue, eosinophils act as remarkable secretory cells able to
release a large and varied pool of cytotoxic granular proteins,
mediators, and growth factors. These mediators are predomi-
nantly stored as preformed pools within secretory granules
[27]. Live eosinophils release granular contents through exo-
cytotic or piecemeal degranulation [28]. Eosinophils adherent
to the surface of a largemulticellular parasite have been shown
to undergo exocytotic degranulation, wherein intracellular
granules fuse with the plasma membrane, resulting in release
of entire granule contents. By contrast, piecemeal degranula-
tion differentially releases granule-derived proteins, as dis-
crete secretory vesicles [29].

One early immunonanogold ultrastructural study localized
CLC protein in crystalloid-free granules [30], although later
study showed the presence of CLC protein mainly in the cy-
toplasm and in the euchromatin of the nucleus [31]. Our recent
immunostaining study showed that galectin-10 is mainly lo-
calized in the cytoplasm but not in specific granules, both in
peripheral blood and tissue eosinophils [26••]. Intracellular
galectin-10 has been shown to play a role in Treg anergy
and their suppressive capacities [18]; however, its functional
roles in eosinophil cytoplasm are not yet known.

Cytolytic ETosis Mediates CLC Formation

Although eosinophil activation in inflamed foci appears to be
associated with the presence of CLCs, little has been known
about the actual mechanism of their production. Our recent
study uncovered that cytoplasmic galectin-10 could be
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Table 1 Presence of CLC in various pathological conditions

Disease categories Diseases Sites of the CLC
detection

“Necrotic”
condition

Phagocytosis by
macrophages

Selected references

Infectious diseases Suppurative lymphadenitis
(bacterial)

Lymph node P Arora V.K. et al. Acta Cytol.
1997;41(2):409–12.

Eosinophilic cystitis

(Klebsiella)
Bladder Popescu O.E. et al. Arch Pathol Lab Med.

2009;133(2):289–94.

Hepatic abscess

(amebic)

Liver P Miyagawa K. et al. Japanese Journal of Medical

Technology 2017;66(3):483–8

Hepatic abscess (paracytic) Liver P Misra V. et al. J Cytol. 2009;26(2):77–9

Trematodiasis

(Fasciola hepatica)
Colon P Pehlivanoglu B. et al. Turk Patoloji Derg.

2016;32(2):82–90.

Nematodosis

(hookworm and

Strongyloides stercoralis)

Feces Wesolowska M. et al. Helminthologia

2018;55(2):166–72.

Ascariasis Ascaris

lumbricoides

Liver P Pinilla A.E. et al. Rev. Inst. Med. Trop. S. Paulo

2001;43(6):343–6.

Anisakis Gastrointestinal tract P Yantiss R.K. Mod Pathol. 2015;28(1) Suppl

1:S7–21.

Allergic diseases

and others

Asthma Sputum Leyden E. Virchows Arch. Path. Anal.

1872;54:324–52.

Allergic rhinitis Mucus P Pantanowitz L. et al. Ear Nose Throat J.

2004;83(7):489–90

Eosinophilic otitis media Middle ear effusion P Murakami A. et al. Ann Otol Rhinol Laryngol.

2012;121(9):609–14.

Eosinophilic chronic

rhinosinusitis

Mucus, tissue P P Ueki S et al. Blood. 2018; 132(20);2183-7.

Eosinophilic mucin

rhinosinusitis

Mucus P Ferguson B.J. Laryngoscope. 2000;

110(5 Pt 1):799–813

Allergic aspergillus sinusitis Mucus P Katzenstein A.L. et al. J Allergy Clin Immunol.

1983;72(1):89–93.

Allergic bronchopulmonary

aspergillosis

Mucus P Bosken C.H. et al. Am J Surg Pathol.

1988;12(3):216–22.

Chronic eosinophilic

pneumonia

Lung P P Kanner R.E. et al. Chest 1977;71(1):95–8.

Eosinophilic colitis Colon P Lewis J.T. et al. Am J Surg Pathol.
2007;31(3):481–5.

Kimura’s disease and

angiolymphoid hyperplasia

with eosinophilia(ALHE)

Salivary gland, lymph

node, etc.

P P Kuo T.T. et al. Am J Surg Pathol.

1988;12(11):843–54.

Langerhans cell histiocytosis

(eosinophilic granuloma)

Bone, soft tissue P P Arora V.K. et al. Acta Cytol. 1997;41(2):409–12.

Lymph node P Tan H.W. et al. J Clin Pathol. 2006;59(5):548–9.

Eosinophilic granulomatosis

with polyangiitis

(Churg-Strauss syndrome)

Lymph node P P Swanson E.J. et al. J Hematopathol.

2017;10(1):39–45.

Pemphigus vegetans Skin P Pinto G.M. et al. J Am Acad Dermatol. 1992;27

(2 Pt 2):281–4.

Eosinophilic cholecystitis Gallbladder P Fujibayashi M. et al. J Tokyo Wom Med Univ.

2010;80(3):77–82.

Eosinophilic arthritis Synovial fluid Atanes A. et al. Scand J Rheumatol.

1996;25(3):183–5

Sialodochitis fibrinosa Discharged fluid NemotoT. et al. Japanese Journal of Oral and

Maxillofacial Surgery 2006;52(2):81–84.

Eosinophilic myocarditis Myocardium P Aoki Y. et al. Int J Legal Med.
1996;108(4):221–4.

Chronic subdural hematoma Hematoma capsule P Mueller W. et al. Neurosurg Rev.

1990;13(4):305–8.

Tumors of hematopoietic

and lymphoid tissues

Acute myelogenous leukemia Cardiac blood, spleen Charcot J.M. Mem. Soc. Biol. 1853;5:44–50.

Bone marrow P Vermeersch P. et al. Am J Hematol.

2007;82(11):1029.

Chronic myelogenous leukemia Bone marrow (lump in

the left lumbar region)

P Arora V.K. et al. Acta Cytol. 1997;41(2):409–12.

Synovial fluid del Blanco J. et al. J Rheumatol.

1991;18(12):1944.
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crystalized and externalized through active cytolysis [26••].
As early as the 1860s, eosinophil cytolysis has been implicat-
ed the generation of abundant cell-free granules [32]. Several
researchers have reported that local turnover of eosinophils in
diseased tissue occurs through pathways other than apoptosis
[33–35]. Eosinophil cytolysis has been described by different
terms, such as lytic degranulation, necrosis, necrobiosis, cell
lysis, and primary lysis, although the presence of cell-free
eosinophil granules is often overlooked [36].

Nowadays, accumulating evidences revealed that cytolysis
could represent the occurrence of extracellular trap cell death
(ETosis) [37–39]. ETosis represents a suicidal cell death pro-
cess originally found in human neutrophils (i.e., neutrophil
extracellular trap cell death (NETosis)) [40]. Most cases of
stimuli-induced ETosis are a NADPH oxidase–dependent pro-
cess that leads to histone hypercitrulination primarily mediat-
ed by peptidylarginine deiminase 4 [41]. Unlike apoptosis that
produces fragmented DNA, NETosis involves development
of sticky chromatin structures (neutrophil extracellular traps
(NETs)) through rupture of nuclear and plasma membranes
(reviewed in [42]). In eosinophils, various stimuli including

calcium ionophore, phorbol 12-myristate 13-acetate, IL-5/
GM-CSF with platelet-activating factor, immunoglobulins,
autoantibodies, and fungi can induce rapid (within 30 to
180 min) eosinophil ETosis (EETosis) [37, 43–47]. To date,
EETosis has been implicated in a wide range of eosinophilic
diseases, such as asthma [48, 49], allergic bronchopulmonary
aspergillosis [50, 51], eosinophilic otitis [45, 52], eosinophilic
chronic rhinosinusitis (chronic rhinosinusitis with nasal
polyps (CRSwNP)) [38, 45, 53••], hypereosinophilic syn-
drome [26••, 37], Wells syndrome (eosinophilic cellulitis)
[54], and chronic obstructive pulmonary diseases [55].

EETosis is akin to that of NETosis in terms of suicidal cell
death that results in development of net-like chromatin [37].
However, it is noteworthy that EETosis has different attri-
butes. In NETosis, granules are intracellularly disrupted be-
fore plasma membrane disintegration; therefore, NETs are as-
sociated with various antimicrobial, free but granule-derived
proteins such as myeloperoxidase [40, 45]. On the other hand,
intact eosinophil granules are released extracellularly in the
process of EETosis; therefore, eosinophil extracellular traps
(EETs) are often associated with membrane-bound cell-free

Table 1 (continued)

Disease categories Diseases Sites of the CLC
detection

“Necrotic”
condition

Phagocytosis by
macrophages

Selected references

Chronic eosinophilic

leukemia

Bone marrow Kuk J.S. et al. Am J Hematol.

2006;81(6):458–61.

Hypereosinophilic

syndrome

Bone marrow P Pujol-Moix N. et al. Haematologica.

2003;88(9):e131.

Liver P Ikeda H. et al. Gastroenterology Res.

2011;4(4):168–73.

Renal tubule, urine Hirszel P. et al. Am J Kidney Dis.

1988;12(4):319–22.

Mastocytoma and

systemic mastocytosis

Skin P Lao L.M. et al. J Dermatol Sci.

1998;17(3):198–204.

Bone marrow P Alayed K.M. et al. Pathology. 2010;42(1):85–7.

Lymphoma Hodgkin’s

disease

Lymph node P Carson H.J. et al. Leuk Lymphoma.

1996;23(1–2):153–7.

T cell

lymphoblastic
lymphoma

Lymph node P Ali N.D. et al. Blood. 2017;129(3):394.

Granulocytic(myeloid)

sarcoma

Mandible, pubis P P Strauchen J.A. et al. Arch Pathol Lab Med.

2002;126(1):85–6.

Solid tumors Gastric carcinoma Stomach Caruso R.A. et al. Ultrastruct Pathol.

2012;36(3):139–44.

Solid and papillary epithelial

neoplasm of the pancreas

Pancreas P Dvorak A.M. et al. Lab Invest.

1990;62(5):608–15.

Cystic teratoma Pleural effusion Krishnan S. et al. Acta Cytol.

1983;27(5):529–32.

Melanoma Tumor, myocardium, renal

tubule, blood vessel, etc.

Dincsoy H.P. et al. Am J Clin Pathol.

1981;75(2):236–43.

P positive
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granules [26••, 37, 45, 50, 56]. Another difference between
NETs is that EETs (including their nuclear-derived histones)
are spared from endogenous protease digestion so that EETs
consisted of intact and stable chromatin fibers [37, 45, 57–61].
Considering innate immune responses, staunch fibers might
offer an advantage in terms of immobilizing large parasites
and hampering them [62] and may also pathologically con-
tribute to the highly viscous nature of eosinophil-dominant
airway secretions [38, 45, 58].

Using isolated eosinophils, we tested the hypothesis that
EETosis leads to CLC formation [26••]. In live eosinophils,
galectin-10 was eccentrically located in the peripheral cyto-
plasm. During the process of ETosis, galectin-10 was homo-
geneously redistributed in the cytoplasm coincident with nu-
clear shape changes, followed by intracellular CLC formation
[26••]. This is not likely due to de novo galectin-10 transcription,
since this dynamic process occurs within 30–60 min. A recent
study in neutrophils indicated that mechanical change of cell
shape and nucleus/plasma membrane disintegration in NETosis
is a passive process followed by an active biological process [63].
It is conceivable that in eosinophils, the change of galectin-10
distribution is due to loss of energy-dependent localization.
Time-lapse imaging revealed that once intracellular crystalliza-
tion has started, relatively small (< 10μm) CLCs build up within
1–2 min. Finally, the plasma membrane ruptures and extracellu-
lar CLCs appear. As observed in human tissue and secretions,
varied sizes of CLCs can be formed extracellularly when a high
density of eosinophils is induced to undergo ETosis. EETosis-
mediated CLC formation was also confirmed by others [53••].
Thus, galectin-10 can be crystallized by an ETosis-mediated pro-
cess that (1) involved dynamic changes of intracellular localiza-
tion and (2) increased extracellular concentration of free galectin-
10 [26••].

Whether the primary role of CLC is cytotoxic or is more
intricately involved in immunoregulatory processes remains to
be elucidated [64]. Deposits of crystals are known to cause di-
verse of diseases, namely, crystallopathies [65]. Crystals (e.g.,
monosodium urate crystals) are sensed by innate immune cells
through germline-encoded pattern recognition signaling recep-
tors (PRRs) [66]. CLC-engulfing macrophages have been occa-
sionally observed in tissue from eosinophilic diseases ([26••,
67–69], Table 1). Rodriguez-Alcazar et al. reported that CLCs
can be recognized by the cytosolic PRR NLP3 inflammasome
upon their macrophage phagocytosis, thereby inducing the re-
lease of the proinflammatory cytokine IL-1β in vitro and in vivo
[70••]. Persson et al. has recently reported that CLCs could be
therapeutic targets [53••]. Naïve mice received an intratracheal
injection of CLCs showed an increase of inflammatory cytokines
and neutrophil/monocyte influx in the airways. These effects
were not observed by soluble galectin-10 injection. In addition,
mice simultaneously injected CLCs with innocuous ovalbumin
resulted in dendritic cell uptake and Th2-type responses.
Interestingly, antibodies directed against key epitopes of the

CLC crystallization interface dissolved CLCs and reversed
crystal-driven inflammation, IgE synthesis, and bronchial hyper-
reactivity in a humanizedmousemodel of asthma [53••]. Thus, a
new concept of CLC crystallopathy has emerged.

Extracellular Vesicles Contain Galectin-10

Extracellular vesicles (EVs), secreted small membrane-
enclosed vesicles, encompass proteins, lipids, and nucleic
acids and have emerged as important intercellular messengers
present in all body fluids [71]. Recently, eosinophil EVs have
been shown to be released by several inflammatory stimuli
[72].

It is of interest that EETosis generates not only CLCs but
also galectin-10-enclosed EVs [37]. During the temporal
course of ETosis, eosinophils bud off plasma membrane–
enveloped EVs that retain cytoplasmic contents including
galectin-10 even after rupture of the originating cell [26••,
37, 53••]. The sizes of EETosis-mediated EVs are varied, ap-
proximately 200 to 5000 nm in diameter, which are relatively
larger than live eosinophil–derived EVs (20 to 1000 nm) [72].
Unlike apoptotic bodies, EETosis-mediated EVs do not ex-
pose phosphatidylserine [37], a find-me signature for macro-
phage engulfment. Indeed, galectin-10-containing EVs were
abundantly present in association with lytic eosinophils and
CLCs in diseased tissue [26••]. Although their pathophysio-
logical roles require future investigation, they might transfer
their bioactive cargo to neighboring cells.

Extracellular Release of Free Galectin-10

In addition to EV and CLC production, plasma and nuclear
membrane disintegration during the process of EETosis
causes the bulk of cytoplasmic galectin-10 to be released in
a soluble form. In vitro experiments showed that the free
galectin-10 concentration in supernatant (free of cell debris,
EVs, and crystals) is increased by EETosis and is completely
reversed by NADPH oxidase inhibitors [26••]. Clinically, the
increase of galectin-10 in inflammatory sites has been report-
ed in several diseases, including nasal lavage fluid in patients
with aspirin-sensitive respiratory disease [73], nasal fluid in
allergic rhinitis [74], and sputum in asthma and allergic
bronchopulmonary aspergillosis [53••, 75].

Live eosinophils’ exocytosis and piecemeal degranulation
release granule contents; in contrast, EETosis releases cyto-
plasmic granules as membrane-bound intact granules [37].
One can postulate that measuring local free galectin-10 might
indicate the occurrence of eosinophil ETosis/cytolysis. In eo-
sinophilic esophagitis, an electron microscopy study has
shown that approximately 80% of eosinophils underwent cy-
tolysis [76]. Furuta et al. measured the galectin-10
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concentration of esophageal luminal samples from eosinophil-
ic esophagitis patients and found the concentration is well
correlated with eosinophilic inflammation in tissue [77]. In
eosinophilic chronic rhinosinusitis, ETotic eosinophils were
shown to be abundantly present in the sinus secretions [38,
45]. Most recently, Wu et al. reported the concentration of
galectin-10 in nasal secretions from CRSwNP patients [78].
After 2-week oral glucocorticosteroid treatment, they divided
patient groups into responders and non-responders according
to nasal polyp score. Strikingly, the average concentration of
galectin-10 before glucocorticosteroid treatment was 160
times higher in the responder group compared with the non-
responder group. Multivariate analysis revealed that galectin-
10 concentration holds potential for predicting responders
[78].

Galectin-10 is clearly externalized at sites of inflammation
but no obvious targeting ligands have been found yet.
Galectins have been linked to immunity, regulating cytokine
production, receptor signaling, apoptosis, activation, and mi-
gration of leukocytes [15, 79–81]. Among them, galectin-1, 3,
and 9 have been shown to regulate eosinophil recruitment,
activation, and apoptosis (see review [82]).

Concluding Remarks

Leyden’s original manuscript indicated numerous granule-like
structures and slender crystals in sputum samples from

asthmatic patients. A contemporary interpretation for his ob-
servation is the occurrence of ETosis-mediated eosinophil cy-
tolysis accompanied by crystallization of galectin-10. The
concept of proinflammatory EETosis and physiological apo-
ptosis expands our current understanding of eosinophil fate in
tissues and secretions (Fig. 1). Active production of CLCs,
cell-free granules, extracellular traps, EVs, galectin-10, and
released alarmins is a previously underappreciated phenome-
non. Further studies on postmortem biological activities of
eosinophils and CLC crystallopathy will contribute to a novel
perspective on various eosinophil-associated diseases.
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Figure 1 CLC formation and the
fate of eosinophils in tissue and
exudate. Eosinophils are selecting
different types of cell death
programs. Non-activated
eosinophils undergo apoptosis, a
physiologically important process
for homeostatic removal of their
toxic contents by phagocytes and
mucociliary clearance. Activated
eosinophils can undergo ETosis
that produce CLCs, extracellular
vesicles (EVs), extracellular traps
(ETs), free granules, and other
intracellular alarmins that worsen
tissue damage and increasemucus
viscosity.
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