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Eosinophilic diseases, also termed eosinophil-associated diseases (EADs), are characterized by eosinophil-rich inflammatory infiltrates and extensive eosinophil degranulation with clinically relevant organ pathology. Recent evidence shows that eosinophil cytolytic degranulation, that is, the release of intact, membrane-delimited granules that arises from the eosinophil cytolysis, occurs mainly through ETosis, meaning death with a cytolytic profile and extrusion of nucleus-originated DNA extracellular traps (ETs). The ultrastructural features of eosinophil ETosis (EETosis) have been studied mostly in vitro after stimulation, but are still poorly understood in vivo. Here, we investigated in detail, by transmission electron microscopy (TEM), the ultrastructure of EETosis in selected human EADs affecting several tissues and organ systems. Biopsies of patients diagnosed with eosinophilic chronic rhinosinusitis/ECRS (frontal sinus), ulcerative colitis/UC (intestine), and hypereosinophilic syndrome/HES (skin) were processed for conventional TEM. First, we found that a large proportion of tissue-infiltrated eosinophils in all diseases (~45-65% of all eosinophils) were undergoing cytolysis with release of free extracellular granules (FEGs). Second, we compared the morphology of tissue inflammatory eosinophils with that shown by in vitro ETosis-stimulated eosinophils. By applying single-cell imaging analysis, we sought typical early and late EETosis events: chromatin decondensation; nuclear delobulation and rounding; expanded nuclear area; nuclear envelope alterations and disruption; and extracellular decondensed chromatin spread as ETs. We detected that 53% (ECRS), 37% (UC), and 82% (HES) of all tissue cytolytic eosinophils had ultrastructural features of ETosis in different degrees. Eosinophils in early ETosis significantly increased their nuclear area compared to non-cytolytic eosinophils due to excessive chromatin decondensation and expansion observed before nuclear envelope disruption. ETosis led not only to the deposition of intact granules, but also to the release of eosinophil sombrero vesicles (EoSVs) and Charcot-Leyden crystals (CLCs). Free intact EoSVs and CLCs were associated with FEGs and extracellular DNA nets. Interestingly, not all cytolytic eosinophils in the same microenvironment exhibited ultrastructure of ETosis, thus indicating that different populations of eosinophils might be selectively activated into this pathway. Altogether, our findings captured an ultrastructural signature of EETosis in vivo in prototypic EADs highlighting the importance of this event as a form of eosinophil degranulation and release of inflammatory markers (EoSVs and CLCs).
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Introduction

Eosinophil-associated diseases (EADs), also termed eosinophilic diseases, encompass a broad spectrum of diseases of different etiologies characterized by the presence of eosinophil-rich inflammatory infiltrates and/or widespread extracellular deposition of eosinophil-derived products. EADs include allergies, gastrointestinal disorders, dermatoses, hyperosinophilic syndromes (HESs), infectious diseases, and neoplastic disorders and can affect multiple organs [reviewed in (1, 2)].

A common feature of EADs is the extensive eosinophil degranulation in different target organs resulting in clinically relevant organ pathology. Despite the progress in the field, the precise roles of eosinophils in the pathogenesis of EADs are not well understood (3). For decades, we have been applying transmission electron microscopy (TEM) to understand the degranulation/secretory activities of eosinophils in human biopsy specimens from patients with EADs. TEM can unequivocally identify eosinophils and their tissue-deposited granules, referred to as free extracellular granules (FEGs), without the use of a specific marker because eosinophils have a unique ultrastructure [reviewed in (4–6)]. Moreover, TEM is also a premier technique to distinguish among the different modes of eosinophil degranulation, which can be clearly visualized only at high microscopic resolution (6).

More recently, our group identified that human eosinophils degranulate through ETosis, introducing the term eosinophil ETosis (EETosis) to describe a cytolytic mode of eosinophil death with extrusion of nucleus-originated DNA extracellular traps (ETs) similar to NETosis (7). By using different stimuli such as calcium ionophore, phorbol myristate acetate (PMA), immobilized immunoglobulins, and platelet-activating factor (PAF) in combination with cytokines, this work demonstrated molecular and morphological eosinophil features similar to those described for neutrophils undergoing this process of death (7). EETosis has now been increasingly recognized in tissues and secretions from patients with diseases such as eosinophilic chronic rhinosinusitis (ECRS) (8), hypereosinophilic syndrome (HES) (9), eosinophilic granulomatosis with polyangiitis (EGPA) (10), eosinophilic otitis media (EOM) (11), and chronic obstructive pulmonary disease (COPD) (12).

The ultrastructural features of EETosis have been mainly demonstrated in vitro after cell stimulation, but they are still poorly understood in vivo. Indeed, a limited number of studies have been applying TEM to study EETosis in organs from patients with eosinophilic diseases, specifically in EGPA (10) and HES (7, 9), which provided initial evidence supporting this type of cytolytic cell death in vivo.

Here, we investigated by transmission electron microscopy (TEM) the ultrastructural characteristics of EETosis in selected human EADs [ECRS, ulcerative colitis (UC), and HES] affecting several tissues (frontal sinus, intestine, and skin, respectively) and organ systems. By performing a comprehensive qualitative and quantitative TEM study of human biopsies, we captured the ultrastructural signatures of EETosis, confirming and highlighting this kind of cell death as an important event associated with eosinophil degranulation during inflammatory diseases.



Material and Methods


Ethics Statement

This study was carried out in accordance with the ethical principles taken from the Declaration of Helsinki and written informed consent was obtained from donors. Institutional Review Board (IRB) approval was obtained annually from the Beth Israel Deaconess Medical Center Committee on Clinical Investigation (Boston, MA, USA), with the most recent IRB-approved protocol number 2001P000561.



Biopsy Samples

Tissue biopsy samples were obtained from patients diagnosed with typical eosinophilic diseases during clinical evaluations. The specimens were obtained from: i) the nasal sinuses of two patients with ECRS; ii) the ileum, rectum or continent pouches of 16 patients with UC with traditional surgical pathology criteria of the resected specimens used for diagnosis; and iii) skin lesions of two patients with HES negative for FIP1-like 1/platelet-derived growth factor-alpha mutation.



Eosinophil Isolation

Eosinophils were purified from the peripheral blood from healthy donors using negative selection, as before (13). Briefly, venous blood was collected in a 6% dextran saline solution, and RBCs were allowed to sediment. Buffy coat was centrifuged over Ficoll-Paque (GE Healthcare, Pittsburgh, Pa) to separate granulocyte pellets. Eosinophils were isolated by means of incubation with a depletion antibody cocktail (StemSep; STEMCELL Technologies, Vancouver, British Columbia, Canada), followed by passage over magnetized columns (Miltenyi Biotec, Auburn, Calif). The purity of isolated eosinophils was greater than 98% of nucleated cells, and viability was greater than 99%.



Induction of In Vitro EETosis

Purified human eosinophils (1×106/mL) were seeded in eight-well LAB-TEK II chamber slides (Nunc, Roskilde, Denmark) and stimulated with PAF (1 μM; Enzo Life Sciences, Farmingdale, NY) and recombinant human interleukin-5 (IL-5) (10 ng/mL; catalog number 205-IL, R&D Systems, Minneapolis, MN), or IL-5 alone in phenol-red free RPMI 1640 medium containing 0.3% bovine serum albumin (BSA; Sigma) at 37°C for 180 min (7, 14).



Immunofluorescence

Detections of released EETs were done per previous works from our group (7, 14). Stimulated eosinophils as above were fixed with 4% paraformaldehyde for 10 min at room temperature (RT). The slides were subsequently incubated with primary rabbit anti-citrullinated H3 histone (CitH3) monoclonal antibody (10 μg/mL, 90 min at room temperature; Abcam). Alexa-488-conjugated secondary antibodies (Life Technologies) were then added for 30 min at RT. Isotype-matched control antibodies and Hoechst 33342 were used in each experiment. Samples were mounted using Prolong Diamond (Life Technologies) and images were obtained using a LSM 780 confocal microscope (Carl Zeiss, Oberkochen, Germany).



Transmission Electron Microscopy

Samples for TEM (eosinophils isolated from the peripheral blood and tissue fragments) were prepared per protocols established by our group (15). Blood eosinophils, stimulated or not, were fixed in a mixture of freshly prepared aldehydes [final concentration of 1% paraformaldehyde and 2.5% glutaraldehyde (EM grade, 50% aqueous, Electron Microscopy Sciences-EMS, Hatfield, PA)] in 0.1 M sodium cacodylate buffer, pH 7.4 for 1h at RT. Biopsy samples (skin, intestines, and nasal sinuses) were fixed for 4h at RT using the same fixative. After washing with sodium maleate buffer, pH 5.2, samples were stained en bloc in 2% uranyl acetate in 0.05 M sodium maleate buffer, pH 6.0 for 2 h at RT and washed in the same buffer as before prior to dehydration in graded ethanols and infiltration and embedding with a propylene oxide-Epon sequence (Eponate 12 Resin; Ted Pella, Redding, CA). Alternatively, additional samples were post- fixed in 2% aqueous osmium tetroxide and 1.5% potassium ferrocyanide in 0.1 M sodium phosphate buffer, pH 6.0 (reduced osmium) before dehydration and embedding as above. After polymerization at 60°C for 16 h, thin sections were cut using a diamond knife on an ultramicrotome (Leica, Bannockburn, IL). Sections were mounted on uncoated 200-mesh copper grids (Ted Pella) before staining with lead citrate and viewed with a transmission electron microscope (CM 10; Philips, or Tecnai G2-20-ThermoFischer Scientific/FEI 2006, Eindhoven, the Netherlands) at 80-120 KV.



Quantitative TEM Analyses

To investigate tissue eosinophils and their processes of secretion in different organs, electron micrographs showing infiltrated eosinophils were randomly acquired (total n = 397 electron micrographs) and a total of 66,000 μm² of tissue were analyzed (17,000 μm² for nasal sinuses, 29,000 μm2 for intestines, and 20,000 μm2 for skin) in biopsies of patients with ECRS, UC, and HES respectively. All eosinophils found in the tissue areas, including regions with FEGs, were scored. Secretory processes were identified and quantitated as piecemeal degranulation (PMD); classical/compound exocytosis, or cytolysis as described (16); and the percentages of these processes were enumerated.

To evaluate early morphological signs of ETosis the following aspects were quantitated: i) Chromatin expansion: the nuclear areas (μm2) were measured within eosinophils (total n= 265 cells) and the areas of nuclei with clear euchromatin/heterochromatin distinction (n=212 cells) were compared with those showing only euchromatin (n= 53 cells); ii) Diameters of vesicles originated from the nuclear envelope in eosinophils with early signs of ETosis; iii) Frequency of cytolytic eosinophils with early signs of ETosis (nuclei with decondensation, delobulation, and rounding), late signs (disrupted plasma membrane and extruded decondensed chromatin), or non-ETosis (nuclei with euchromatin/heterochromatin) in each disease; iv) Numbers of free released EoSVs in inflammatory sites with late signs of EETosis; v) Proportions of free EoSVs in contact with or close to (distance <1µm) extruded decondensed chromatin as well as free intact EoSVs spread in the inflammatory tissue site (localized in areas >1µm of distance from released DNA strings); vi) long axis diameter and area of Charcot-Leyden Crystals (CLCs). All quantitative analyses were performed using Fiji software (National Institutes of Health, Bethesta, MD, USA).



Statistical Analyses

The results are presented as mean ± SEM and significance was considered as P < 0.05. All data (except the comparison of CLCs’areas among groups) were analyzed with the Student’s t test, using the software GraphPad Prism version 7.00 (GraphPad Software, La Jolla California, www.graphpad.com). For the analyses focused on the areas of CLCs, we compared the groups by using Kruskal Wallis test followed by Dunn’s test to adjust for multiple comparisons.




Results


Eosinophils Degranulate Through PMD and Cytolysis in Prototypic EADs

First, we performed a comprehensive ultrastructural analysis to capture infiltrating eosinophils in the inflamed tissues and to understand how these cells degranulate in vivo in representative human EADs (ECRS, UC, and HES) affecting varied tissues (nasal sinus, intestine, and skin, respectively). By analyzing vast tissue areas (total of 66,000 μm2) in random thin sections, we scored all tissue eosinophils based on their typical ultrastructural features of PMD, cytolysis, or exocytosis as described [reviewed in (6, 16, 17)].

Significant tissue eosinophilia with the presence of both intact and cytolytic (disrupted) eosinophils, isolated or in clusters, was observed in the lamina propria of nasal sinuses (ECRS), lamina propria and submucosa of the intestine (UC), and dermis (HES) (Figures 1A–C, see also Supplementary Figure S1). Quantitative analyses showed that PMD and cytolysis with the release of FEGs were the predominant secretory processes observed in inflammatory eosinophils participating in all diseases (Figures 1Ai–Ci) while exocytosis (Supplementary Figure S2) was also detected in a small proportion just in the intestinal biopsies of patients with UC (Figure 1Bi). Resting eosinophils, which are characterized by the predominance of intact, non-mobilized specific granules (with no evidence of granule content losses) were not observed.




Figure 1 | Piecemeal degranulation (PMD) and cytolysis are the main modes of eosinophil secretion in human eosinophil-associated diseases (EADs). (A–C) Representative micrographs of tissue eosinophils in the lamina propria of nasal sinuses (eosinophilic chronic rhinosinusitis/ECRS), lamina propria and submucosa of intestines (ulcerative colitis/UC), and papillary dermis (hypereosinophilic syndrome/HES), respectively. Eosinophils undergoing (PMD) (colored in pink) and cytolysis with deposition of free extracellular granules (FEGs, purple) are observed in the same field. Biopsy samples were prepared for TEM as before (Melo et al., 2005). (Ai–Ci) Quantitative analyses demonstrate predominance of PMD and cytolysis in representative EADs. A total of 335 eosinophils (99 for ECRS, 156 for UC and 80 for HES) were randomly evaluated in a total of 66,000 μm² of tissue area from two patients with ECRS (n = 2), UC (n = 16), and HES (n = 2). Gr, secretory granules; N, nucleus.



Having found a large proportion of eosinophils undergoing different degrees of cytolysis in all EADs (49%, 65%, and 45% in ECRS, UC, and HES, respectively, n= 335 cells) (Figures 1Ai–Ci), and considering that EETosis is a form of lytic death, we next evaluated eosinophils in great detail to detect morphological characteristics of EETosis. We questioned if tissue inflammatory eosinophils had the same ultrastructural hallmarks of ETosis as exhibited by eosinophils in vitro after stimulation with ETosis inducers.



In Vitro Ultrastructural Halmarks of EETosis

To study the ultrastructure of EETosis in vitro, human eosinophils isolated from the peripheral blood were stimulated with a combination of eosinophil agonists (IL-5 + PAF), an efficient trigger of EETosis (7, 14). First, the release of ETs was confirmed by immunofluorescence using an antibody against DNA-citrullinated histone (CitH3), which consistently labeled DNA strings in the extracellular medium in parallel with a negative labeling using an isotype antibody control (Figures 2A, B, 2Bi), as previously demonstrated by our group (7, 14). Second, stimulated eosinophils were processed for TEM using a protocol for optimal morphologic preservation.




Figure 2 | Human eosinophil ETosis observed in vitro after stimulation. (A, B) Immunofluorescence staining for isotype (A) or anti-citrullinated H3 histone (CitH3) antibodies(green). EETs and CitH3 are colocalized as seen by confocal fluorescence microscopy after staining for DNA (Hoechst, blue) and CitH3 (green). (Bi) Merged images of CitH3 + DNA-stained eosinophils in higher magnification. Differential interference contrast (DIC) images were obtained by confocal microscopy. Purified eosinophils were stimulated with PAF + IL-5 followed by fixation after 180 min. (C) Representative micrograph of an intact control eosinophil, stimulated with IL-5 alone, displaying a typical bilobed nucleus (colored in blue) with clear distinction between euchromatin and heterochromatin. (D–G) Ultrastructural alterations displayed by human eosinophils in process of ETosis after stimulation. Decondensation, delobulation, and rounding are observed. In (F, G), the nuclear envelope is partially disrupted and chromatin is being released as extracellular traps. Free extracellular granules (FEGs) are deposited in the extracellular medium. Samples were prepared for TEM. Nucleus and extracellular chromatin are colored in blue. Ab, antibody; Gr, secretory granules.



As expected, at the ultrastructural level, in vitro EETosis was characterized by dramatic nuclear changes. The nucleus of human mature eosinophils shows typically a bilobed appearance and a clear distinction between heterochromatin (condensed chromatin, mostly located marginally) and euchromatin (electron-lucent chromatin, more centrally localized) (Figure 2C). Early signs of ETosis, as observed in vitro, include loss of such distinction, which results in a nucleus homogeneously composed of euchromatin in parallel to a process of delobulation and rounding, in which the cell loses their original shape (Figures 2D, E). Chromatin expansion (Figure 2F), with subsequent rupture of the nuclear envelope and plasma membrane then allows the release of filamentous euchromatin structures (ETs) and FEGs to the surrounding microenvironment (Figure 2G). Interestingly, FEGs released during in vitro EETosis retain their morphology and contents or show little evidence of loss of their protein compounds (Figure 2G).



Early Signs of EETosis Captured In Vivo by TEM

Because nuclear decondensation, delobulation, and rounding (DDR) are considered canonical initial features of ETotic death preceding chromatin externalization as ETs, as described in vitro in both neutrophils (18) and eosinophils (19, 20), we sought these events in tissue inflammatory eosinophils. Eosinophils exhibiting DDR were detected in tissue sites from all EADs in conjunction with eosinophils showing normal nuclear ultrastructure (Figure 3, see also Supplementary Figure S3). Considering that DDR are dynamic events in ETotic eosinophils, by analyzing vast tissue areas, we found eosinophil nuclei at different stages of delobulation and rounding (Figure 4). Decondensation is likely preceding delobulation events since all nuclei that have lost their shape exhibited homogenously distributed euchromatin (Figure 4, see also Supplementary Figure S3).




Figure 3 | Tissue eosinophils undergoing ETosis are seen in inflammatory sites in the proximity of intact eosinophils. (A–C) Electron micrographs of biopsy samples from eosinophilic chronic rhinosinusitis (ECRS), ulcerative colitis (UC) and hypereosinophilic syndrome (HES) patients, respectively, show eosinophils with nuclear changes typical of ETosis, characterized by chromatin decondensation, delobulation, rounding and expansion. Note that, while the nuclei (N) of intact eosinophils show typical distinction between euchromatin/heterochromatin, the nuclei (arrowheads) of ETotic eosinophils show only euchromatin. In (A), the nuclear envelope was disrupted. Samples were collected from two patients with ECRS (n = 2), UC (n = 16), and HES (n = 2) and prepared for TEM. Gr, secretory granules; FEGs, free extracellular granules. LB, lipid body.






Figure 4 | Early ultrastructural signs of ETosis in tissue inflammatory eosinophils. (A) A representative intact eosinophil displaying typical bilobed nucleus (N) with clear distinction between euchromatin (electron-lucent) and heterochromatin (electron-dense). (B–F) Decondensed nuclei (N), with homogenously distributed euchromatin, and in different stages of delobulation and rounding denote,  early ETosis. While in (B, C) nuclear segmentation is still partially observed, (D–F) show nuclei in advanced process of delobulation and rounding. In (G), a tissue area with several decondensed, completely round nuclei (colored in purple). Biopsy intestinal samples from patients with ulcerative colitis (n= 16) prepared for TEM. Gr, secretory granules.



Another distinctive nuclear alteration associated with both NETosis (21) and EETosis (19, 20) and reported in vitro is the chromatin expansion/swelling while within the cytoplasm and with the nuclear envelope mostly preserved. We questioned if such alteration could be detected in vivo. Indeed, we captured chromatin expansion in tissue eosinophils and this phenomenon drew our attention especially when eosinophils with these early signs of ETosis were close to eosinophils with normal nuclear ultrastructure (Figure 5A). To better document this event, we measured and compared the nuclear area between cells with normal (clear euchromatin/heterochromatin distinction) and totally decondensed (only euchromatin) nuclei for each disease. By evaluating a total of 265 eosinophils, we found that the nuclear area (μm2) was significantly higher in eosinophils with nuclei composed of just euchromatin than in eosinophils with normal nuclei (Figure 5B). Means ± SEM are: i) ECRS: 10.12 ± 0.59 (normal, n=69) versus 13.93 ± 1.80 (decondensed, n=8); P< 0.05;ii) UC: 8.97 ± 0.47 (normal, n=95) versus 14.23 ± 1.84 (decondensed, n=25); P< 0.001; iii) HES: 8.71 ± 0.69 (normal, n=48) versus 12.24 ± 1.19 (decondensed, n=20); P< 0.01.




Figure 5 | The nuclear area increases in eosinophil undergoing ETosis. (A) A cluster of tissue eosinophils infiltrated in the skin of a patient with hypereosinophilic syndrome (HES). While several intact eosinophils show nuclei with normal chromatin appearance (marginal heterochromatin and more internal euchromatin), an early ETotic eosinophil (upper right side) shows enlarged decondensed nucleus undergoing delobulation and rounding. Note that the nuclear space (*) of the nuclear envelope is dilated with separation of the external membrane (arrowheads) from the internal one. All eosinophil nuclei were colored in purple. In (B), quantitative analyses reveal significantly higher nuclear area in eosinophils in early ETosis (only euchromatin) compared to eosinophils with euchromatin/heterochromatin distinction. A total of 263 eosinophils [77 for eosinophilic chronic rhinosinusitis (ECRS), 120 for ulcerative colitis (UC), and 68 for HES] were evaluated and the nuclear area (µm²) measured. Samples were collected from patients with ECRS (n=2), UC (n=16), and HES (n=2) and prepared for TEM. Results are expressed as means ± SEM (*P < 0.05; ***P < 0.01; ***P < 0.001). Gr, secretory granules; LB, lipid bodies.



The nuclear envelope also underwent structural changes during in vivo EETosis. Tissue-infiltrated eosinophils with round, completely decondensed nuclei showed clear enlargement of the nuclear space, thus leading the two membranes that compose this envelope to become apart (Figures 5A, 6A, Ai) and to form vesicles (Figure 6Ai, asterisks) with sizes (diameters) ranging from ~0.2 to 1.0 μm (Figure 6B). Nuclear envelope vesiculation was a frequent finding associated with EETosis and vesicles contained the same content aspect as seen within the nuclear space (Figure 6Ai). However, we also found changes in the nuclear envelope (separation of the internal and external nuclear membranes and vesiculation) in nuclei from cytolytic eosinophils with no evidence of ETosis, that is, showing nuclei with euchromatin/heterochromatin distinction (Figure 6C) thus indicating that these nuclear envelope alterations are not restricted to ETosis.




Figure 6 | Nuclear envelope alterations associated with ETosis. (A and Ai) Typical ETotic eosinophils with decondensed, delobulated, and round nucleus (blue) showing separation of the inner and outer nuclear membranes with enlargement of the perinuclear compartment (boxed area seen in higher magnification in Ai). Arrowheads indicate the external nuclear membrane. Note that the same content (strings, arrows) within the perinuclear space is seen in the lumen of vesicles (*) derived from the nuclear envelope. (B) Size range (diameter) of nuclear envelope-originated vesicles in eosinophils undergoing ETosis during EADs. A total of 296 vesicles from ETotic eosinophils were analyzed [92 for eosinophilic chronic rhinosinusitis (ECRS), 88 for ulcerative colitis (UC), and 86 for hypereosinophilic syndrome (HES)]. In (C), a cytolytic non-ETotic eosinophil (nucleus with euchromatin/heterochromatin distinction) showing the same structural changes of the nuclear envelope as seen in (A). Representative images are from biopsy samples (nasal sinuses) from ECRS patients (n = 2) prepared for TEM.



Interestingly, in contrast to in vitro observations reporting that the nuclear envelope breakdown usually precedes plasma membrane rupture (7, 18), our qualitative and quantitative findings showed that the vast majority (100% in ECRS and HES; and 76% in UC) of eosinophils with early signs of ETosis (n = 53 cells) were displaying varied degrees of plasma membrane disruption (ranging from slight loss of integrity to complete rupture or even disappearance). In addition, some nuclei showing typical ETosis features (DDR) but still keeping the nuclear envelope intact were also seen free in the extracellular matrix (Supplementary Figure S4). Hence, during in vivo ETosis, the process of plasma membrane disruption occurs, in general, in parallel to that of the nuclear envelope.



Late Signs of EETosis Captured In Vivo by TEM

As noted in vitro (Figure 1G), the rupture of the nuclear envelope results in chromatin dispersion into the cytoplasm and subsequent release into the extracellular matrix after breakdown of the plasma membrane. Thus, decondensed chromatin emerges from dying eosinophils being released as fibers of DNA and histone complex (EETs) (Figures 7A, Ai, see also Supplementary Figure S5), which can cover large extracellular areas. Because chromatin has a particular appearance when seen in thin sections, extruded decondensed chromatin was identified in all EADs (Figures 7 and 8)




Figure 7 | ETosis represents a significant proportion of cytolytic eosinophils in eosinophil-associated diseases (EADs). (A, Ai) A tissue inflammatory site [intestinal ulcerative colitis (UC) biopsy] showing ETotic eosinophils with late signs of ETosis represented by decondensed chromatin spread extracellularly as ETs (colored in purple and indicated by arrowheads in Ai at higher magnification). FEGs (light purple) are in contact with ETs. Note that other non-ETotic eosinophils with nuclei (N) exhibiting heterochromatin (condensed)/euchromatin (decondensed) and a neutrophil (Neu) are seen in the same area. (B–D) Representative electron micrographs from an ECRS biopsy (nasal sinus tissue) highlighting the structural aspect of nuclei in cytolytic eosinophils. While the presence of condensed/decondensed chromatin denotes a non-ETotic eosinophil, eosinophils in early (C) and late (D) processes of ETosis show extensively decondensed chromatin. When in early ETosis (C), the nuclear envelope is observed and frequently displays structural changes (enlargement of the perinuclear space, arrows), in late ETosis (D), the nuclear envelope disappears and the chromatin spreads in the extracellular matrix. Note secretory granules (Gr) immersed in the released chromatin. (E) Quantitative TEM (total tissue area of 66,000 μm2 evaluated), reveals that ~37%-82% of all cytolytic eosinophils in EADs are in process of ETosis and that the proportion of eosinophils in early and late ETosis varies depending on the disease. A total of 151 cytolytic eosinophils with visible nuclear contents [40 for eosinophilic chronic rhinosinusitis (ECRS), 78 for ulcerative colitis (UC), and 33 for hypereosinophilic syndrome (HES)] were evaluated from biopsy samples collected from patients with ECRS (n = 2), UC (n = 16), and HES (n = 2) and prepared for TEM.






Figure 8 | Free-extracellular granules (FEGs), free tubular carriers [eosinophil sombrero vesicles (EoSVs)], and Charcot-Leyden crystals (CLCs) are associated with late ETosis (A) An inflamed tissue site (nasal sinus) from a patient with eosinophilic chronic rhinosinusitis (ECRS) shows an ETotic eosinophil with decondensed chromatin (colored in purple) spreading in the extracellular matrix. Note intact secretory granules (light purple) and intact free EoSVs (pink) spread around and in contact with extruded chromatin. The boxed areas in (A) are shown in higher magnification in (Ai, Aii). Arrowheads point to typical EoSVs. In (Ai), an EoSVs associates with an intact granule. (B) Quantitative TEM of inflammatory tissue sites from all eosinophil-associated diseases (EADs) showed that intact EoSVs are found in direct contact with or close to (<1µm of distance) extruded chromatin, or spread (>1µm of distance from DNA strings) in the tissue area. A total of 744 free EoSVs [335 for ECRS, 181 for ulcerative colitis (UC), and 228 for hypereosinophilic syndrome (HES)] were evaluated in electron micrographs considering only late EETosis. (C) CLCs, free EoSVs (pink) and FEGs are enmeshed in tissue chromatin deposits (purple) in a tissue biopsy (nasal sinus) from an ECRS patient. Samples were prepared for TEM.



While chromatin spreading as EETs was clearly detected in inflammatory sites, not all cytolytic eosinophils in the same microenvironment exhibited ultrastructural changes of ETosis, thus indicating that different populations of eosinophils might be selectively activated into this pathway. Quantitative analyses scoring all cytolytic eosinophils (ranging from cells with partially to totally disrupted plasma membrane) showing nuclear content (Figures 7B–D, n = total of 151 eosinophils) revealed that 53% (ECRS), 37% (UC), and 82% (HES) of them had early (Figure 7C) or late (Figure 7D) ultrastructural characteristics of ETosis while 47% (ECRS), 63% (UC), and 18% (HES) did not exhibited such features (Figure 7E). Moreover, the proportion of eosinophils in early and late process of ETosis varied depending on the disease with the highest proportion of early ETosis being found in HES (Figure 7E).

In vivo EETosis led not only to the deposition of intact or almost intact secretory granules into the extracellular matrix (Figures 7Ai and 8Ai), but also to the release of eosinophil sombrero vesicles (EoSVs). Free intact EoSVs were associated with FEGs and extracellular chromatin fibers (Figures 8A, Ai, Aii). By counting 744 EoSVs free in the extracellular matrix, we found that 7%-15% of these vesicles were immersed in extruded chromatin (direct contact); 22%-33% were located in the proximity of ETs (less than 1 μm of distance), while most of them were still intact but spread in a distance higher than 1 μm from the released chromatin.

Another important finding associated with EETosis was the presence of CLCs, which appeared in inflammatory areas in all EADs. We found typical pyramidal or hexagonal or even amorphous CLCs in the proximity of FEGs (Supplementary Figure S3 and Figures 8C and 9), externalized chromatin (Figures 8C, 9), and free EoSVs (Figure 8C). The notable size variation of CLCs was an interesting observation. By measuring a total of 105 CLCs (24 for ECRS, 61 for UC and 20 for HES), we found a range from 0.3μm to 13.5μm (considering the long axis) and 0.05µm² to 22.4µm² (area), with tiny CLCs being found together with giant CLCs in the same tissue site (Figure 9). When the areas of CLCs were compared among the diseases, there was no significant difference among them (mean area of 1.99 ± 0.91, 1.97 ± 0.43, and 1.60 ± 0.39 for ECRS, UC, and HES respectively; P > 0.999 (ECRS vs. UC); P = 0.998 (ECRS vs. HES); and P > 0.99 (UC vs. HES), thus reflecting a consistent formation of CLCs in all eosinophilic diseases.




Figure 9 | Charcot Leyden crystals (CLCs) are frequently seen in inflammatory sites from eosinophil-associated diseases (EADs) in association with EETosis. (A) CLCs displaying varied shapes and sizes are observed by TEM in a biopsy (intestine) of a patient with UC. Large and very small CLCs can be observed in the same microenvironment. Note free-extracellular granules (FEGs, colored in light purple) close to CLCs, an intact eosinophil (Eos), and decondensing nuclei (colored in purple). (Ai-Aii) CLCs within the boxed area in (A) seen individually in higher magnification to highlight their different morphologies.






Discussion

Cell death manifests with morphological changes. From a morphological point of view, cell death depicts fundamentally a cytolytic or a noncytolytic (apoptotic) morphology and both morphological profiles can be unambiguously distinguished by TEM [reviewed in (6)]. For human eosinophils, cytolysis, as frequently observed in biopsies from patients with EADs, represents much more than a process of cell death. As extensively documented, the presence of cytolytic eosinophils in tissues and secretions, in many circumstances, denotes an important degranulation (secretory) process [reviewed in (22, 23)].

In recent years, eosinophil cytolysis has gained more attention with the recognition of EETosis, a process in which eosinophil lytic death is accompanied by the release of ETs [reviewed in (24)]. Here, we characterized in vivo a cytolytic tissue eosinophil profile combined with other ultrastructural hallmarks that can serve as a diagnosis for EETosis at the EM level in biopsies. An ultrastructural EETosis signature (Figure 10) was found in three prototypic eosinophilic diseases (ECRS, UC, and HES) in different tissues/organs (nasal sinus, intestine, and skin, respectively), thus, validating the use of TEM as a robust tool to detect EETosis and highlighting this cell process as a common eosinophil secretory mechanism. Although evidence of EETosis has been documented in human tissues (7, 8, 10) and secretions (8, 12, 25) affected by EADs, this is the first time that an EETosis “signature”, that is, a complete description of the ultrastructural aspects of ETosis with early and late signs and quantitative analyses are identified in human tissue biopsies. Moreover, this is the first demonstration of EETosis in an inflammatory bowel disease (ulcerative colitis), indicating that the occurrence of EETosis is a much more common process of eosinophil degranulation.




Figure 10 | In vivo ultrastructural features of eosinophil ETosis (EETosis) observed in tissues during inflammatory human eosinophil-associated diseases. EETosis is characterized by early and late signs, which compose an ultrastructural signature by TEM. Remarkable nuclear changes and initial breakdown of the plasma membrane (PM) indicate early signs of EETosis. The nuclear envelope can show structural changes (vesiculation and enlargement of the perinuclear space between the outer and inner nuclear membrane). Eosinophils at late ETosis show complete disruption of the PM, disruption of the nuclear envelope, and release of secretory granules and EoSVs together with spread chromatin observed as extracellular traps (ETs). Charcot-Leyden crystals (CLCs) are frequently associated with EETosis.



Based on both qualitative and quantitative analyses, our findings demonstrate that: i) 37-82% of all cytolytic eosinophils in inflammatory sites from different EADs are undergoing ETosis; ii) ETosis manifests with early and late ultrastructural hallmarks but the proportion of eosinophils in early and late process of ETosis varies depending on the disease; iii) ETosis affects isolated or clusters of eosinophils but not all cytolytic eosinophils show ETosis features in the same microenvironment/inflammatory site; iv) EETosis is associated not only with the release of FEGs but also with the extrusion of intact EoSVs and formation of CLCs.

Considering that the release of ETs is the final step in a program of active cytolytic cell death as described for both NETosis (18) and EETosis (7), and that the infiltration of immune cells such as eosinophils in inflammatory tissue sites occurs on a continuum, we sought ultrastructural hallmarks of early ETosis. We found in vivo consistent eosinophil morphology compatible with early ETosis, that is, dramatic nuclear changes (DDR) as described in vitro. In fact, ETosis is initiated by a particular pattern where the segmented nucleus becomes entirely composed of euchromatin and loses both its euchromatin/heterochromatin distinction and lobular shape. Changes of the nuclear envelope (enlargement of the perinuclear space with separation of the inner and external nuclear membranes and vesiculation) were also, for the first time, detected in vivo (Figure 6) in association with ETosis. In vitro, such ultrastructural alterations were reported for NETosis, after cell activation (18, 26). However, based on our studies, enlargement/vesiculation of the nuclear envelope can also be observed in cytolytic eosinophils with no ETosis signs (Figure 6C). Therefore, the disintegration of the nuclear envelope into vesicles can be associated with EETosis but is not an exclusive feature of this cell death process.

One morphological aspect of the ETotic death described in vitro is the rupture of the plasma membrane subsequent to that of the nuclear envelope (7, 18). Here, we found that, in vivo, the plasma membrane can show different degrees of structural collapse (ranging from a slight loss of integrity to complete rupture or even disappearance) while the nuclear envelope is still intact or starting a process of structural alteration and/or rupture. Because the structural aspects of biological membranes are well observed in morphologic detail only at high visual resolutions (6), our study revealed that, in fact, during in vivo ETosis, the plasma membrane disruption initiates, in general, concomitantly with the alteration/breakdown of the nuclear envelope.

Our findings also demonstrate that ETosis can affect part (but not all) of cytolytic eosinophils in inflammatory sites. This suggests that different subpopulations of eosinophils were selectively activated in vivo into the ETosis pathway. At baseline conditions, heterogeneity of tissue eosinophils (distinct phenotypic subpopulations) has been demonstrated in the lungs (27) and gastrointestinal tract of both humans and mice (28, 29), thus, indicating that the local microenvironment promotes an eosinophil phenotype associated with tissue-specific functions. Moreover, eosinophil subpopulations have also been identified during diseases, for example, in the skin of patients with varied dermatoses (30). It is also important to consider that the increased trafficking of blood eosinophils into tissues will lead to the presence of eosinophils in different stages/time courses of recruitment and activation. All of these above factors could also explain the variability of ETosis among different eosinophilic diseases. Future studies are needed to better understand how these subpopulations, including infiltrating eosinophils, respond to activation with ET production.

The application of TEM has a further advantage to the study of eosinophil cytolysis/secretory ability. When eosinophil secretory (specific) granules are seen by TEM as FEGs scattered in the extracellular matrix, the identity of their cellular origin, that is eosinophils, is not in question since these granules have a unique internal ultrastructure (5). Thus, the presence of an electron-dense crystalloid, which is found just in eosinophils, identifies eosinophil secretory granules. Here, we found that EETosis in vivo is markedly associated with the release of membrane-bound eosinophil granules, which are deposited intact (or almost intact) in the tissues together with EoSVs (Figures 7, 8). Because EoSVs have a typical ultrastructure, they can also be easily identified by TEM (31). It is really intriguing how these vesicles are kept preserved in conjunction with secretory granules in inflammatory sites of all studied EADs, even after the complete disappearance of the plasma membrane and other cellular structures/organelles. Free intact EoSVs were also described in biopsies of patients with other EADs such as eosinophilic esophagitis (EoE) (32). Quantitative ultrastructural analyses from esophageal biopsies of 9 patients with EoE demonstrated that 80% of all eosinophils invading the esophagus (n=900) had evidence of cytolysis and FEGs as well as free EoSVs (32). Cytokines such as IL-4 (33) with its IL-4 alpha chain receptor (34) and interferon-gamma (35) as well as tetraspanins such as CD63, a marker for cell secretion, were localized to EoSVs (36). Moreover, the formation of EoSVs increases significantly in the cytoplasm in activated eosinophils as demonstrated both in vitro and in vivo [reviewed in (5, 31)]. It is already recognized that FEGs extruded through cytolysis/ETosis can remain functionally active once outside the cell (14, 37). If EoSVs are also active in the extracellular medium it is an interesting aspect of the intriguing eosinophil biology yet to be explored.

Finally, the presence of CLCs in the same tissue site as ETs, FEGs and EoSVs in biopsies of EADs (Figures 8C, 9) drew our attention. CLCs are readily identified by TEM. Our present and previous findings based on ultrastructural analyses of biopsies from EADs in different organs (6) demonstrate that CLCs in vivo appear with different morphologies (bipyramidal, hexagonal, or amorphous structures) and with remarkable variation in size, ranging from very large (several micrometers) to very small (lower than 1μm) crystals (Supplementary Figure S4 and Figure 9), which are mostly unnoticeable by light microscopy. CLCs are by products of eosinophilic inflammation and are predominantly made of galectin-10 (Gal-10), a protein that resides as intracellular pools in the peripheral cytoplasm of human eosinophils (38). Our in vivo current findings agree with a previous study demonstrating that EETosis mediates CLC formation (14). Substantial amounts of Gal-10 are released under active eosinophil cytolysis, and the increased extracellular concentration of Gal-10 is capable of forming CLCs in vitro (14). In vivo, CLCs are commonly found in body fluids, secretions, and tissues from patients with EADs, and both CLCs and levels/expression of Gal-10 are considered biomarkers of eosinophil involvement in inflammation (10, 39–41).

In conclusion, our findings identified an ultrastructural signature of EETosis (summarized in Figure 10) in prototypic EADs, highlighting the importance of this event as a form of eosinophil degranulation during inflammatory responses. EETosis mediates in vivo not only the release of secretory granules but also the extrusion of tubular vesicles (EoSVs) and formation of CLCs, all structures related to eosinophil activation and considered inflammatory markers. Our work helps to understand the processes of eosinophil cell death and deposition of their granules/structures in human EADs contributing to a better characterization of these diseases, fundamental to driving treatments.
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