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Eosinophils have been long associated with helminthic inééions, although their functions
in these diseases remain unclear. During schistosomiasisatsed by the trematode
Schistosoma mansonj eosinophils are speci cally recruited and migrate to site of
granulomatous responses where they degranulate. Howevelittle is known about the
mechanisms of eosinophil secretion during this disease. He, we investigated the
degranulation patterns, including the cellular mechanism of major basic protein-1
(MBP-1) release, from in ammatory eosinophils in a mouse nuel of S. mansoni
infection (acute phase). Fragments of the liver, a major et organ of this disease,
were processed for histologic analyses (whole slide imagi), conventional transmission
electron microscopy (TEM), and immunonanogold EM using a prembedding approach
for precise localization of major basic protein 1 (MBP-1), dypical cationic protein
stored pre-synthesized in eosinophil secretory (speci cgranules. A well-characterized
granulomatous in ammatory response with a high number of idtrating eosinophils
surrounding S. mansoni eggs was observed in the livers of infected mice. Moreover,
signi cant elevations in the levels of plasma Th2 cytokine§lL-4, IL-13, and IL-10) and
serum enzymes (alanine aminotransferase and aspartate anatransferase) re ecting
altered liver function were detected in response to the infgion. TEM quantitative
analyses revealed that while 19.1% of eosinophils were intd most of them
showed distinct degranulation processes: cytolysis (13.%), classical and/or compound
exocytosis identi ed by granule fusions (1.5%), and mainlypiecemeal degranulation
(PMD) (66.4%), which is mediated by vesicular traf ckingmmunonanogold EM showed
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Dias et al. Schistosomiasis and Vesicular Traf cking of MBP-1

a consistent labeling for MBP-1 associated with secretory ganules. Most MBP-1-positive
granules had PMD features (79.0 4.8%). MBP-1 was also present extracellularly and
on vesicles distributed in the cytoplasm and attached to/strounding the surface of
emptying granules. Our data demonstrated that liver-in Hating mouse eosinophils are
able to degranulate through different secretory processesluring acute experimentalS.
mansoniinfections with PMD being the predominant mechanism of eosibphil secretion.
This means that a selective secretion of MBP-1 is occurringMoreover, our study
demonstrates, for the rst time, a vesicular traf cking of MBP-1 within mouse eosinophils
elicited by a helminth infection. Vesicle-mediated secr&n of MBP-1 may be relevant for
the rapid release of small concentrations of MBP-1 under ckhctivation.

Keywords: schistosomiasis, eosinophil degranulation, majo r basic protein-1, granuloma, in ammation, liver,
immunonanogold electron microscopy, piecemeal degranulation

INTRODUCTION of eosinophils and other in ammatory cells embedded in a
collagen-rich extracellular matrix around mature parasitg®

Eosinophils are innate immune cells with a broad distribatio (7, 19), but there is a lack of clarity regarding the degranulation
in tissues and notably associated with allergic and helmintpatterns of eosinophils and its signi cance in both humans and
parasitic diseases [reviewed i&+-8)]. Increase in the numbers mouse models.
of eosinophils has long been reported during the acute phase Here, we performed a comprehensive vivo study to
of schistosomiasis, a neglected tropical disease of gieatatl jnvestigate the secretory processes involved in eosinophil
and socioeconomic relevancé-{). The etiological agents of degranulation during the acute phase of schistosomiasis amns
human schistosomiasis are trematode worms of the genuys mice. By using conventional transmission electron mamopy
Schistosomaith most species, includin§chistosoma mansoni (TEM), which is the only technique with resolution suitable
the only one that occurs in the Americas, a ecting mainly theto clearly identify and distinguish between di erent modes of
liver and the intestines8). Human infection with this parasite cell secretion Z0) and immunogold EM for detecting MBP-1
causes signi cant chronic morbidity with the developmentaf subcellular localization, we identi ed, for the rst time, major
granulomatous reaction and severe tissue in ammation,ohhi vesicle-mediated Secretory process for MBP-1 release ui‘rd}}rly
can lead to life-threatening hepatosplenomegaly [reviewed ithe responses of eosinophils to the infection.
9l

There is considerable debate on the role of eosinophils durin

schistosomiasis. It remains uncertain if eosinophils act apm R/IATERIALS AND METHODS

e ector cells against the parasite; as immunomodulators ef th Experimental Infection in Mice

immune response,; as participants in tissue homeostasis a%iss Webster mice aged 70 days were inoculated or not
metabolism, which could favor establishment and maintergan (12 mice per group) with a single inoculum of cercariae of
of parasitic worms in their hosts, or merely as operators ins. mansoni(100 cercariae/mouse), LE strain. Cercariae were
remodeling and clearance of debris following injury {0-14). harvested from infecte®iomphalaria glabratasnails, washed,
Eosinophil ~ responses  to  inammatory  and/or counted, and injected subcutaneously into each mouse by
immunoregulatory situations are underlined by the ability an experienced techniciars. mansoniLE strain used in the
of these cells to release granule-stored products, thatois, bxperiments was originally isolated from a patient in Belo
degranulate 15). Direct attention to events of eosinophil Horizonte, Brazil, and has been maintained in successiveagas
degranulation during schistosomiasis mansoni has beenipaid throughBiomphalaria glabratanails and hamsterdfesocricetus
earlier studies. Several authors showeditro that eosinophils, auratus at the Laboratory of Sch|stosom|as|s (Department of
operating via antibody-dependent cytotoxicity, exert daméy  parasitology, UFMG, Brazil). Infected animals and respective
schistosomula of $nanson(16, 17). This e ect was attributable, yninfected controls from the same age were euthanized at 55
at least in part, to degranulation and release of granule extst days of infection (acute phase))( Infection was con rmed by

especially to major basic protein (MBP), a typical cationichdings of parasite eggs in the rodent feces at week ve of
protein stored pre-synthesized in secretory (specic) grasul jnfection (21).

onto the surface of the parasitéq). In fact, the toxicity of MBP

and Eosinophil Peroxidase/Eosinophil Protein X (EPO/EP>§ hagthics Statement

given support to the e ector function of eosinophils in defense ofThis study was carried out in full accordance with all
the host to helminthes, although evidence for such impor&ancinternational and Brazilian accepted ethic guidelines arabw
have arisen just fronin vitro data (reviewed in 13). WithirS.  approved by the Oswaldo Cruz Foundation Ethics Committee
mansoniegg-induced granulomas, there are well-de ned clustersn Animal Use [CEUAComiss&o de Etica no Uso de Animais
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under the protocol 32/2012). CEUA follows the Brazilian natill  Next day, the plates were washed three times with washing
guidelines recommended by the National Council for Animalbu er (0.05% Tweer® 20 in PBS), blocked with 1561 of
Experimentation-CONCEAConselho Nacional de Controle emPBS-BSA (bovine serum albumin) 10% for 1 h and washed as
Experimentacdo Animpal Mice experimentally infected and before. Samples or cytokine patterns (B0 were diluted in PBS-
uninfected controls were monitored daily for survival anéliv.  BSA and incubated at €, overnight. Next day, the plates were
being status (home cage evaluation, body condition, slkkiiofes, washed as above and incubated with the detection antibody (5
mobility and other general conditionsf). No animals died mL) for 2h at RT, followed by 5@ of streptavidin conjugated

prior to the experimental endpoint (55 days of infection). to peroxidase for 20 min protected from exposure to light. After
] washing, the reaction was revealed by addingnrb®f substrate
Collection of Samples [H202: tetramethylbenzidine (TMB)] (1:1) for 20—40 min and

Experimentally infected animals and their respective urgtédd  blocked with 50mL of sulfuric acid (HSQ; 2N). Samples were
controls were anesthetized, euthanized, and blood sampks aread in a SPECTRAMAX 190 Microplate Reader (Molecular
organ fragments were collected for di erent studies as belowDevices, San Jose, CA, USA) at 450 nm.

Animals were euthanized by exsanguination (full bleed) emd

deep anesthesia by cardiac puncture. The anesthetic pretocqtbreparation and Quanti cation of the

included ketamine (100 mg /mL) combined with acepromazin : : :
(10mg/mL) at a ratio of 9:1 (dose of 0.15 mL/100 g body weigh eritoneal Lavage Fluid Cellularlty
he numbers and types of cells recruited from the bone

(23).' Blood samples were CO”eCtEd. by.card|ac p'uncture V.Vlthoumarrow to the peritoneal cavity were determined by PL. PL
anti-coagulant for enzyme determinations or with heparim fo

cytokine evaluations. Another group of infected and non- uid was recovered following injection of 5mL of 0.02M PBS,

) . . . pH 7.4, and cells were counted in a Neubauer chamber after
infected animalsr{ D 4 for each group) was euthanizedinagO . . . . . . . :

. dilution (1:40) in Turk solution (2% acetic acid solution).
chamber at the same day for peritoneal lavage (PL).

Additionally, cytocentrifuged preparations (106L of PL
uid/slide) were obtained in a Cytospin 4 Shandon (Thermo

Antibody Reagents S : ;
Rat monoclonal anti-mouse IgG2a MBP-1 (clone 14.7.4) (LegcIentl ¢ Corporation, Waltham, MA) at 450 rpm for 5min

Laboratories; Mayo Clinic, Scottsdale, AZ) whose MBP-fIt .room te,mperat'ur.e an.d stalned. Wlth a f"““”e hematology
. ; . . . stain (Pandtico Réapido kit, Laborclin, Pinhais, PR, BragBlls
speci city has been well validated in previous studi€gH

26) and irrelevant isotype control monoclonal antibodies IgG(100/S“de) were counted in an Olympus BX-41 microscope

(Abcam; Cambridge, MA) were used for the uItrastructuraI(TOKVO’Japan) atamagni cation of 1,000x.

immunodetection studies at concentration of 29/mL. The . . L
secondary antibody used for immunoEM was an a nity-puri ed Histopathology and Histoquantitative
goat anti-rat Fab fragment conjugated to 1.4-nm gold paeticl Analyses

(21:100, Nanogold, Nanoprobes, Stony Brook, NY). Liver samples from uninfected and infected mice (6
_ _ ) animals/group) were removed from the right lobe and divided
Liver Enzymes Determinations into approximately 5 mm fragments, which were immediately

To evaluate the serum enzymes re ecting liver function,xed in 4% paraformaldehyde in buered phosphate, pH
blood samples were centrifuged at 3000 rpm for 10 min and.3, 0.1 M overnight at £ (28). Next day, the specimens
analyzed in a Roche Cobas Mira Plus Chemistry Analyzewere transferred to a 0.1 M phosphate bu er solution, pH
(Roche Diagnostic8, IN, USA) as beforeZ(?). Assay Kits for 7.3 and kept in this solution at € for further histological
measurement of the levels of aspartate aminotransferasg) (ASprocessing. Samples were then dehydrated, embedded in
and alanine aminotransferase (ALT) (Biocfin Belo Horizonte, glycolmethacrylate resin (GMA) (Leica Historesin Embedding
MG, Brazil) were used according to the manufacturerKit, Leica Biosystems, Heidelberg, Germany) as beftBeand
instructions. A total of 24 samples were evaluated from ml& ( cut at 3mm-thick sections using a Leica microtome RM2155.
from infected animals and 12 from uninfected of the same age)his histological approach combines optimal xation and

Results were expressed as units/liter (U/L). processing for visualization and quanti cation of in ammaty
) _ ) processes. Three sections per animal were obtained at anahter
Cytokine Determinations of 300mm between sections to ensure analysis of dierent

To investigate the Th2 prole immune response during thegranulomas. Sections were stained with hematoxylin-eosin
acute phase of the disease, plasma feimansoninfected and  (Sigma-Aldrich) for qualitative and quantitative evaluatiof
control animals were processed for cytokine (IL-4, IL-10, IL granulomas and other parameters.
13) analyzes by ELISA assay (DudSeELISA Development Histological slides from livers were scanned usingB
System, R&D Systems, Minneapolis, MN, USA) according t&can Pannoramic Histedtanner (3D Histech Kft. Budapest,
the manufacturer's instructions. After blood centrifugat (3000 Hungary) connected to a computer (Fujitsu Technology
rpm for 10min at 4C), plasma was collected and frozen atSolutions GmbH, Munich, Germany). This scanner enables
80 C for subsequent processing. a resolution of 0.28m per pixel. Tissue section areas were
For ELISA assay, the plates were incubated withmbhOof  analyzed usingfannoramic Viewer 1.15.2 SP2 RT3D Histech
capture antibody, diluted in PBS (0.15 M NaCl) at RT, overhigh kft.) and Histoquant (3D Histech kft.) softwares, which pide
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a morphometric detailed analysis with precise measurements anmersed in 30% sucrose in PBS overnight af 4embedded
di erent histological parameters, including areas and typés oin OCT compound (Miles, Elkhart, IN), and stored in180 C
granulomas at high resolution of entire histological sfi¢&9). liquid nitrogen for subsequent use.

The following morphometric parameters were evaluated and
quantitated in the liver: (i) Distribution and types of gralmmas ~Pre-embedding Immunonanogold EM
as previously described9); (ii) Area taken by granulomas: the As detailed before3(0), pre-embedding immunolabeling was
total area related to the granulomatous response was meahsurearried out before standard EM processing (post xation,
in three sections per animal. The area occupied by di erent typedehydration, in ltration, resin embedding and resin sewting).
of granulomas was also speci ed. A total of 203 granulomas waill labeling steps were carried out at RT on cryosections &sb&e
recorded. iii) Area taken by non-granulomatous in ammayor (30) as follows: a) one wash in 0.02M PBS, pH 7.4, 5min; (b)
in Itrates: the total area occupied by in ltrates was measdiin ~ immersion in 50 mM glycine in 0.02M PBS, pH 7.4, 10 min; (c)
three sections per animal; (iv) Number of parasite eggs initlee |  incubation in a mixture of PBS and BSA (PBS-BSA bu er; 0.02 M
per mn? of tissue; (v) number of eosinophils per total area ofPBS plus 1% BSA) containing 0.1% gelatin (20 min) followed
granuloma. by PBS-BSA plus 10% normal goat serum (NGS) (30 min) —

Additionally, the proportion of eosinophils was estimated in (this step is crucial to block non-speci ¢ Ab binding site§l)
hepatic granuloma types. For this, the number of eosinophiléncubation with primary Ab (1 h); (e) blocking with PBS-BSA
was counted among 400 immune cells in three randomly choseplus NGS (30 min); (f) incubation with secondary Ab (1 h); (g)
granulomas per cell section from each animal. Considerirgg th washing in PBS-BSA (three times of 5 min each); (h) post xation
three sections were studied per animal¥ 6 animals), a total of in 1% glutaraldehyde (10 min); (i) ve washings in distilledter
54 granulomas was analyzed for this eosinophil quanti aatio  (j) incubation with HQ silver enhancement solution in a dark

) room according to the manufacturer's instructions (Nanopes)

Conventional TEM (10 min). This step enables a nucleation of silver ions actbgwid
For conventional TEM, hepatic and intestinal (small and Iargeparticles. These ions precipitate as silver metal and the pestic
fragments were prepared as in previous work§ @9). Tissue grow in size facilitating observation under TEM; (k) three
was xed in a mixture of freshly prepared aldehydes [1%washings in distilled water; (I) immersion in freshly prepaffd
paraformaldehyde and 1.25% glutaraldehyde (EM grade, 5086dium thiosulfate (5min); (m) post xation with 1% osmium
agueous, Electron Microscopy Sciences-EMS, Hat eld, PA)] itetroxide in distilled water (10 min); (n) staining with 2%any!
0.1M sodium phosphate bu er, pH 7.4, at room temperatureacetate in distilled water (5min); (0) embedding in Eponate
(RT). After 2h, fragments were sliced into small pieces of {Eponate 12 Resin; Ted Pella); (p) after polymerization aC60
mm® and xed in the same xative overnight at €. Next, for 16 h, embedding was performed by inverting eponate- lled
the fragments were washed twice in 0.1 M sodium phosphatgiastic capsules over the slide-attached tissue sections; nd (q
bu er for 4h each at 4C and kept in the same buer at £  separation of eponate blocks from glass slides by brief immersi
for further processing. All fragments were post- xed in 1%in liquid nitrogen. Thin sections were cut using a diamond
osmium tetroxide in Sym-Collidine buer, pH 7.4, for 2h at knife on an ultramicrotome (Leica). Sections were mounted o
RT. After washing with sodium maleate buer, pH 5.2, theyuncoated 200-mesh copper grids (Ted Pella) before stainirg wit
were stained en bloc in 2% uranyl acetate (EMS) in 0.05 Nead citrate and viewed with a transmission electron micope
sodium maleate bu er, pH 6.0, for 2h at RT and washed in thqCM 10; Philips) at 60 kV. Two controls were performed: (1)
same bu er as before prior to dehydration in graded ethanolsyrimary Ab was replaced by an irrelevant Ab, and (2) primary
and acetone, and in ltration and embedding with a propyleneAb was omitted. Electron micrographs were randomly taken
oxide-Epon sequence (Eponate 12 Resin; Ted Pella, Redding.di erent magni cations to study the entire cell pro le and
CA, USA). After polymerization at 6@ for 16 h, thin sections subcellular features.
were cut using a diamond knife on an ultramicrotome (Leica,
Bannockburn, IL). Sections were mounted on uncoated 200TEM Quantitative Analysis of Eosinophils
mesh copper grids (Ted Pella) before staining with lead @tratFor quantitative studies of secretory granules, electron
and viewed with a transmission electron microscope (CM 1Gnicrographs randomly taken from eosinophils in Itrated
Philips, or Tecnai G2-20-ThermoFischer Scienti ¢/FEI 2006into infected livers were evaluated after conventional prafian
Eindhoven, the Netherlands) at 60-80 KV. Electron micrpi®  for TEM. A total of 148 electron micrographs showing the
from dierent experiments ( D 3) were randomly taken at entire cell pro le and nucleus were analyzed to determine the
di erent magni cations to study the ultrastructural featas of total number of secretory granules per cell section. Moreover,
secretory granules and other subcellular morphological@spe di erent magni cations from the same cell were taken to idegti

) i ultrastructural changes indicative of PMD, classical exasigt
Tissue Preparation for Immunonanogold and/or cytolysis. A total of 2,868 secretory granules were
Electron Microscopy (immunoEM) counted, and the numbers of intact, emptying and fused gresiul
For immunoEM, liver fragments were immediately xed in were established per cell section. Intact granules were e
fresh 4% paraformaldehyde in phosphate-bu ered saline (PBS)s membrane-bound organelles full of contents without emid
(0.02 M sodium phosphate bu er, 0.15M sodium chloride, pH ultrastructural changes. Emptying granules, that is, ugdarg
7.4) 30). Samples were xed for 4h at RT, washed in PBSlosses of their contents, were indicative of the PMD process,
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and were identi ed as enlarged granules with lucent areas iwere then analyzed by whole slide imaging (WSI), which esable
their cores, matrices or both and/or disassembled contémts scanning and imaging of entire histological slid&sglre 1A).

the absence of granule fusiong0( 31). Granules fused with The resulting digital images have high resolution and o ecess
each other and/or with the plasma membrane were indicative ab all areas on the slide, thus allowing reliable assessofehe
classical exocytosi8%). The process of cytolysis was recognizechumber, evolutional types, frequency and areas of granutoma
by partial or total loss of the plasma membrane integrity amd/o (19).

extracellular deposition of intact granule81j. For controls,

By applying WSI, we found three main types of granulomas:

tissue eosinophils randomly distributed in the small andgkar pre-granulomatous exudative (PE); necrotic-exudative (NE)

intestine from uninfected animals were also analyzed by TEM. and exudative-productive (EP)Figures 1B-D, as previously
Additionally, the total number of speci ¢ granules positive demonstrated by our group for this experimental model

for MBP-1 was quantitated in electron micrographs obtained19). In the PE stage Higure 1B), in ammatory cells are

from the liver after ultrastructural immunolabeling for ith
protein. These analyses were done in clear cross-cell sectio
(total of 9 cells,n D 218 granules) exhibiting the entire

eosinophil cell pro le, intact plasma membranes and nuclei a:
previously performed for single-cell analyses at high resmiu
of immunogold-labeled eosinophil§?). All quantitative studies
were done using thémage Jsoftware(National Institutes of
Health, Bethesda, MD).

Finally, the total number of round large, cytoplasmic vesicle
was evaluated per cell section. A total of 755 vesicles w
enumerated in 19 randomly taken electron micrographs shgwin
the entire cell prole and nucleus from both infected and
uninfected tissue eosinophils.

Statistical Analyses

ANOVA followed by Turkey multiple comparisons test, or
Kruskal-Wallis test was performed using GraphPad Prisn
version 7.00 for Windows (GraphPad Software, La Joll
California, www.graphpad.com). Signi cance was 0.05.

RESULTS

The Liver Pathology Induced by S. mansoni
Schistosomiasis mansoni is characterized by a robust eg
induced granulomatous in ammation in the liver [reviewed
in (33)]. Granulomas are formed around the eggs that are
lodged in the presinusoidal capillary venules of this organ;
and hepatomegaly, secondary to granulomatous in ammation
occurs early in the evolution of this diseas&3) In the
mouse model used in the present work, well-characterize
granulomas associated with hepatomegaly were clearly @aber
(Supplementary Figure L While the body weights of the
infected animals did not show signi cant di erence when
compared to the controls (42.7 1.3g and 40 0.8g
for the infected and control groups respectively, mean
SEM, n D 6 animals/group), the livers were signicantly
increased (4.3 0.2g vs. 1.5 0.05g for infected and control
groups respectively, mean SEM, n D 6 animals/group,
P < 0.0001).

To study liver histopathology in more detail, we used
a histological approach that combines optimal xation
and processing with a plastic resin (glycolmethacrylate
embedding, which provides better tissue resolution than
conventional para n embedding Z8) with optimal visualization
of in ammatory processes including granulomag?). Sections

o}

)

I

()

.,

Necroc-exud ve Exudtive-produc e

E IF"10
< 100+ E
- £
[ ~« 8
g 80 1 e
€ 60 - [ PE X 6
=] ©
< Il NE o
© J s 4
g 40 mEp g
2 ] o 2
> 20 —
< c
s s
© 0 6 0

FIGURE 1 | Representative types of granulomas and their frequencies ithe
livers of mice infected withS. mansoni (A) Histological analyses on entire
tissue sections identi ed three types of granulomas(B) Pre-granulomatous
exudative (PE), characterized by an in Itrate of in ammatorgells in process of
organization around the parasite egg(C) necrotic-exudative (NE), identi ed by
a central halo of necrosis and numerous in ammatory cells disibuted
irregularly on subsequent layers; andD) exudative-productive (EP),
characterized by a rich structure of collagen bers and in amnatory cells
concentrated in the periphery and by a more organized and aumferential
aspect. The numbers of granulomas and their areas in the hepie tissue are
shown in (E,F), respectively. Morphometric analyses were performed usgm
Pannoramic Viewer software after whole slide scanning. Datrepresent mean

SEM. ***P < 0.0001 vs. numbers of granulomas PE and EP¥##  p <
0.0001 area of granuloma PECP D 0.04 vs. area of granuloma PE. Images
are representative of 3 independent experiments.

obtained from glycolmethacrylate-embedded liver fragtsen
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in process of organization around the egg while the othetevels of them in infected compared to uninfected animals
stages Kigures 1C,D are associated with a more organized(Supplementary Figure 2.

circumferential structure in which clusters of in ammatpr

cells such as eosinophils, lymphocytes and macrophages d&®sinophils Are Actively Recruited and

intermixed with collagen bers 34, 35). After recording 203 Represent the Main In ammatory Cell

granulomas, we detected that the NE type, identi ed by a adntr Population Within  S. mansoni

halo of necrosis and numerous in ammatory cells distribadite fecti |
irregularly on subsequent layers, was the most frequent typlg| ection-Induced Granulomas

of granuloma Figures 1C—§. Because the sizes of granulomad?U"ing the acute schistosomiasis, increases in the numbkers o
greatly vary in target tissues, we next measured the tissage a €osinophils can be detected in the cwculapor?, peritoneaitgav
taken by granulomas in the liver. The NE type showed thé@nd target tissues4( 5, 7, 10. Our quantitative analyses of
largest areaHigure 1P. The area occupied by the EP type€0Sinophils in the PL showed that the number of these cells was
was signi cantly higher than that occupied by the PE typel® times higher in the peritoneal uid collected from infedte
(Figure 1P, although these two types of granulomas did notdnimals than in controls (4.8 1.1 for infected vs. 0.3 0.02

di er in terms of numbers Figure 1B. Next, the percentage of for control, mean  SEM,P D 0.003,n D 4 animals/group)
granuloma area in relation to the entire tissue was obtaivgd ~ (Figure 2A). Eosinophils were also quantitated within NE
found that the percentage of hepatic tissue taken by in ammgato 9ranulomas, which, as noted heréigure 15 and before {9),
granulomatous processes represented 7173% (mean SEM, represent the most _frequen_t sFage of granuloma found_ln thl§
n D 6 animals) of the liver while the number of parasiteM0del of acute schistosomiasis. A total of 34,432 eosinophils
eggs in this organ was 2.08 0.5/mn? of tissue. Additionally, Was counted. By applying two morphometric evaluations in
we measured the area taken by in ammatory in ltrates (non- Whole sections, that is, assessment of the eosinophil nurpieers
granulomatous), which represented 35.11.1% (mean SEM, granuloma area and proportion of eosinophils per granuloma,
n D 6 animals). In conjunction, the inammatory response We found that these cells corresponded to 60.10.3%
(non-granulomatous and granulomatous) occupied 42.8.4%

(mean SEM) of the hepatic tissue, thus denoting a remarkably

compromised liver.

Accordingly, signicant increases in the levels of the A g " p——— 100
serum enzymes alanine aminotransferase (ALT) and aspartati£ s 854 M Oiferaollss |350
aminotransferase (AST) re ecting altered liver function @6, 55 6 L K g . g
37) were detected in response to the infectiofelfle ). We | 8 3 . e5® Oa
observed approximately 3- and 4-fold elevations, respectively | 5% §~; 2 40%
response to the acute. mansorninfection (Table 1). é %2 § = 208

é % ‘8_ o
. . . 0 k) 0 0
Detection of Th2 Cytokines in Response to Control  Infected = Acute phase

S. mansoni Infection

The continuous antigenic stimulation resulting from thepped
eggs in target organs leads to a pronounced in ammatory
response at 6—-8 weeks post-infection associated with a deming
CD4C T cell-dependent immune response [reviewed #){.
The interleukins (IL) IL-4, IL-10, and IL-13 are dominant
cytokines driving this reaction 3g). In fact, by analyzing
these cytokines in the plasma, we detected signi cantly éigh

TABLE 1 | Serum transaminases of uninfected ands. mansontinfected animals.

FIGURE 2 | Detection of eosinophils in the peritoneal cavityA) and hepatic
granulomas (B—C) of mice infected withS. mansoni (A) Eosinophil numbers
Uninfected Fold " Infected Fold " quantitated in the peritoneal lavage(B) Eosinophil numbers quantitated per

(D 12) (D 12) area of granuloma considering all granulomas, and in the mogrequent type of
hepatic granuloma (NE type). IfC), a representative NE granuloma. The
boxed area in(C) is shown in(Ci). Arrowheads indicate examples of

Parameters Animals P-value**

AST (U/L) 76 12 1.0 322 48 4.24 <0.0001 ) I - ’ .
eosinophils with characteristic acidophilic cytoplasm. Bta represent mean
ALT (UIL) 49 8 10 160 24 3.26 <0.0001 SEM. *P D 0.003 vs. control uninfected mice; ***P < 0.0001 vs. other
De ritis ratio* 16 0.1 1.0 20 01 1.25 <0.0001 immune cells within granulomas of infected mice. Morphomeic evaluations
were done with the use ofHistoquant software. Cytocentrifuged preparations
AST, Aspartate Aminotransferase; ALT, Alanine Aminotransfers De ritis ratio was were stained and analyzed at magni cation of 1000x. A total 084,432
calculated as [AST/ALT] and indicates the degree of hepatocelular demge. “P-value eosinophils were counted in 203 granulomas at a magni catiorof 20x.

indicates difference between infected and unifected animals.
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*crystalloid g
N\ matrix ]

500 nm

FIGURE 3 | Conventional TEM shows in Itrating eosinophils in the livesf S.
mansonkinfected mice. (A) A representative electron micrograph of the
hepatic tissue in low magni cation shows a group of eosinopHhs (colored in
pink) in close contact with each other and with neutrophilshfown) and plasma
cells (blue). In(B), eosinophils exhibit their typical ultrastructure with a
lobulated nucleus (N) and a robust cytoplasmic populationfospeci ¢ granules
with a unique morphology-an internal well-de ned electrondense crystalline
core and an outer electron-lucent matrix (seen in higher mag cation in Bi).

(mean
(Figures 2B,C,C).

In Itrating Eosinophils Degranulate
Through Different Degranulation Patterns

Having con rmed the striking number of eosinophils in hepatic
granulomas with WSI, we investigated morphological feature

of these cells at high resolution. For this, liver fragmentse

processed for conventional TEM. First, eosinophils with typica
ultrastructure, that is, exhibiting a polylobed nucleus aad

SEM) of all immune cells within NE granulomas

increase of emptying, non-fused granules (49.5.9/cell section
forinfected vs. 32.3 6.9/cell section for control, mean SEM,P

D 0.003n D 2868 secretory granules) and a signi cant reduction
of intact granules in response to the acute schistosomi&i (
0.001) Figure 4D), thus con rming the ability of these cells to
secrete mostly through PMD.

PMD Is the Predominant Secretory
Process of MBP-1 Release by S.

mansoni -Activated Eosinophils

MBP-1 is the main cationic protein stored as preformed pool
within eosinophil secretory granules and considered a hakma

for these cells. Because MBP-1 has been associated with the
immunopathogenesis of various helminthic diseases, inodi
schistosomiasis mansoni [reviewed &8)], we next investigated

the structural mechanism of MBP-1 release by applying pre-
embedding immunonanogold EM. This methodology has proved
to be very e ective in localizing immune mediators in human
eosinophils and other cells from the immune systeif, 32, 40).

We observed a clear labeling for MBP-1 in the entire
population of in ammatory eosinophils while other in Itrated
immune cells were completely negativEigure 6). Infected
cells, for which the primary antibody was replaced by an
irrelevant antibody or omitted $upplementary Figure 4, were
negative. MBP-1 positivity was mostly associated with eosiihoph
secretory granules-{gure 7). By using software for quantitating
granules, we detected that the majority of them (84.@.5%,
mean S.E.M,n D 9 cells) in each eosinophil section was
labeled for MBP-1 and that most of these labeled granules were
undergoing PMD Figure 7A), that is, showing disassembled
cores, enlargement, matrix coarsening and/or reducedrelec
density Figures 7B-E.

ldenti cation of a Vesicular Traf cking of

prominent population of cytoplasmic secretory granules with a1BP-1 Within S. mansoni -Triggered

electron dense crystalloid core surrounded by an electuopmt

Eosinophils in the Liver

matrix were easily identi ed as isolated cells or forminghi  When human eosinophils are activated by in ammatory stimuli,
groups of cellsKigure 3). Eosinophils were in contact with each there is a signi cant increase of cytoplasmic large vestelesed
other and/or with cells such as neutrophils, plasma cells an&osinophil Sombrero Vesicles (EoSVs), which are involved
lymphocytesigure 3). in the transport of granule-derived productsl, 31, 41).
Second, we sought to identify and characterize ultrastmadt The existence of EoSVs-like vesicles in mouse eosinophils is
signs underlying degranulation (as described in materiad a unknown. By performing conventional TEM in the liver from
methods) in in ltrated eosinophils. We found that while 1941 infected animals, we noticed, for the rst time, the presence
of eosinophils were intacEHgure 4A), most eosinophils (66.4%) of numerous round, reasonably large §0—150 nm) vesicles in
exhibited predominantly features of PMOFigures 4Ai—iii,B).  the cytoplasm of in ammatory eosinophils (highlighted in pink
Characteristic features of cytolysiBigure 4C) were observed in Figures 4A 8B). By enumerating a total of 755 vesicles in
in 13.0% of eosinophilsH{gure 4B) and just 1.5% Kigure 4B)  infected and uninfected tissue eosinophils, we found a st
showed classical or compound exocytoSig(re 5). increase of these vesicles in infected compared to uninfected
Third, we wondered if the numbers of intact and emptyingcells (68.1 7.3/cell section for infected vs. 14.2 3.5/cell
secretory granules in infected eosinophils would dier fromsection for control, mean SEM,P < 0.0001,n D 19 cells)
values shown by resting cells. Because eosinophils are r&igure 8A).
normally found in the liver, we analyzed the ultrastructure Next, we analyzed the population of these vesicles after
of eosinophils distributed in the intestinal tract of unimfed ultrastructural immunolabeling for MBP-1. Our single-cell
animals Supplementary Figure 3. A total of 131 cells showing analyses at high resolution were revealing in demonstrating
intact plasma membranes, that is, not undergoing cytolysidyIBP-1-positive vesicles distributed in the cytoplasm and
was evaluated. Our quantitative analysis revealed a signt attached to or surrounding the surface of emptying granules
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secretory granules

@ large vesicles

I

FIGURE 4 | Ultrastructural features of eosinophil degranulation imiammatory sites of the liver ofS. mansonkinfected mice. (A) A representative eosinophil shows
PMD, characterized by the presence of emptying, non-fused ecretory granules. The population of eosinophil speci ¢ graules is colored in yellow while large vesicleg
are highlighted in pink. The boxed areas iifA) are shown in (Ai-Aiii) in higher magni cation. (Ai—Aiii) Note structural signs of PMD such as granule enlargement and
disarrangement of granule cores and matrices(B) Quanti cation of the secretory patterns shownin vivoby hepatic eosinophils in response to the acute infection. In
(C), an eosinophil in advanced stage of cytolysis shows extradkilar free secretory granules (Gr{D) Most eosinophil secretory granules undergo structural chages
indicative of PMD compared to that in uninfected mice. Datagpresent mean SEM. One hundred eight electron micrographs showing the eire cell pro le and
nucleus were analyzed and 2868 secretory granules were coded. **P D 0.001 vs. intact granules,®C P D 0.003 vs. emptying granules,* P D 0.03 vs. fused
granules of uninfected mice. Gr, secretory granuleN, nucleus. Fragments of the liver of animals experimentaligfected (acute phase) and intestines (for uninfected
controls) were prepared for conventional TEM.

(Figure 8B). Computational analyses showed thaP0% of all vesicular tra cking as a main mechanism for MBP-1 release in
cytoplasmic vesicles from the same size range were carryingsponse to the acute schistosomiasis in mice. Accordingly?-MB
MBP-1 (Figure 8Bi). Altogether, our ndings consistently 1 immunolabeling was also detected in the extracellular imatr
demonstrate the occurrence of a secretory process based (figure 8B arrows). Interestingly, the deposits of MBP-1 were
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two or more crystalloids

FIGURE 6 | Ultrastructural immunolocalization of MBP-1 in the liverdm a S.
mansonkinfected mouse. (A,B) Positivity is seen within representative

in Itrating eosinophils while other in ammatory cells such a lymphocyte (A)
and neutrophil (B) are negative. Labeling was associated with secretory
(speci c) granules, as observed in higher magni catior(Bi). A close apposition
between an eosinophil and a lymphocyte is noted iffA). Liver fragments were
prepared for pre-embedding immunonanogold electron micrecopy. N,

SLE

FIGURE 5 | Ultrastructure of eosinophils undergoing compound exocysis in
in ammatory sites of the liver ofS. mansontinfected mice. (A) A representative
electron micrograph shows an eosinophil with granules in jcess of fusion. In
(B), secretory granules show several crystalline cores, a feate also
considered as an evidence of fusion. The boxed areas itA,B) are shown in nucleus.
(Ai,Bi) in higher magni cation. (*) Denotes some of the secretory graules.
Arrows indicates a fusion areaN, nucleus. Fragments of the liver of animals
experimentally infected (acute phase) were prepared for ewentional TEM. mansoni. Acute schistosomiasis is characterized by arsigste

hypersensitivity reaction against the migrating schistostam
and eggs4?). During the rst 3-5 weeks, the host is exposed to
not massive, but dispersed in the extracellular matfiig(re 8B,  migrating immature parasites while at weeks 5-6, the parasite

arrows). matures and begins to produce eggs, which is associated with
a Th2 response (reviewed in 39). All classical parameters
DISCUSSION conrmatory of the acute infection, such as hepatomegaly,

high density of eggs in a target organ; well-characterized

Expansion and recruitment of eosinophils is a central featurgranulomatous in ammation around deposited eggs; altenati
of the host response to th8. mansoninfection. How these of liver enzymes, increased levels of Th2 cytokines andhsixte
cells release their products in target organs of this disémase eosinophil in ltration were consistently demonstrated in
unknown. Our study describes marked eosinophil degranatati this model. Moreover, our detailed analysis of granuloma
in vivoin the liver triggered by schistosomiasis mansoni in micdormation in infected mice corroborates the prevalence a th
and identi es, for the rst time, PMD as the main mode of NE granuloma, which is greatly enriched in in ammatory cells
eosinophil secretion. We also provide direct evidence that MBRand it is also the major granuloma type found during the acute
1 is transported in the cytoplasm of in ltrating eosinophils and schistosomiasis mansoni in human&.
released through a vesicular tra cking in response to thetacu  Acute schistosomiasis in mice led to substantial degraimla
infection. of in ltrating eosinophils in the liver through PMD. PMD is

In this work, we explore the ability of inamatory a frequent secretory process of human eosinophils observed
eosinophils to degranulate in a murine model of schistos@isia in vivo in varied human in ammatory and other disorders
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. (PMD) (Exocytosis)
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FIGURE 7 | Immunolocalization of MBP-1 on liver-in ltrating eosinopis from S. mansontinfected mice. (A) Most MPB-1-positive secretory granules ( 80%) showed
characteristics of piecemeal degranulation (PMDJB-E) Single-cell analyses at high-resolution reveal robust lating of MBP-1 within secretory granules (Gr) of
activated eosinophils. Note the typical signs of PMD such asnlargement and disarrangement of granule cores and matrés. N, nucleus. Data represent mean
SEM. The numbers of labeled and not labeled granules (D 218 granules) were counted in electron micrographsn(D 9). * D 0.005 vs. intact granules; ***P <
0.0001 vs. fused granules. Liver fragments were prepared fopre-embedding immunonanogold electron microscopy.

such as asthma4@); nasal polyposis4@); allergic rhinitis To compare the extent of the secretory processes shown by
(44, 45); ulcerative colitis 44); Crohn's disease4{); atopic in Itrating eosinophils in the liver of infected animals, we used
dermatitis @6); functional dyspepsia4(/), gastric carcinoma resident intestinal eosinophils as controls since eosinspdnié
(49); shigellosis 49 and cholera %0), but this is the rst not resident cells of the liver. Hepatic in ammatory eosinolghi
time that it is clearly recognized during the acute infentio had signi cantly higher numbers of secretory granules with
with S. mansoni In this mode of secretion, eosinophils PMD features compared to the eosinophil population of the
release granule contents, but retain their granule comti@n intestinal tract Figure 4D). However, it should be highlighted
[reviewed in 61)]. PMD is identied mainly by structural that this population showed considerable PMPBidure 4D),
disarrangement of the granules cores and matrices withimvhich can be explained by the fact that intestinal eosinophils
granules delimited by intact membranes, but other subtlesig are phenotypically distinct from blood eosinophils and exhibit
such as granule matrix coarsening and granule enlargemean activated phenotype based on their cytokine expression
can additionally indicate PMD occurrence in mouse eosinophil&nd degranulation statussf). In fact, eosinophils that reside
(52 (Figure 4). In fact, there have been controversies thatn the gastrointestinal tract are required for the homedtista
mouse eosinophils are not able to “degranulate” in soméntestinal immune responses, including IgA production thgiu
mouse models of allergic airway in ammatior24, 53 54). secretion of cytokinesS@, 57) and constitutively express antigen
In our work using detailed ultrastructural analyses to exaeni presentation markers5@). Thus, intestinal eosinophils are more
mouse eosinophils in a “classic” host-response model of neurinactive and consequently with a higher activity of secretion

schistosomiasis, we provide de nitive ndings for the vivo In addition to PMD, our quantitative EM analyses revealed
capacity of mouse eosinophils, like human eosinophils, tthat 13% of liver-in ltrating eosinophils exhibited di erent
undergo PMD. degrees of cytolysisFigures 4B,G, which deposits cell-free
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FIGURE 8 | Vesicular traf cking of MBP-1 in the cytoplasm of in ammatoryeosinophils in the liver ofS. mansontinfected mice. (A) The acute infection induces a
prominent formation of cytoplasmic, large (80-150 nm) rouhvesicles (highlighted in pink irB. Note in Bi) that immunolabeling for MBP-1 is clearly associated with
several of these vesicles in addition to secretory granule@r, highlighted in yellow). Arrows indicate extracellul@eposition of MBP-1. Data represent mean SEM.
The numbers of vesiclesif D 755) were counted in a total of 19 electron micrographs, afteconventional processing for TEM. **P < 0.0001 vs. control group. For
immunolabeling of MBP-1, liver fragments were prepared fopre-embedding immunonanogold electron microscopy.

secretory granules in the surrounding tissue [reviewed3if)](  secretory granules, but these vesicles do not exhibit theesa
Cytolysis is a physiologically important mode of eosinophiltypical tubular morphology of human EoSV§&igures 4A,Ali,
secretion because the speci ¢ granules remain active even af8B,Bi).
cell death 81). Cytolysis is de ned ultrastructurally by physical MBP has been extensively detected extracellularly in
rupture of the cell and is morphologically distinct from both in ammatory sites of eosinophil-associated human diseases
apoptosis and necrosig, 59). More recently, another form of (64-69), including schistosomiasis mansorii9). Here, we also
cell death—pyroptosis—, which is mediated by caspas#)lWas observed extracellular localization of MBP in the liver &didi
identi ed in hepatic eosinophils isolated from a mouse modelby the acuteS. mansoninfection in mice Eigure 8B). MBP
of S. mansoninfection (61). Because cell disruption is also aextracellular deposition comes from degranulating eosingphil
feature of pyroptotic cell$50), we cannot rule out that part of the which can release their products via, as noted, cytolysis,
cytolytic eosinophil population found by our EM analyses may belassical/compound exocytosis and/or PMD. Because PMD was
undergoing pyroptosis. detected in most in Itrated eosinophils (66.4%) and relies on
Formation of large secretory vesicles (EoSVs) that ariseesicular transport of granule products, we were expecting to nd
from eosinophil speci c granules and contain granule proteinggranule-mobilized MBP in association with cytoplasmic Viesic
and cytokines is another indication of PMD and has beerindeed, our single-cell analyses using very small gold pasticle
documented in human eosinophils [reviewed bl 62)] (1.4nm) for membrane microdomains access enabled labeling
but heretofore not in mouse eosinophils. Moreover, ampli edof MBP-1 on intracellular vesicles of eosinophils in the livers
formation of EoSVs is considered a morphological feature obf S. mansoninfected animals Figures 7 8). Therefore, it is
activated human eosinophild§, 41). For example, eosinophils clear that part of the cytoplasmic vesicle population is tra ngi
stimulated with CCL11/eotaxin-1 or tumor necrosis facttplea  MBP-1 within in ammatory eosinophils for extracellular releas
(TNF-a) show increased numbers of cytoplasmic EoS¥§ ( In fact, deposits of MBP-1 were dispersed in the extracellular
as well as do naturally activated eosinophils from patients witmatrix (Figure 8), which is compatible with gradual vesicle-
hypereosinophilic syndrome when compared to normal donorsnediated release of this protein. Vesicular secretion of MBB w
(63). Our present quantitative EM studies demonstrate, for thealso described in human activated eosinophilyitro (63), but
rst time, that S. mansoniriggered mouse eosinophils have this is the rst report on this secretory pathway in mice and in
an augmented population of large (80-150 nm) round vesiclegssociation with a parasitic diseaseivo.
analogously to EoSVs found in human eosinophils)( As with What is the meaning of PMD and the release of MBP-
human EoSVs, these large vesicles from mouse eosinophils drethrough PMD during acute shistosomiasis? Eosinophils
seen distributed in the cytoplasm and clearly associated withroduce an array of granule-stored immune mediators that
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are known to be key regulators in diverse physiological and In summary, our ndings identify PMD as the main
pathological processes3)(and are a source of both pro- secretory process of in ammatory eosinophils in the liver of
in ammatory and immune regulatory cytokine§ (). In contrast S mansoniinfected mice, with detection of granule-derived
to classical and compound exocytosis, whereby whole granwesicular transport of MBP-1 in response to the infection.
contents are extrudedn toto, PMD enables extracellular Vesicle-mediated release of MBP-1 and otherimmune mediators
delivery of specic mediators in small amounts (“piece-by-such as cytokines stored within eosinophil granules may be
piece”) through a vesicular tra cking. Gradual release ofimane  associated with an immunoregulatory function of eosinophils
mediators, including MBP-1, by in ammatory eosinophils may but the de nitive roles of these cells in the parasitic immune
be involved with immunoregulatory functions of these cellsresponse remains to be recognized. Our present work also
during schistosomiasis. MBP, in addition to be classicallgxpands our understanding of the ultrastructural aspects of
associated with parasite killing, has been implicated with thmouse eosinophils, their ability to degranulate and the basic
regulation of cytokine responses during helminth infecsqil).  mechanisms that underlie the functioning of these cells iis th

In fact, there is increasing evidence that eosinophils exert experimental model.
role of immunoregulation in both adaptive and innate immuit
including in the context of parasitic diseases [reviewedlii ( AUTHOR CONTRIBUTIONS
72)]. It is now well documented that eosinophils have key
immunoregulatory functions as professional antigen-préisgn RM provided the study supervision and prepared the
cells and as modulators of CD&@J T cell, dendritic cell, B cell, manuscript. FD, KA, KM, and TS performed experiments.
mast cell, neutrophil, and basophil functiofig]. Of interest, our FD prepared the gures. GSCR, FD, VC, and GOLR performed
comprehensive ultrastructural analyses revealed direotacd cytokine analyses. RM, PW, HC-G, and FR provided critical
of eosinophils undergoing PMD with other immune cells editing of the manuscript. All authors contributed in part to
such as neutrophilsRigure 3A), plasma cellsRigure 3A), and  writing and editing the manuscript and approved the nal
lymphocytes Figure 6A). It is documented that eosinophils are version.
able to modulate the functions of other leukocytes [revigre
(2)] and our ndings showing eosinophil interactions with othe  FUNDING
immune cells may represent such capacity.

Our results shed light on the ill-understooith vivo roles  This work was supported by the National Institute of Health
of eosinophils, underlined by their degranulation abilitys,  (NIH) grants R37Al020241 to PW, Conselho Nacional de
target organs of thes. mansoniinfection. The current view Desenvolvimento Cienti co e Tecnoldgico (CNPq, Brazikugts
of eosinophils as e ector cells, able to kill parasites througt77475/2013-2, 469995/2014-9 and 434914/2018-5 to RM and
massive discharge of granule products, is beginning to aghangrundacdo de Amparo a Pesquisa do Estado de Minas Gerais
However, the meaning of eosinophil cell-to-cell interacé@nd  (FAPEMIG, Brazil, grant CBB-APQ-03647-16) to RM.
if PMD represent a subtle immunomodulatory contribution of
eosinophils in both experimental and human schistosomiaipg CKNOWLEDGMENTS
awaits further investigation.

Lastly, it is important to highlight the emerging role of we gratefully acknowledge the Centro de Microscopia (UFMG,
eosinophils in tissue homeostasis and repd). (Sustained Brazil) and Centro de Aquisicdo e Processamento de Imagens
PMD-mediated secretion of in ltrating eosinophils during (CAPI, ICB, UFMG) for the use of their facilites and the
acute schistosomiasis might additionally be associatéll the  Laboratory of Schistosomiasis (Department of Parasitqlogy
competence of these cells to promote a tissue repair responsg=MG, Brazil) for infection of the animals. We are grateful to

Particularly in the liver, the functions of eosinophils angé the late Dr. James Lee (Mayo Clinic, Scottsdale, Arizong) fo
2 cytokine signaling were studied in the context of experitaén providing the MBP-1 antibody.

tissue regeneratiory@). It was demonstrated that type 2 immune
responses related to eosinophils and IL-4/IL-13, via lla4R  SUPPLEMENTARY MATERIAL

hepatocytes, stimulated liver regeneration after expertaien

injury (73). Thus, it is clear that eosinophils have unanticipatedrhe Supplementary Material for this article can be found
functionsin vivoand their roles during eosinophilic diseases suclpnline at: https://www.frontiersin.org/articles/10.388nmu.

as schistosomiasis have been more di cult to establish.
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