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A key function of human eosinophils is to secrete cytokinesshemokines and cationic
proteins, traf cking, and releasing these mediators for rtes in in ammation and

other immune responses. Eosinophil activation leads to seetion of pre-synthesized
granule-stored mediators through different mechanisms, bt the ability of eosinophils
to secrete extracellular vesicles (EVs), very small vesislwith preserved membrane
topology, is still poorly understood. In the present work, w sought to identify and
characterize EVs released from human eosinophils during ftBrent conditions: after a
culturing period or after isolation and stimulation with iammatory stimuli, which are

known to induce eosinophil activation and secretion: CCL11(eotaxin-1) and tumor
necrosis factor alpha (TNFa). EV production was investigated by nanoscale ow
cytometry, conventional transmission electron microscop (TEM) and pre-embedding
immunonanogold EM. The tetraspanins CD63 and CD9 were usedsaEV biomarkers
for both ow cytometry and ultrastructural immunolabeling Nanoscale ow cytometry

showed that human eosinophils produce EVs in culture and thaa population of EVs
expressed detectable CD9, while CD63 was not consistently etected. When eosinophils
were stimulated immediately after isolation and analyzedybTEM, EVs were clearly
identi ed as microvesicles (MVs) outwardly budding off thgplasma membrane. Both

CCL11 and TNFa induced signi cant increases of MVs compared to unstimulagd cells.

TNF-a induced ampli ed release of MVs more than CCL11. EosinophiMV diameters

varied from 20 to 1000 nm. Immunonanogold EM revealed cleamimunolabeling for
CD63 and CD9 on eosinophil MVs, although not all MVs were lalbed. Altogether,

we identi ed, for the rst time, that human eosinophils secete MVs and that this
production increases in response to in ammatory stimuli. Tis is important to understand
the complex secretory activities of eosinophils underlygy immune responses. The
contribution of the eosinophil-derived MVs to the regulatin of immune responses awaits
further investigation.

Keywords: cell secretion, in ammation, CCL11 (eotaxin-1), t
CD63, CD9, transmission electron microscopy (TEM)

umor necrosis factor alpha (TNF- a), tetraspanins,
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Akuthota et al. Extracellular Vesicles and Human Eosinophils

INTRODUCTION 2006; Carmo et al., 20).5By studying the ultrastructure of
human eosinophils isolated from the peripheral blood, we

Eosinophils, leukocytes of the innate immune system that armoticed the presence of EVs budding from the cell surface when
involved in the pathogenesis of asthma, allergies, and othehe cells were kept alive in mediurkigure 1).
diseases as well as other ongoing homeostatic roles iretissu In the present work, we sought to identify and characterize
have a remarkable ability to secrete speci c proteins in respon EVs released from human eosinophils during dierent
to in ammatory stimuli. A plethora of mediators are stored conditions: in culture and after stimulation with two disth
as preformed molecules within eosinophil specic (secretorypgonist “in ammatory” stimuli, which are known to induce
granules, the singular granule population in the cytoplasm oéosinophil activation and secretion: the chemokine, CCL11
these cells such as distinct cationic proteins and cytokinggotaxin-1), and the cytokine, tumor necrosis factor alpha
(reviewed inSpencer et al., 20).4 (TNF-a; Egesten et al., 1998; Bandeira-Melo et al., 2001, 2003;

Some major mechanisms leading to secretion of granule-iu et al., 2007; Spencer et al., 200A recent work, we showed
derived immune mediators have been well-characterized ithat these stimuli trigger increased formation of intraoédr
human eosinophils. In response to cell activation, granuées c transport vesicles in association with distinct processes of
fuse with the plasma membrane in order to secrete their casten eosinophil secretion Garmo et al., 2006 We wondered if
but the most frequent mechanism for the delivery of eosinophiboth stimuli are also able to in uence the biogenesis of EVs.
mediators involve vesicular carriers, which recruit cargoectly By performing a comprehensive study, using nanoscale ow
from secretory granules, a secretory process termed pie¢emegtometry, conventional TEM and immunonanogold labeling
degranulation (reviewed ifvielo and Weller, 2010; Melo et al., for CD63 and CD9, we demonstrate that human eosinophils
2013a; Spencer et al., 2D1%hile the study of eosinophil produce EVs, which were clearly characterized as MVs, and
degranulation processes has received great attention itetite that this production is increased in response to both CCL11
decade, the ability of eosinophils to secrete membranelessic and TNF-a, identifying eosinophil EV genesis as a secretory
collectively termed extracellular vesicles (EVs), remdmbe mechanism with eosinophil-mediated immune responses.
explored.

Various names, including exosomes and microveSideﬁ/lATERlALS AND METHODS
(MVs)/microparticles, have been given to secreted EVs. While
the term exosomes is used for referring to a population oE0Sinophil Isolation, Stimulation, and
EVs, which are released from cells when multivesicular tmdie\/iabi“ty

(MVBs) fuse with the plasma membrane, the term MVs hassranulocytes were isolated from peripheral blood of allergic
been generally used for EVs formed by budding and shedding healthy donors. Eosinophils were enriched and puri ed
of the plasma membrane (reviewed\ian der Pol et al.,, 2012; py negative selection as previously described (Stef¥Sep
Twu and Johnson, 2014; Lawson et al., JORecently, it was stemCell Technologies, Seattle WA; Miltenyi Biotec, Auburn
demonstrated that human eosinophils secrete exosomes {Ba; Bandeira-Melo et al., 2000; Akuthota et al., 201%he
culture cell conditions and that this type of EV is increased i hypotonic red blood cell (RBC) lysis was omitted to avoid any
asthmatic patients, which links EVs with eosinophil actigati potential for RBC lysis to a ect eosinophil function. Eosinophil
(Mazzeo et al., 20)5However, the functions of EVs secretedyjapility and purity were>99% as determined by ethidium
by immune cells during in ammatory responses are still poorlypromide (Molecular Probes, Life Technologies, Carlsbad, CA)
understood. It is believed that these vesicles can act @8rsaf  jncorporation and cytocentrifuged smears stained with HEMA 3
cell-cell communication mediators such as cytokines apitlli  stain kit (Fisher Scienti c, Medford, MA), respectively. Ped
mediators, and potentially contribute to in ammation (reaved  eosinophils (18 cells/mL) were stimulated with TNE- (200

in Buzas et al., 20)AMoreover, a potential immunomodulatory ng/mL: R&D Systems, Minneapolis, MN) or recombinant human
role for treating or preventing in ammatory disorders haseére  cCL11 (100 ng/mL; R&D Systems), in RPMI-1640 medium plus
attributed to EVs Buzas et al., 20)4 0.1% ovalbumin (OVA; Sigma, St. Louis, MO, USA), or medium

EVs secreted by cells can be detected by nanoscale Oxyone at 37C, for 1 h as beforeGarmo et al., 2006
cytometric methods, which identify and sort submicron peleis

(Danielson et al., 20)6and transmission electron microscopy Ethics Statement
(TEM), which enables unambiguous visualization of EVswritten informed consent was obtained from donors in
(reviewed inLawson et al., 20)6EM is thus considered an accordance with the Declaration of Helsinki, and Institutid
essential technique to characterize EVs and to distingtiisim  Review Board (IRB) approval was obtained from the Beth Israel
from non-membranous particles of similar size, as endorsgd bDeaconess Medical Center Committee on Clinical Investigati
the International Society for EVs in an e ort to provide minirha (Boston, MA, USA).
requirements for EV de nition [6tvall et al., 201y

Our group has been using di erent EM techniques, incIudingAntibOdy Reagents
conventional TEM and immunonanogold EM, to understand Mouse anti-human Ig@ CD63 (clone H5C6, catalog number
mechanisms of vesicular tracking and release of immune556019, 5mg/mL, BD-Pharmingen, San Diego, CA), mouse
mediators from human eosinophils activated by in ammatory anti-human CD9 (clone 209306; R&D Systems, rig/mL,
stimuli (Melo et al., 2005a,b, 2008a, 2009, 2010; Spencer et Minneapolis, MN) and irrelevant isotype control monoclonal
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FIGURE 1 | TEM reveals production of MVs by human eosinophils. (A) A representative micrograph of a human eosinophil documestseveral MVs (highlighted
in blue inAi) budding directly from the plasma membrane. Eosinophil spg ¢ granules (Gr), the singular population of secretory graules in the cytoplasm, show
lucencies in their granule cores, indicative of cell acti@n. Two lipid bodies (LB), which typically appear as verylectron-dense organelles in eosinophils, are seen in
the cell periphery. Eosinophils were isolated from the pgafieral blood from healthy donors by negative selection, kegn medium during 1 h, immediately xed while
still in suspension and processed for conventional TEM. N,utleus.

antibodies (mAbs) were used for electron microscopyclone H5C6, Biolegend, San Diego, CA), FITC-conjugated
immunodetection studies. The secondary Ab for immunoEMmouse anti-human Igg CD9 (clone HI9a, Biolegend),
was an a nity-puri ed goat anti-mouse Fab fragmentconjugat and irrelevant FITC-conjugated isotype control antibodies
to 1.4 nm gold particles (1:100, Nanogold, Nanoprobes, Stonyere used for nanoscale ow cytometry or regular ow
Brook, NY). FITC-conjugated mouse anti-human lg&D63 cytometry.
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Nanoscale Flow Cytometry Pre-embedding Immunonanogold EM
Human eosinophils were incubated for 4 days in RPMI-164s detailed beforeMelo et al., 2005b, 2009; Dias et al., 2014
with 5% FBS with 10 ng/mL IL-5 and 1 ng/mL of GM-CSF pre-embedding immunolabeling was carried out before stathda
to allow for EV accumulation in the culture supernatant. DueEM processing (post- xation, dehydration, in Itration, resi
to the presence of FBS, culture medium was depleted of E\&nbedding and resin sectioning). All labeling steps werdezhr
by ultracentrifugation prior to use. Supernatants were degglet out at RT as beforeMelo et al., 201yl as follows: (a) one
of eosinophils and debris with successive centrifugatioBft wash in 0.02M PBS, pH 7.6, 5 min; (b) immersion in 50 mM
g, 5600 g, and 11,000 g. EVs were then isolated by glycine in 0.02M PBS, pH 7.4, 10min; (c) incubation in a
ultracentrifugation at 100,000 g for 1 h. EV-depleted culture mixture of PBS and BSA (PBS-BSA bu er; 0.02M PBS plus 1%
medium without cells present subjected to the same protocdSA) containing 0.1% gelatin (20 min) followed by PBS-BSA
served as a negative control. Prior to nanoscale ow cytoynet plus 10% normal goat serum (NGS; 30 min)—(this step is
some samples were incubated with FITC-conjugated anti-CD®rucial to block non-speci ¢ Ab binding sites); (d) incubati
antibody or FITC-conjugated anti-CD63 antibody. Nanoscal with primary Ab (1h); (e) blocking with PBS-BSA plus NGS
ow cytometry was performed as previously described using30 min); (f) incubation with secondary Ab (1h); (g) washing
a Beckman Coulter MoFlo AstriosEQ modied to optimize in PBS-BSA (three times of 5min each); (h) post- xation in
detection of small particles down to 200nm in diameterl% glutaraldehyde (10 min); (i) ve washings in distilled wate
(Danielson et al., 20)6Control Latex Beads were obtained from (j) incubation with HQ silver enhancemerkit (Nanoprobes)
Beckman Coulter. Electronic noise was gated out during @maly in a dark room according to the manufacturer's instructions
using the signal generated by phosphate bu ered saline alone 880 min). This step enables a nucleation of silver ions acbgwold

areference. particles. These ions precipitate as silver metal and the estic
grow in size facilitating observation under TEM); (k) three
Flow Cytometry for CD63 in Entire Cells washings in distilled water; (I) immersion in freshly prepatd

For CD63 detection in human eosinophils by regular ow SCdium thiosulfate (Smin); (m) post- xation with 1% osmium
cytometry, cells were incubated 1:25 in relevant antibody of€troxide in distilled water (10 min); (n) staining with 2%anyl
isotype control for 25 min at 4. Flow cytometry for CD63 acetate in distilled water (Smin); (0) embedding in Eponate
was performed using a BD Accuri Flow Cytometer. Data weré=Ponate 12 Resin; Ted Pella); (p) after polymerization ac60

analyzed using FlowJo (TreeStar, Ashland, OR, USA). for 1§h, embedding was pen‘ormed by inyerting epnnate- lled
plastic capsules over the slide-attached tissue sections; and (q

C fi | TEM separation of eponate blocks from glass slides by brief imowersi
onven |qna ) ) . in liquid nitrogen. Thin sections were cut using a diamond
For conventional TEM, isolated eosinophils were prepared ag,ife on an ultramicrotome (Leica). Sections were mounted o

before (elo et al., 2005a, 20p<Cells were xed in & mixture ncqated 200-mesh copper grids (Ted Pella) before stainiriy wit
of freshly prepared aldehydes [1% paraformaldehyde (PFO) and, itrate and viewed with a transmission electron micope

1.25% glutaraldehyde] in 0.1 M sodium cacodylate bu er (nal 10; Philips) at 60KV. Two controls were performed:

concentration) for 1 h at RT, embedded in 2% agar and kept 1) primary Ab was replaced by an irrelevant Ab, and (2) primary

4 C for further processing_. Agar peI_Iets_ containing gosinophilﬁb was omitted. Electron micrographs were randomly taken
were post- xed in 1% osmium tetroxide in sym-collidine bu er, ¢ qi erent magni cations to study the entire cell prole and
pH 7.4, for 2 h at RT. After washing with sodium maleate bu er, g,y cellular features.

pH 5.2, pellets were stained en bloc in 2% uranyl acetate in
0.05 M sodium maleate bu er, pH 6.0 for 2h at RT and WaShefQuantitative EM Analysis
in the same bu er as before prior to dehydration in gradedgq, qyanti cation studies by conventional TEM (enumeratio
ethanols and in Itration and embeddmg with a propylene px+de of the total number of EVs and MVBs), electron micrographs
Epon sequence (Eponate 12 Resin; Ted Pella, Redding, CA). ce|| sections were randomly taken from unstimulated and
Sections were mounted on uncoated 200-mesh copper grid§imylated eosinophils. Electron micrographs were taken by an
(Ted Pella) before staining with lead citrate and viewedwait  onerator plind to EV identi cation. A total of 110 electron
transmission electron microscope (CM 10; Philips, Eindhove%icrographs (39 from unstimulated, 37 from CCL11- and 34
The Netherlands) at 60 KV. from TNF-a-stimulated eosinophils) and 516 EVs (55 from
unstimulated, 187 from CCL11- and 274 from TN¥stimulated
Cell Preparation for Immunonanogold EM eosinophils) were counted. Then, the diameters of EVs were
For immunoEM, puri ed eosinophils were immediately xed in measured and grouped in di erent ranges (20-100, 100-200,
fresh 4% PFO in PBS, pH 7.4/¢lo et al., 201 Cells were 200-300, 300-1000nm). The presence of typical MVBs was
xed for 30 min at RT, washed in PBS and centrifuged at 1500 qivestigated in all electron micrographs. These analysas we
for 1 min. Samples were then resuspended in molten 2% agdone in clear cross-cell sections exhibiting the entire resyshil
in PBS and quickly recentrifuged. Pellets were immersed®% 3 cell prole, intact plasma membranes and nuclei. EVs were
sucrose in PBS overnight at@, embedded in OCT compound morphologically de ned as intact, small round vesiclesirdaed
(Miles, Elkhart, IN), and stored in 180 C liquid nitrogen for by a membrane unit, which is seen by TEM as a typical
subsequent use. trilaminar structure, in process of outward budding from
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the plasma membrane or closely associated with the cdRESULTS

surface. . .
Human Eosinophils Release EVs

For immunonanogold EM studies, a total of 69 electron he | decad h has b dve h
micrographs randomly taken from unstimulated and stimuthte OVe' the last decade, our research group has been studyeng t

eosinophils were evaluated for CD63 and CD9 labeling. The%trastructuri 0(‘; hluman QOSin$pziIS dlurin%?cli eren(tjcpnotgms
analyses were done in clear cross-cell sections exhibitiag ' EM methodology, primarily developed for studying human

entire eosinophil cell prole, intact plasma membranes, anoeOSInOphIIS |splated from the perlphera! b!OOd' mclud_es prompt
nuclei. aldehyde xation while the cells are still in suspension, which
All quantitative studies were performed using thmage J El:npgrt?nt to optimal cell preservgtlé)n .an&.to captlljre speci ¢
software (National Institutes of Health, Bethesda, MD). iological events in response to varied stimuigfo et al., 2005a,
2013B. Thus, cells kept alive in suspension either unstimulated
; ; or agonist stimulated are immediately xed after a detergun
EorrOIer(I)rt]eiEIeeggt?gT]?)[Sjéso?fg/\s/sculture subernatants oi’me, before any subsequent centrifugation procedure, whic
primgr human eos?nophils were coilected and fentrifuged a OU|d- interfere With- the cell morpho!ogy. While _examining
th y ¢ | ; v Cult i ?esultlng electron micrographs from di erent experiments, we
€y were for nanoscale ow cylomelry. LUullure superna antoccasionally noticed clear shedding of small vesicles deliim

from an eosinophilic leukemia cell line (Eol-1, Sigma-Altic b tvpical bhospholipid bil f h inoohil surf
was also collected and centrifuged. Lithium dodecyl selfat(gigirgq;ca phospholipic briayer from the eosinophtl suriace

Sa”!p'e bu er (4X; Invitrogen) and sample reduci.ng agent (10X We then decided to investigate whether eosinophils kept
(Invitrogen) were added at nal 1X concentrations. Samplesi,n culture were able to release EVs. Eosinophils isolated from

. o0 Rie Tri
rst he_ated for_7_.5 min at 95C, were run on a 4-12% B'S_ Tris the peripheral blood of healthy patients were incubated for
gel. Silver staining was then performed of polyacrylamide g days in culture to allow EV accumulation in the culture

(Thermo Scienti ¢, Rockford, IL, USA) were used to devebpsupernatant. EVs isolated by ultracentrifugation were eatad

membranes. by nanoscale ow cytometry. Using standard latex beads, s

. . con rmed the ability of the nanoscale ow cytometry approach
Annexin V Analysis by Confocal to discriminate small particles down to a size of 200 nm and
Microscopy and Flow Cytometry lower (Figure 2A). After gating out electronic noise, EVs derived

To detect exposed phosphatidylserine, cells were stained witfom human eosinophil cultures were identi edrigures 2B-D.
annexin V (Gonzalez-Cano et al., 2010Freshly isolated On staining EVs with FITC-conjugated anti-CD9 or anti-CD63
human eosinophils were resuspended in 5% FBS RPMI-164Mtibodies, we found that EVs, that were identi able and
medium (16 cells/mL) and stimulated, as above, at @7 evaluated by nanoscale ow cytometry, had readily detdetab
in 5% CO2 incubator. Annexin V-FITC (Medical and CD9 (Figure2B. A band at 25 kD, consistent with the
Biological Laboratories, Nagoya, Japan) was then added pwesence of CD9 in these vesicles, was also detected by protein
the culture medium (1:20) and cells were viewed withoutlectrophoresis (Supplementary Figure 1). CD63 expression
washing or xing in an imaging chamber (Zell-kontakt, by eosinophil EVs was not detectable with nanoscale ow
Norten-Hardenberg, Germany). The confocal microscopic andytometry Eigure 2F. All nanoscale ow cytometry results
di erential interference contrast (DIC) images were captlire were representative of four individual experiments from four
using a laser scanning confocal microscope with incubatiomdividual normal donors Figure 2). Positive controls for CD63
chamber (100x objective, Carl Zeiss LSM780, Jena, Germangje shown in Supplementary Figure 2.
For ow cytometry, annexin V-FITC stained cells were measlr
using a ow cytometer (Cytomics FC500, Beckman Coulter,
Fullerton, CA, USA). Data were analyzed by Flowjo software. EV Production by Human Eosinophils

Increases in Response to In ammatory
Tunel Assay Stimuli
Eosinophils stimulated as described were xed with 4%next, to study the phenomenon of vesicle release and detect
paraformaldehyde and stained using MEBSTAIN Apoptosigys at the cell surface, we stimulated freshly isolated ephits
TUNEL Kit (Medial Biological Laboratories, Nagoya, Japanjrom normal donors during 1 h with CCL11 or TNE; at
according to the manufacturers instruction. Images wergoncentrations previously documented to induce secretian, o
captured using a uorescence microscope (40x objectivealeignedium alone Carmo et al., 207)6and immediately processed

DMI 4000B, Wetzlar, Germany). for conventional TEM. Then, electron micrographs randomly
o taken from the thin sections by an operator blind to EV
Statistical Analyses identi cation and showing the entire cell prole and intact

Comparison between groups was analyzed using Kruskal Wallgasma membrane were carefully examined. First, conveation
test followed by Dunn's test to adjust for multiple comparispn TEM revealed that EVs appeared mostly as MVs in both
as appropriate. The signi cance level was s&14t0.05. Alltests  unstimulated Figure 3A) and stimulated Figure 3B) cells, that

and graphs were performed with software Prism 6.0.1 (GraphPdd, shedding directly from the plasma membrane. Typical MVs,
software, San Diego, CA). Data are expressed as me&isVl. delimited by a phospholipid membrane, were seen in progressive
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derived from three experiments with a total of 516 MVs counteéin 110 electron micrographs randomly taken and showing thentire cell pro le and nucleus (N). Data
represent mean S.E.M. **P < 0.002 (CCL11 vs. unstimulated); **® < 0.0001 (TNFa vs. unstimulated);** P < 0.02 (TNFa vs. CCL11).
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outward budding of the plasma membranEigure 3B) and/or
completely released at cell surfaE&gires 3A,B.

To quantify the number of MVs from each experimental
group, eosinophil sections showing the entire cell prole and
nucleus were evaluatedh (D 110 cells), and a total of 516
MVs were counted. Eosinophil activation led to a signi cant
increase of MV production compared to unstimulated cells
(Figure 30). Quantitative EM revealed that while unstimulated
cells had 1.4 0.4 MVs/cell section, CCL11- and TNd&-
stimulated cells showed 5.0 0.8 P D 0.0014) and 8.0 1.0
(P < 0.0001) MVs/cell section (mean S.E.M), respectively
(Figure 30, corresponding to an increase of 360% (CCL11
and 570% (TNFa). TNF-a induced a signi cant increase in the
release of MVs compared to CCL1R D 0.0116;Figure 3C).

Moreover, our quantitative analyses showed that just 50% of
unstimulated cells produced MVs whereas 90 and 100% of

eosinophils formed MVs in CCL11- and TN&stimulated
groups, respectivelyF{gure 4A). Moreover, by scoring the
number of MVs, we found that in unstimulated cells, most MV-

producing cells (30%), released 1-3 MVs/cell section whereas
70% of cells produced 1-9 MVs and 4-21 MVs/cell section

in response to CCL11 and TN&-stimulation, respectively
(Figure 4B).
Formation of MVs is a dynamic process and therefore

these vesicles may be observed by TEM in dierent stages

of budding from the plasma membrane or free at the cel
surface Figures 3A,B 5A). Because our TEM studies have
clearly captured this process as illustrated Rigure 5B, we
next wondered if there was any dierence in the numbers
of budding/free MVs per treatment condition. Indeed, the
numbers of budding MVs were signi cantly higher in stimuldte
compared to unstimulated cells [7.35 0.98 for TNFa- and
2.75 0.44 for CCL11-stimulated groups vs. 0.64 0.16
for unstimulated cells; MVs/cell section (mean S.E.M);
P < 0.0001;Figure 5@. Interestingly, the number of MVs in
di erent degrees of budding was higher in TN&=stimulated
compared to CCL11-stimulated cellBigure 5C P < 0.0001).
Altogether, our ndings reveal that two eosinophil agonist
“in ammatory” stimuli induce vesiculation and that this ent

is more prominent in TNFa- compared to CCL11-stimulated
cells, since the number of nascent MVs was signi cantly highe
in the TNF-a group (Figure 50). Of note, the presence of MVBs

was detected within eosinophils from all groups (Supplementary

Figure 3). However, we did not nd evidence for fusion of them
with the plasma membrane and resulting exososome relea;
(Supplementary Figure 3).

Ultrastructural Characterization of

Eosinophil-Secreted MVs

In addition to quanti cation studies, we also establishdue t
average size of MVs to be 119.38.61 nm (mean SEM) in
diameter in control cells and 140.40 6.80 and 106.50 6.07
(mean SEM) nm in CCL11 and TNR, respectively
(Figure 6A). Considering all conditions, eosinophil EV
diameters varied from 20 to 1000 nm, with most MVs showing
diameters between 20 and 200 nifigure 6B). MVs released
in response to TNFRa were signi cantly smaller compared to

% Eosinophils
releasing MVs

% Eosinophlis releasing MVs

30
20

se 10

FIGURE 4 | Proportion of eosinophils releasing MVs. (A)  While just 50%
of unstimulated cells produced MVs, 90 and 100% of eosinophs formed MVs
in CCL11 and TNFa-stimulated eosinophils, respectively(B) Heterogeneity of
cell responses in unstimulated and stimulated eosinophil$n unstimulated
cells, most MV-producing cells (30%) released 1-3 MVs/cellestion whereas

70% of cells produced 1-9 MVs and 4-21 MVs/cell section in respnse to
CCL11 and TNF-a stimulation, respectively. Counts were derived from three
experiments with a total of 516 MVs counted in 110 electron ntrographs
randomly taken and showing the entire cell pro le and nucleus
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FIGURE 5 | Differential release of nascent MVs by human activat  ed eosinophils. (A) A representative electron micrograph of a TNRE-stimulated eosinophil
shows MVs in different steps of budding at cell surface (hidighted in blue, arrows) and secretory granules (Gr) exhiinig content losses in the cytoplasm. The MVs
indicated by the black arrows are seen in high magni cation irffAi) and (Aii). Note, that while (Ai) shows a MV in process of outward budding;(Aii) shows a free MV,
completely detached from the plasma membrane(B) lllustration depicting the process of MV formation in humanasinophils as observed in the present work.

(C) Signi cant increases in numbers of budding MVs occurred aftestimulation with CCL11 or TNFa compared to unstimulated cells (***® < 0.0001). TNFa elicited
higher numbers of MVs in process of budding compared to the CC11 group #### P < 0.0001). Increase in numbers of free vesicles occurred aftestimulation
with CCL11 compared to unstimulated cells (P D 0.020). Eosinophils were isolated from the peripheral blabby negative selection, stimulated for 1 h, immediately
xed in suspension and processed for conventional TEM. Courgt were derived from three experiments, with a total of 516 MVsounted in 110 electron micrographs
randomly taken and showing the entire cell pro le and nucleugN).
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in the diameters of released MVs occurred after stimulatiowith TNF-a compared to both unstimulated and CCL11-stimulated groups(***P < 0.0001). (B) The
percentages of MVs per diameter ranges are shown. Represeative electron micrographs of MVs are seen within each dianter range. Diameters of MVs were

measured usinglmage J softwareand grouped in different ranges (20-100, 100-200, 200-300300-1000 nm). These analyses were done in clear cross-celestions
exhibiting the entire eosinophil cell pro le D 110 cells), intact plasma membranes, and nuclei.
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those released after CCL11 stimulation and by unstimulatdid  2014; Greening et al., 201lHere, we identi ed, for the rst
(P< 0.0001Figures 6A,B. time, that human eosinophils release MVs in physiological
Next, we investigated if the MVs produced by humanconditions and that these cells respond to the chemokine
eosinophils  expressed CD63 or CD9. UltrastructuralCCL11 and the cytokine TNB- stimuli with increased
immunolabeling for these tetraspanins were achieved witfiormation of these plasma membrane-derived vesicles. Wg thu
pre-embedding immunonanogold EM, a technique that hagecognized that, in addition to the secretory processeselgrg
been used by us to ascertain precise localization of cytekinedescribed for human eosinophils (PMD, classical exocytosis
immune cell signaling molecules and tetraspanins in leutexy and cytolysis), these cells also have the competence to secrete
(Melo et al., 201¢ In previous works, we have de ned the MVs and that these vesicles likely underlie eosinophil immune
ultrastructural pattern of immunolabeling for these tefpasins responses.
in human eosinophils Akuthota et al., 2012; Carmo et al., The cell biology of EVs is still poorly understood. To
2016. While CD63 is consistently found intracellularly in comprehend the origin of the dierent populations of these
association with granules undergoing losses of their auste secreted membrane-bound vesicles and their functional
and large vesicular carrier€érmo et al., 2016 pools of CD9 signi cance, a better knowledge of their mechanisms of
are more detectable at the eosinophil surfagéuthota et al.,, biogenesis and secretion is still needémlpmbo et al., 2004
2012. In the present work, ultrastructural immunolabeling for Here we provided a comprehensive evaluation of EVs secreted
CD63 and CD9 at MVs was investigated for the rst time. All by human eosinophils using TEM, which is considered the gold
groups showed clear immunonanogold labeling for both CD63tandard for EV visualization_@wson et al., 20)60ur present
(Figures 7A,Q and CD9 Figure 7B). However, not all MVs work highlights important aspects to the maturing eld of EV
were positive (see, for examplgure 7Ci). In both unstimulated research. First, it is clear that EVs cannot be de ned on thsi®
and stimulated cells, immunolabeling for CD9 and CD63 weref their size range as exosomes or MVs since these classes of EVs
found in around 50 and 15% of the MVs, respectively, regardledsave overlapping sizes. In general, exosomes are considered to
of the stimulation condition. be smaller ( 50-100 nm) than MVs (reviewed iman der Pol
Control cells, from all conditions, in which the primary et al., 2012; Lawson et al., 2)1but we found that MVs from
antibody was omitted or replaced by an irrelevant antibodyeve eosinophils can be as small as 20 nm (range of 20—-1000 nm),

negative (Supplementary Figure 4). with most MVs measuring 20—-200 nm. In the literature, MVs
have been reported as a heterogeneous population in size up

Annexin V Staining of Stimulated Human to 2000 nm (reviewed iBuzas et al., 2014; Schwab et al., 2015;

Eosinophils Lawson et al., 20)6Because our electron microscopic analyses

were done on a population of MVs clearly seen at cell surface
i nascent MVs), when the cells were still in suspension, we believe
outer membrane lea et at sites on the cell surface where M . . .
. . ) . hat the observed diameter range is more precise than those
shedding occurs (reviewed Hiugel et al., 2005; Muralidharan- . : .
. . . ) .., established on isolated vesicles. Indeed, because of thk sm
Chari et al., 2010 Then, we next stained eosinophils with ~: . .
. size of MVs, a considerable portion of them may be below the
annexin-V-FITC and samples were analyzed by both ow . . .
} - ._detection range of conventional detection methodsr( der Pol
cytometry and confocal microscopy. Intact eosinophils - - . .
. : . . .etal., 201). Moreover, mechanical disruption of the cells/tissues
were gated and their representative histogram is shown in

Figures 8A,B respectively. The histogram depicted unimodal®@ interfere with the EV purity, since intracellular vesicle
distribution indicating that most cells were negativelyiséal might also be isolated during the processigall et al, 201y

. . ; . I This is particularly concerning for human eosinophils, which
by annexin-V. However, higher annexin-V intensities were . ) h -
. . have a well-characterized intracellular morphologicallgtidict
observed in CCL11 and TN&- stimulated compared to . . - . .
unstimulated eosinophils Figure 80). Confocal microsco vesicular system termed eosinophil sombrero vesicles (EoSVs;
P g PY 150-300 nm diameter) that can be isolated and maintain their

e st I oo o i TEGHY €Ven afer cll YOS/ . . 2005, 2006
99 9 pop 009; Saari et al., 20)4Second, our ndings demonstrate,

cells Figure 8D). The absence of noticeable TUNEL pOSIwefor the rst time, that, depending on the in uence of external

cells in CCL11 and TN stimulated cells (Supplementary factors/stimuli, the sizes of MVs can varfigure 6). Thus

Figure 5) as well as by TEM indicated these are not apoIOtOtiI@IVS released from TNFR-stimulated eosinophils exhibited

bodies. smaller size compared to CCL11-stimulated ceRgyre 6).
This might be explained by the rapid production of these
DISCUSSION membranous structures after stimulation, which may be aregt
membrane replenishment and dynamics required for vesicle
The production of EVs during immune responses hasformation.
increasingly been demonstrated. These vesicles released byThe present work also raises discussion on an important
cells from the immune system have been characterized aspaint of the EV biology: the use of appropriate markers for
new mechanism of cell-to-cell communication and emergedEVs released by non-immune and immune cells. In general,
as potential mediators of the cell immune e ects (reviewed irthe tetraspanins CD63 and CD9 have been proposed as
Buzas et al., 2014; Colombo et al., 2014; Robbins and Moreliuniversal” EV markers and exosomes have been described

It is recognized that phosphatidylserine is relocated to th
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FIGURE 7 | CD63 and CD9 immunolabeling of MVs by immunonanogold EM . (A—C) Representative electron micrographs of stimulated humanasinophils
showing the entire cell pro le after CD63(A,C) or CD9 (B) immunolabeling. Note that while CD63 is consistently founéhtracellularly in association with secretory
granules (Gr) as seen iifA) and (C), pools of CD9 are more detectable at the eosinophil surfacesobserved in(B). (Ai, Aii, Bi, Bii, Ci, Cii) CD63 and CD9-positive
MVs (arrows) are seen in higher magni cation in the boxed aresaNote, that not all MVs were labeled. Eosinophils were isated from the peripheral blood by negative
selection, stimulated for 1 h with CCL11(A,B) or TNF-a (C), immediately xed in suspension and processed for inmunonaagold EM.
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FIGURE 8 | Annexin-V staining of human eosinophils. (A-C)  Flow cytometric analyses show higher annexin-V intensitan CCL11 and TNFa-stimulated
compared to unstimulated cells.(D) Representative confocal microscopic image from a CCL11-stulated eosinophil reveal cell surface distribution of axexin-V.
Arrows indicate suggestive images of MV formation. Eosindpls were isolated from the peripheral blood by negative settion, stimulated for 1 h with CCL11 or TNFa

and stained with annexin-V.
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as highly enriched in these molecules (reviewedAindreu while CCL11 elicits a progressive and more subtle release
and Yafhez-Mo6, 2004 However, the presence of CD63 andof specic products stored in secretory granules (piecemeal
CD9 in plasma membrane-derived MVs has been much lesgegranulation; Carmo et al., 2006 For example, CCL11
studied, regardless of cell type. Few studies have currenyimulation of human eosinophils elicits speci c release lof |
assumed that MVs express tetraspanifissscitelli et al., 20)3 4 (Bandeira-Melo et al., 20010ur present data showed that
Here, we provide direct evidence for both CD63 and CD2he dierential secretory/immune responses induced by these
localization on MVs secreted by human eosinophigg(re 7).  two stimuli trigger di erential rates of EV release. Higher
Our immunonanogold EM ndings clearly showed CD63 and numbers of MVs were detected in eosinophils in response to
CD9 labeling associated with the delimiting membrane offNF-a compared to CCL11 stimulation. Thus, MVs released
MVs (Figure 7). However, in accord with our nanoscale ow by human eosinophils may potentially carry di erent cargos
cytometry results Kigure 2), immunoEM also revealed that and mediate dierent e ects on other cells, depending on
not all MVs were labeled (see, for examgiégure 7Ci), with  the stimulus/pathological condition. We can speculate that
50 and 15% of these vesicles labeled for CD9 and CD63%osinophil MVs might be acting as potential mediators of
respectively, regardless of whether cells were stimulatedto  immune responses. The release of them at in ammatory sites
CD63 was not detected by ow cytometry, possibly because af tissues and/or in biological uids, including peripheralduld,
the very small size and/or low proportion of this CD63-positivemay enablein situ and/or long-distance transfer of bioactive
EV population. Therefore, CD9, a tetraspanin largely found amolecules such as cytokines. These molecules may in uence
the surface of human eosinophilsKuthota et al., 201Pmight  target cells by activating cell receptors with vital roles in
be a better marker than CD63 for MVs released by humarn ammation. In fact, the implication of MVs in in ammation
eosinophils. has been documented. For example, the presence of interleukin-
At rst view it seems unexpected to have undetectablelb was detected in MVs shedding from the plasma membrane
levels (as observed by ow cytomety) or low labeling (a®f activates monocytesM@acKenzie et al., 2001 However,
seen by immunoEM) for CD63 on MVs. However, we havethe identi cation of molecular cargos within these eosindphi
demonstrated in a recent study by di erent approaches thateleased MVs awaits further investigation to get insight® in
while CD63 is observed at the eosinophil's cell surface aftéheir functional roles.
stimulation with both CCL11 and TNFR, a robust pool of Taken together, our ndings identify, for the rst time, tha
CD63 remains in the cytoplasm in association with secretorjruman eosinophils secrete MVs during physiological conditions
granules and EoSVs, with no detectable di erence in the CD63and that the release of these vesicles is increased in respons
total content when unstimulated and stimulated cells wergo both CCL11 and TNRa. Given the potential of EVs as
compared Carmo et al., 2006 This means that CD63 is mediators of immune responses, our results open new venues to
present, as a preformed pool within eosinophils and that mostinderstand how these vesicles function to regulate eositophi
of this internal CD63 pool is not completely externalized inmediated immunity and if they can be used as biomarkers for
response to stimulationQarmo et al., 2006 Accordingly, a eosinophil-associated disorders.
small proportion of secreted MVs showed immunolabeling for
this tetraspanin. Moreover, our comprehensive EM analyse
demonstrated that eosinophils release MVs and not typic

exosomes in response to stimulation with CCL11 or TalF- . . .
Although MVBs were observed in the eosinophil cytoplas RCNM and PA provided the study conception and design.

during the present EM analyses, there was no ultrastructura CNM, PA, and PW provided study guidance, mentorship, and
g P yses, critical editing of the manuscript. LC, KB, ROM, TS, JG, KC,

evidence for exosome secretion. Our data are in part in accor; . ;

with a work showing that stimulation of human eosinophils U, RCNM performed experiments, acquired, and analyzed the

with CCL11 does not appear to increase secretion of CD6 lata. PA, G, LC, KB, TS, JG, SU, PW, RCNM interpreted data.
PP T, JT, VC, and SU performed ow cytometric analyses. RCNM

positive exosomes\azzeo e_t al., _2015(_)n t_he other hand, and PA prepared the manuscript. All authors contributed in part
these authors found that stimulation with interferon-garam o I, .
to writing and editing the manuscript and approved the nal

(INF-g) induced exosome secretion by these céllagzeo et al., .
2013, version.
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CCL11. TNFa is a potent cytokine that mediates in ammatory ACKNOWLEDGMENTS
responses and innate immunity (reviewed $mbio and Davis,
2019. Stimulation of human eosinophils with TN&-induces This work was supported by National Institutes of Health
secretion of IL-4, IL-6 and INF (Spencer et al., 2009 (NIH grants, USA-R37AI1020241, RO1AI022571, RO1HL095699,
TNF-a is also central for INFg-induced secretion of Thl-type KO08HL116429) and by grants from Conselho Nacional de
chemokines and to enhance IL-4-induced secretion of Th2Desenvolvimento Cientico e Tecnolégico (CNPq, Brazil-
type chemokines by human eosinophilsii et al., 200y. We  477475/2013-2; 469995/2014-9, 311083/2014-5), Brazilia
recently demonstrated that this stimulus leads to a secyeto Ministry of Health and Fundacdo de Amparo a Pesquisa
process characterized by fusion of eosinophil secretoryujean do Estado de Minas Gerais (FAPEMIG, Brazil-CBB-APQ-
(classical exocytosis) and extensive release of granoterds  02239-14), and the American Partnership for Eosinophilic

UTHOR CONTRIBUTIONS

Frontiers in Cell and Developmental Biology | www.frontisin.org 14 October 2016 | Volume 4 | Article 117



Akuthota et al. Extracellular Vesicles and Human Eosinophils

Disorders (HOPE Pilot). We gratefully acknowledge theSUPPLEMENTARY MATERIAL

skillful assistance of Ellen Morgan (Electron Microscopy Unit,

Department of Pathology, BIDMC, Harvard Medical School)The Supplementary Material for this article can be found
and Centro de Microscopia (UFMG, Brazil) for the use of itsonline at: http://journal.frontiersin.org/article/10389/fcell.

facility. 2016.00117/full#supplementary-material
REFERENCES Hugel, B., Martinez, M. C., Kunzelmann, C., and Freyssinet, J. KIO5)2
Membrane microparticles: two sides of the cofhysiology20, 22—-27. doi:
Akuthota, P., Capron, K., and Weller, P. F. (2014). Eosinophil mation from 10.1152/physiol.00029.2004
peripheral blood Methods Mol. Biol1178, 13-20. doi: 10.1007/978-1-4939- Lawson, C., Vicencio, J. M., Yellon, D. M., and Davidson, S. RQ16).
1016-8_2 Microvesicles and exosomes: new players in metabolic and cardidaasc
Akuthota, P., Melo, R. C. N., Spencer, L. A., and Weller, P. F2(20AHC Class diseasel. EndocrinoR28, R57—R71. doi: 10.1530/JOE-15-0201

Il 'and CD9 in human eosinophils localize to detergent-resistant memé Liu, L. Y., Bates, M. E., Jarjour, N. N., Busse, W. W., Beificsl., and Kelly,
microdomains.Am. J. Respir. Cell Mol. Bi@l6, 188-195. doi: 10.1165/rcmb. E. A. (2007). Generation of Thl and Th2 chemokines by human epsis:

2010-03350C evidence for a critical role of TNF-alphd. Immunol.179, 4840-4848. doi:
Andreu, Z., and Yafiez-M6, M. (2014). Tetraspanins in extracellviesicle 10.4049/jimmunol.179.7.4840
formation and function. Front. Immunol. 5:442. doi: 10.3389/ mmu. Lotvall, J., Hill, A. F., Hochberg, F., Buzéas, E. I., Di Vizio, D.rdBer,
2014.00442 C., et al. (2014). Minimal experimental requirements for de nitiorf o
Bandeira-Melo, C., Gillard, G., Ghiran, I., and Weller, P. F. (20B0Lell: a gel- extracellular vesicles and their functions: a position statemeon fthe
phase dual antibody capture and detection assay to measure mytaease International Society for Extracellular Vesiclds.Extracell. Vesicl&26913.
from eosinophils.J. Immunol. Method®44, 105-115. doi: 10.1016/S0022-  doi: 10.3402/jev.v3.26913
1759(00)00264-7 MacKenzie, A., Wilson, H. L., Kiss-Toth, E., Dower, S. K., NorfR.
Bandeira-Melo, C., Perez, S. A., Melo, R. C. N., Ghiran, ., and YWélleF. A., and Surprenant, A. (2001). Rapid secretion of interleukin-abby
(2003). EliCell assay for the detection of released cytokines éwsinophils. microvesicle sheddingmmunity 15, 825-835. doi: 10.1016/S1074-7613(01)
J. Immunol. Method276, 227—-237. doi: 10.1016/S0022-1759(03)00076-0 00229-1
Bandeira-Melo, C., Sugiyama, K., Woods, L. J., and Weller, P. (1)2 Mazzeo, C., Cafas, J. A., Zafra, M. P., Rojas Marco, A., Feznavieto,
Cutting edge: eotaxin elicits rapid vesicular transport-mediatedéase of M., Sanz, V., et al. (2015). Exosome secretion by eosinophils: siblgos
preformed IL-4 from human eosinophilsl. Immunol.166, 4813-4817. doi: role in asthma pathogenesid. Allergy Clin. Immunol135, 1603-1613. doi:
10.4049/jimmunol.166.8.4813 10.1016/j.jaci.2014.11.026
Buzas, E. I., Gyorgy, B., Nagy, G., Falus, A., and Gay, S.)(Zrhérging role  Melo, R. C. N., Dvorak, A. M., and Weller, P. F. (2008a). Electron gnayhy
of extracellular vesicles in in ammatory diseasb&t. Rev. Rheumatol0, and immunonanogold electron microscopy for investigating intracetlula
356-364. doi: 10.1038/nrrheum.2014.19 tracking and secretion in human eosinophilsJ. Cell. Mol. Med.12,
Carmo, L. A. S., Bonjour, K., Ueki, S., Neves, J. S., Liu, L., &pdncA., 1416-1419. doi: 10.1111/j.1582-4934.2008.00346.x

et al. (2016). CD63 is tightly associated with intracellular, $egreevents  Melo, R. C. N., Dvorak, A. M., and Weller, P. F. (2010). Contribusioof

chaperoning piecemeal degranulation and compound exocytosis in huma electron microscopy to understand secretion of immune mediators bygdm

eosinophilsJ. Leukoc. Biol00, 391-401. doi: 10.1189/jlb.3A1015-480R eosinophils. Microsc. Microanal.16, 653-660. doi: 10.1017/S14319276100
Carmo, L. A. S, Dias, F. F., Malta, K. K., Amaral, K. B., Shamri, R., Welle 93864

P. F., et al. (2015). Expression and subcellular localization of &MARE  Melo, R. C. N, Liu, L., Xenakis, J. J., and Spencer, L. A. (2@a&shophil-derived

syntaxinl7 in human eosinophil&xp. Cell Re837, 129-135. doi: 10.1016/ cytokines in health and disease: unraveling novel mechanismelettsve

j.yexcr.2015.07.003 secretionAllergy68, 274—284. doi: 10.1111/all.12103

Colombo, M., Raposo, G., and Théry, C. (2014). Biogenesis, isecrand Melo, R. C. N., Morgan, E., Monahan-Earley, R., Dvorak, A. M.,\Afedler, P. F.
intercellular interactions of exosomes and other extracellulaciesinn. Rev. (2014). Pre-embedding immunogold labeling to optimize protein locabrat
Cell Dev. Biol30, 255-289. doi: 10.1146/annurev-cellbio-101512-122326 at subcellular compartments and membrane microdomains of leukodygs.

Crescitelli, R., Lasser, C., Szabo, T. G., Kittel, A., Eldh, MnZaini, |., et al. (2013). Protoc9, 2382-2394. doi: 10.1038/nprot.2014.163
Distinct RNA pro les in subpopulations of extracellular vesicles: aptpto Melo, R. C. N., Paganoti, G. F., Dvorak, A. M., and Weller, P. F13B)

bodies, microvesicles and exosom&sExtracell. Vesicl@s doi: 10.3402/jev. The internal architecture of leukocyte lipid body organelles camtuby
v2i0.20677 three-dimensional electron microscopy tomograpR{.0S ONB:e59578. doi:
Danielson, K. M., Estanislau, J., Tigges, J., Toxavidis, &macho, V., Felton, 10.1371/journal.pone.0059578

E. J., et al. (2016). Diurnal variations of circulating extracellwesicles Melo, R. C. N., Perez, S. A., Spencer, L. A., Dvorak, A. M., and Weller

measured by nano ow cytometryPLoS ONE11:e0144678. doi: 10.1371/ P. F. (2005a). Intragranular vesiculotubular compartments are indolue

journal.pone.0144678 piecemeal degranulation by activated human eosinopfiila.c 6, 866—-879.
Dias, F. F., Amaral, K. B., Carmo, L. A. S., Shamri, R., Dvorak, A. M., doi:10.1111/j.1600-0854.2005.00322.x

Weller, P. F., et al. (2014). Human eosinophil leukocytes express mproteiMelo, R. C. N., Spencer, L. A., Dvorak, A. M., and Weller, P. F. (2008

disul de isomerase in secretory granules and vesicles: ultrastructtuedies. Mechanisms of eosinophil secretion: large vesiculotubular carmeediate

J. Histochem. Cytoche6®, 450-459. doi: 10.1369/0022155414531437 transport and release of granule-derived cytokines and other protgihsukoc.
Egesten, A., Blom, M., Calafat, J., Janssen, H., and Knol, E. B8)(19 Biol. 83, 229-236. doi: 10.1189/jlb.0707503

Eosinophil granulocyte interaction with serum-opsonized partictdading Melo, R. C. N., Spencer, L. A., Perez, S. A., Ghiran, I|., Dvorak, A.akt

and degranulation are enhanced by tumor necrosis factor alptta.Arch. Weller, P. F. (2005b). Human eosinophils secrete preformed, granuledstore
Allergy Immunol115, 121-128. doi: 10.1159/000023891 interleukin-4 through distinct vesicular compartmentsrac 6, 1047-1057.
Gonzélez-Cano, P., Mondragon-Flores, R., Sanchez-Torres, LGdazalez- doi: 10.1111/j.1600-0854.2005.00344.x

Pozos, S., Silva-Miranda, M., Monroy-Ostria, A., et al. (201@cdbacterium  Melo, R. C. N., Spencer, L. A., Perez, S. A, Neves, J. S., Ba Brdv®rgan, E. S.,
tuberculosis H37Rv induces ectosome release in human polymorphonuclear et al. (2009). Vesicle-mediated secretion of human eosinophilugagerived
neutrophils.Tuberculosis (Edinb%0, 125-134. doi: 10.1016/j.tube.2010.01.002 major basic proteinLab. Invest89, 769-781. doi: 10.1038/labinvest.2009.40
Greening, D. W., Gopal, S. K., Xu, R., Simpson, R. J., and Chen, W5)(20 Melo, R. C. N., and Weller, P. F. (2010). Piecemeal degranulation in
Exosomes and their roles in immune regulation and canSemin. Cell Dev. human eosinophils: a distinct secretion mechanism underlying rimmaatory
Biol.40, 72-81. doi: 10.1016/j.semcdb.2015.02.009 responsedistol. Histopathol25, 1341-1354. doi: 10.14670/HH-25.1341

Frontiers in Cell and Developmental Biology | www.frontigin.org 15 October 2016 | Volume 4 | Article 117



Akuthota et al.

Extracellular Vesicles and Human Eosinophils

Muralidharan-Chari, V., Clancy, J. W., Sedgwick, A., and D'S&sorey, C.
(2010). Microvesicles: mediators of extracellular communicatioimdicancer
progressiond. Cell Scil23, 1603-1611. doi: 10.1242/jcs.064386

Robbins, P. D., and Morelli, A. E. (2014). Regulation of immune respsrby
extracellular vesicleblat. Rev. Immunoll4, 195-208. doi: 10.1038/nri3622

Sabio, G., and Davis, R. J. (2014). TNF and MAP kinase signphithwaysSemin.
Immunol.26, 237-245. doi: 10.1016/j.smim.2014.02.009

Saari, H., Ho man, L. H., Peterson, K. A., Fang, J. C., LeifermaniK.Pease,
L. F.1Il,, etal. (2014). Electron microscopy elucidates eosinajglgitanulation
patterns in patients with eosinophilic esophagifisAllergy Clin. Immunol 33,
1728 e1721-1734 e1721. doi: 10.1016/j.jaci.2013.11.024

Schwab, A., Meyering, S. S., Lepene, B., lordanskiy, S., Van Mokk Hakami,
R. M., etal. (2015). Extracellular vesicles from infected cells: pakéor direct
pathogenesiszront. Microbiol 6:1132. doi: 10.3389/fmicb.2015.01132

and immunoregulatory cytokines that are secreted rapidly and di e@ltiJ.
Leukoc. Biol85, 117-123. doi: 10.1189/jlb.0108058

Twu, O., and Johnson, P. J. (2014). Parasite extracellular esickdiators
of intercellular communication. PLoS Pathog. 10:€1004289. doi:
10.1371/journal.ppat.1004289

van der Pol, E., Bding, A. N., Harrison, P., Sturk, A., and NieudjaR.
(2012). Classi cation, functions, and clinical relevance afaoellular vesicles.
Pharmacol. Re®4, 676—705. doi: 10.1124/pr.112.005983

Conict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatigps that could

be construed as a potential con ict of interest.

The reviewer MP and handling Editor declared their shared a liatjoand

Spencer, L. A., Bonjour, K., Melo, R. C. N., and Weller, P. F. (2014 the handling Editor states that the process nevertheless metahdatds of a fair

Eosinophil secretion of granule-derived cytokinEsont. Immunol 5:496. doi:
10.3389/ mmu.2014.00496

Spencer, L. A, Melo, R. C. N., Perez, S. A., Baord, S. P., Dvorakl. Aand
Weller, P. F. (2006). Cytokine receptor-mediated tra cking of pnefeed
IL-4 in eosinophils identies an innate immune mechanism of cyitok

and objective review.

Copyright © 2016 Akuthota, Carmo, Bonjour, Murphy, Silva, Gamallapron,
Tigges, Toxavidis, Camacho, Ghiran, Ueki, Weller and MbisiFan open-access
article distributed under the terms of the Creative CommAdribution License (CC

secretionProc. Natl. Acad. Sci. U.S 03, 3333-3338. doi: 10.1073/pnas.0508BY). The use, distribution or reproduction in other forunpeisnitted, provided the

46103

original author(s) or licensor are credited and that thgioal publication in this

Spencer, L. A, Szela, C. T., Perez, S. A, Kirchho er, C. Le$\évS., Radke, A. journal is cited, in accordance with accepted academitgaraldo use, distribution

L., et al. (2009). Human eosinophils constitutively express multiple Th2,

or reproduction is permitted which does not comply witfettezms.

Frontiers in Cell and Developmental Biology | www.frontisin.org 16

October 2016 | Volume 4 | Article 117



