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RESUMO

O eosindfilo, célula do sistema imune inato, desempenha papel importante em condi¢des de
saude e doenca através de sua notavel capacidade secretora. Ao longo de seu
desenvolvimento, os eosindéfilos pré-sintetizam dezenas de proteinas e as armazenam em
granulos secretores, chamados granulos especificos. Citocinas como o fator de célula tronco
(SCF) e Interluecina-5 (IL-5) sdo envolvidas na diferenciacdo do eosinofilo. No entanto, muito
pouco se conhece sobre o processo de formacao do granulo (granulogénese) e 0s processos
subjacentes do desenvolvimento do eosindfilo. Neste trabalho investigamos o processo de
granulogénese, de secrecao e o perfil mitocondrial durante o desenvolvimento e ativacéo de
eosinodfilos em condi¢cdes experimentais. No presente trabalho, foram aplicadas técnicas
avancadas de microscopia tal como, eletrbnica de transmissdao (MET) ou tomografia
eletrdnica em eosinofilos murinos e humanos. Para isso, células da medula 6ssea foram
coletadas de camundongos para estabelecimento de um sistema de cultura ex vivo de
eosindfilos. Eosindfilos em processo de diferenciacdo foram avaliados em diferentes fases da
cultura (0,4,8, 10, 12 e 14 dias) enquanto eosinéfilos maduros foram estimulados com SCF,
eotaxina-1 (CCL11) ou fator de necrose tumoral- alfa (TNF-a). Em paralelo, eosinoéfilos
humanos isolados do sangue e estimulados in vitro com SCF e eosinofilos teciduais, sob o
tratamento com SCF in situ, foram investigados por MET para identificacdo de seus processos
de secrecdo. Aqui, nés identificamos que apenas 12% dos eosindéfilos gerados na cultura
apresentavam granulos no processo final de maturacdo. Apds a suplementacdo de SCF na
cultura, foi possivel alcancar um aumento de 100% na populacdo de eosinéfilos com granulos
maduros. Durante a diferenciagdo de eosindfilos murinos, encontramos granulos sofrendo
processos de condensacdo e cristalizacdo de conteudo, os quais levam a forma madura da
organela, caracterizada pela presenca de granulos com ndcleo cristalino. Estudos em 3D
revelaram, pela primeira vez, a presenca de membranas intragranulares formando estruturas
tubulares durante o processo de condensacao dos granulos, o que evidencia a complexidade
estrutural dessas organelas. Além disso, mostramos que mitocéndrias de eosinéfilos murinos
reduzem a medida que a célula amadurece e sao capazes de liberar vesiculas a partir da
membrana externa. Na presenca de SCF, CCL11 e TNF-a granulos dos eosindfilos
secretaram através do mecanismo piecemeal e as mitocondrias sofreram dilatacdo e perda de
cristas. Quando diretamente estimulados com apenas SCF, eosinéfilos murinos maduros
foram capazes de secretar IL-6, mas nao IL-4 ou IL-13. Em eosindfilos humanos ativados por
SCF em condic¢@es in vitro, ndés detectamos que o mecanismo de secrecao prevalente foi a
piecemeal (transporte vesicular de seus produtos). No entanto, quando administrada em no
tecido subcutédneo de pacientes, bidpsias de pele exibiam grande fluxo de eosindfilos com
perfil citoliitico, caracteristica principal do mecanismo de citlise (morte da célula com
deposicao de granulos nos tecidos). Além disso, nés observamos por meio da reconstru¢ao
3D que granulos depositados no tecido liberado por eosindfilos em citélise sdo habeis a
realizar liberacdo de vesiculas tubulares (vesiculas sombrero — EoSVs) a no meio
extracelular, indicando uma habilidade de vesiculagcdo ainda néo identificada anteriomente.
Nossos dados demonstram que tanto os granulos especificos quanto o perfil mitocondrial de
eosindfilos passam por processos dindmicos ao longo da maturacao da célula e sdo aptos a
responderem a ativacado celular dependendo do estimulo.

Palavras-chaves: eosindfilo, desenvolvimento celular, secrecdo, mitocondria, tomografia eletronica



ABSTRACT

Eosinophil, an innate immune cell, plays an important role in both health and disease through
its remarkable secretory capacity. Along their development, eosinophils pre- synthesize
dozens of proteins and store in secretory granules called specific granules. Cytokines such
as, Stem Cell Factor (SCF) and Interleukin-5 (IL-5) are involved in eosinophil differentiation.
However, little is known about the process of eosinophil granulogenesis, and the action of
SCF under these cells. In the present work, conventional transmission electron microscopy
(MET) or electron tomography techniques were applied to investigate the processes of
granulogenesis and secretion and mitochondrial profile during eosinophil differentiation and
activation. Thus, bone marrow cells were collected from mice to establish an ex vivo
eosinophil culture system. Differentiating eosinophils were evaluated at different stages of
culture (0, 4, 8, 10, 12 and 14 days) while mature eosinophils were stimulated with SCF,
eotaxin-1 (CCL11) or tumor necrosis factor-alpha (TNF- a). In parallel, human eosinophils
isolated from blood and stimulated in vitro with SCF and tissue eosinophils under the effect of
in situ SCF treatment were investigated by MET to identify their secretory processes. Only
12% of the cells had mature granules on day 14 of culture. With SCF supplementation, a
100% of the mature eosinophil population was achieved. During differentiation of murine
eosinophils, the specific granules undergo condensation and crystallization processes, which
lead to the mature form, characterized by the presence of crystalloid granules. 3D studies
revealed for the first time the presence of intragranular membranes forming tubular structures
during the condensation process of specific granules, which demonstrates the structural
complexity of these organelles. In parallel, murine eosinophil mitochondria reduce along cell
matures and release vesicles from the outer membrane. In the presence of inflammatory
agonists, mitochondria undergo swelling and loss of cristaes. When directly stimulated with
SCF, mature murine eosinophils were able to secrete IL-6, but not IL-4 or IL-13. SCF-
stimulated human eosinophils degranulate by piecemeal (vesicular transport of their
products) or cytolysis (cell death with deposition of granules in tissues). In addition, they
release tubular vesicles (Sombrero vesicles - EoSVs) from free granules in the extracellular
medium, indicating an unrecognized vesiculatios ability. Our data demonstrate that both
specific granules and mitochondrial profile of eosinophils undergo dynamic processes
throughout cell maturation and can respond to cellular activation with morphological changes.

Keywords: eosinophil, cell development, secretion, mitochondria, electron tomography
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1. INTRODUCAO

1.1. Eosinéfilo e sua diferenciacao

Eosinofilos desempenham papel importante como células tanto efetoras como
imunomoduladoras em doencas alérgicas, na defesa contra patdgenos e na regulacao
de tecidos (Weller; Spencer, 2017). Enquanto a maioria das células necessitam produzir
e liberar proteinas via maquinaria do complexo de Golgi-RER (sintese de novo),
eosindfilos sintetizam diversas proteinas durante sua diferenciacdo e as estocam em
granulos secretores para libera-las rapidamente em situacdes inflamatdrias [revisado
em (Spencer, L. A.; Bonjour, K.; Melo, R.C.N.; Weller, P. F., 2014)]. Desta forma,
eosindfilos sdo consideradas células secretoras especializadas, capazes de liberar
proteinas pré-formadas. Os granulos de eosindfilos armazenam dezenas de proteinas,
incluindo proteinas catidnicas, citocinas, quimiocinas e fatores de crescimento [revisado
em (Davoine; Lacy, 2014; Spencer, L. A.; Bonjour, K.; Melo, R. C.; Weller, P. F., 2014;
Weller; Spencer, 2017)].

Estudos sobre as rotas secretoras de eosinofilos vém sendo realizados com a
utilizacdo de técnicas de microscopia eletrénica de transmissao (MET), a qual permite
observar, em alta resolucéo, detalhes dos processos de secre¢cao e suas caracteristicas
morfolégicas (Melo et al., 2010). Com o uso de MET, é possivel acompanhar a
formacao e detectar alteracfes estruturais de organelas importantes para as atividades
funcionais do eosindfilo, em especial, dos granulos secretores. Estes granulos, quando
maduros, tém morfologia Unica, caracterizada pela presenca de um nucleo cristalino
elétron-denso (cristaloide) imerso em uma matriz elétron-lucida (Figura 1). Um corpo
grande de evidéncias mostra que eosinofilos contém apenas uma populacdo de
granulos secretores, também denominados granulos especificos [revisado em (Melo &
Weller, 2018)].

Durante a diferenciacdo de eosinofilos a partir de células progenitoras de
granuldcitos, eosindfilos imaturos (mieldcitos) apresentam elevado nimero de granulos
em processo de condensacdo (granulos imaturos) culminando com a formacado de
granulos maduros contendo cristaloide (Figura 2). Sob ativagéo, estes granulos mudam
drasticamente sua ultraestrutura (Figura 2). (Melo & Weller, 2018). No entanto, o
processo de granulogénese de eosindfilos, especialmente de eosindfilos murinos ainda

€ pouco compreendido.
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Ao longo do seu desenvolvimento, eosindfilos apresentam a co-expressao conjunta
dos fatores de transcricdo da familia CCAAT/enhancer-bind protein (C/EBP), E-twenty-
six (ETS), PU.1 e GATA. Através de elegante estudo de expressao de gene ectdpico,
demonstrou-se que o destino dos eosindfilos representa um equilibrio combinatério
entre o limiar do nivel de expressao desses fatores de transcricdo, porém uma sutil
ruptura deste equilibrio pode levar a linhagem mieldide ou eritréide (AKASHI; TRAVER;
MIYAMOTO; WEISSMAN, 2000; BLANCHET; MCNAGNY, 2009). No entanto, esses
fatores de transcricdo (GATA, ETS, C/EBP), também regulam a expressam de genes

especificos do eosindfilo (Figura 3).

Figura 1. Micrografia eletronica de transmissao de um eosinéfilo humano. Esta célula é
caracterizada por uma populagdo de granulos especificos (Gr) citoplasméaticos, 0s quais
apresentam morfologia Unica — um cristaloide interno elétron-denso, circundado por matriz menos
elétron-densa. Cabecgas de seta indicam vesiculas sombrero de eosindfilos (EoSVs). Figura
reproduzida de Spencer et al., 2014.
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Em patrticular, sitios double GATA, sao caracteristicos de varios genes promotores
no eosindfilo, como exemplo de Gata 1 (vistos em camundongos) e genes codificando a
subunidade alfa do receptor de interlucina-5 (IL5RA), proteoglycan 2 bone
marrow/eosinophil granule major basic protein (PRG2/MBP) e o receptor 3 de
guimiocina (CCR3) (Rothenberg; Hogan, 2006). A expresséo destes fatores muda de
acordo com a maturacdo dos eosinofilos. Estudos posteriores tém demostrado como
essas complexas interacfes regulam o comprometimento, diferenciacdo e maturacao

da linhagem dos eosindfilos (Uhm; Kim; Chung, 2012).

Immature specific granules Mature specific granules

Figura 2- Morfologia do desenvolvimento de gréanulos especificos de eosinéfilos
humanos. Durante a maturagdo na medula 6ssea, granulos especificos imaturos sofrem
condensacdo e cristalizagdo de seus conteddos. (1) Granulo imaturo em processo de
condensacgao mostrando vesiculas intragranulares circundando o conteddo denso; (2) Granulo
imaturo redondo com conteltdo homogeneamente denso; (3) Granulo esférico visto com uma
area central elétron-densa circundada por regido menos densa; (4) Granulo eliptico em
repouso com nucleo elétron-denso bem definido (cristaloide) e matriz elétron-lacida; (5) Um
granulo ativado mostrando desestruturacdo de seu cristaloide e matriz e formacéo estruturas
de vesiculotubulares (EoSVs). Todos os granulos sdo delimitados por uma membrana de
bicamada fosfolipidica. Figura reproduzida de Melo & Weller, 2018.

Estudos voltados para entender a importancia da Proteina Béasica Principal (MBP)
em respostas asmaticas, utilizaram camundongos knock-out para o gene MBP-1 para
avaliar o grau de comprometimento do eosinéfilo com a patologia. Os resultados

demonstram que o modelo estudado ndo desenvolveu os sinais patolégicos
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encontrados na asma, tal como recrutamento de células e alteracfes histopatologicas
(DENZLER; FARMER; CROSBY; BORCHERS et al., 2000; MACIAS; WELCH,;
DENZLER; LARSON et al. 2000). Além disso, quando camundongos knock-out do
gene de peroxidase de eosindfilo (EPX) (foram desafiados com alérgeno, nao obtiveram
resultados de resolucdo ou de inibicdo de fatores de desenvolvimento de asma,
concluindo que estas duas moléculas participam das respostas inflamatérias em
atividades combinadas (Denzler; Borchers; Croshy; Cieslewicz et al., 2001).
Interessantemente, quando camundongos foram duplamente deficientes nestas
proteinas (MBP-17 e EPX ), resultou em animais altamente especificos para
eosinofilopoiese, com perfil de eosindfilos imaturos, sugerindo que estas proteinas sao
intrinsicamente participantes no processo de granulogénese destas células
[(ACKERMAN, 2013) e revisado por (ACHARYA; ACKERMAN, 2014)].

Uma vez comprometidos com a linhagem, eosindfilos progenitores iniciam o
processo de fabricacdo das proteinas a serem armazenadas nos granulos secretores.
Assim, outros fatores de transcricdo sdo envolvidos para a producdo e checagem
dessas proteinas. Recentemente estudos tém destacado um novo ponto da regulacdo
da biogénese dos granulos secretores e sua relacdo com a diferenciacdo e a
sobrevivéncia dos eosindfilos (WILLEBRAND; VOEHRINGER, 2017). O fator de
transcricdo X-box binding protein 1 (XBP1) € geralmente associado a células altamente
secretoras, como células plasmaticas, células Paneth ou células acinosas pancreaticas,
e desempenha um papel na regulacdo da resposta de proteinas mal enovelada (UPR)
por promover a transcricdo de genes que codificam fatores de resposta ao estresse.
Entretanto, foi mostrado que, ao bloquear XBP1 durante a diferenciacdo do eosindfilo,
ocorre interrupcdo da formacdo de granulos, prejudicando a maturacdo da célula e
causando apoptose (BETTIGOLE; GLIMCHER, 2016).

Outro fato importante € a participacdo de receptores de citocinas, tal como GM-
CSF, IL-3 e IL-5 conhecidos por desempenharem um papel importante na maturagéo e
na funcédo efetoras do eosindfilo humano (KOURO; TAKATSU, 2009). Dentre estas
citocinas, a IL-5 é a proteina mais especifica a eosindfilos, devido a sua seletiva
expressao de IL-5R«, e de fato muito do entendimento dos fatores de transcricdo que
governam a diferenciacdo celular tem sido obtido a partir de andlises do gene que
codifica este receptor (KOURO; TAKATSU, 2009).
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A expressdo de dois marcadores da membrana, CD34* e IL-5RA sdo usados para
definir e distinguir os progenitores comprometidos com a linhagem de eosindfilos (EoPs)
dos demais leucocitos. Em asmaticos, uma frequéncia aumentada dos marcadores
CD34" e IL-5RA* é correlacionada com aumento da producdo de eosinéfilos maduros e
com a expansao de EoPs (Chapter 5 - Eosinophilopoiesis, 2013). Além disso, estudos
mostraram que CD34 é expresso em eosinéfilos maduros sobre condi¢cdes
inflamatorias, apresentando importante papel na migracdo destas células tanto, na
asma quanto na colite ulcerativa (BLANCHET; MALTBY; HADDON; MERKENS et al.,
2007; MALTBY; WOHLFARTH; GOLD; ZBYTNUIK et al., 2010).

Ao longo da ultima década, estudos utilizando eosindéfilos murinos diferenciados da
medula 6ssea (BMEos) tém permitido a avaliagdo de diferentes aspectos da biologia
molecular dessas células, possibilitando novas estratégias imuno-farmacoldgicas
(DYER, KIMBERLY D.; MOSER, JENNIFER M.; CZAPIGA, MEGGAN; SIEGEL,
STEVEN J. et al., 2008b; FULKERSON; ROTHENBERG, 2018). Para a diferenciacéo in
vitro de eosindéfilos murino, é necesséria a presenca de citocinas como ligante de
tirosina quinase-3 tipo FMS (FIt3L), fator de célula tronco (SCF) e IL-5, descritas como
primordiais para a proliferacdo e maturacdo dessas células (DYER, KIMBERLY D.;
MOSER, JENNIFER M.; CZAPIGA, MEGGAN; SIEGEL, STEVEN J. et al., 2008a).
Citocinas como SCF e FIt3L potencializam a maturacdo de granulécitos e a IL-5
promove a diferenciacao de eosindfilos (DYER, KIMBERLY D.; MOSER, JENNIFER M;
CZAPIGA, MEGGAN; SIEGEL, STEVEN J. et al., 2008b). Em cultura, os primeiros dias
da diferenciagdo de BMEos, SCF e FIt3L s&o adicionados em meio RPMI para iniciar o
processo de formacdo dos eosindfilos e de suas principais organelas (LYMAN;
JACOBSEN, 1998; SAKABE; KIMURA; ZENG; MINAMIGUCHI et al., 1998).
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Figura 3- Desenvolvimento de eosinéfilos e suas fungbes em tecidos periféricos. Os
eosinofilos se desenvolvem a partir de GATA-1 pré-GMPs na medula 6ssea. Esses pré-GMPs
ddo origem a GMPs, os quais em camundongos respondem a IL-33 através do receptor ST2,
gue promove o desenvolvimento de eosindfilos e a expresséo do receptor a IL-5 a (IL-5Ra). As
GMPs expressam niveis mais altos de mRNA de XBP1 processado, o que é essencial para
posterior desenvolvimento. GMPs d&o origem a precursores de eosinéfilos de camundongo
Siglec-F1IL-5Ral (EoPres). Além disso, a IL-33 promove o desenvolvimento de eosinofilos,
induzindo a expresséo de IL-5 de outras células da medula éssea, atuando em EoPres e EoPs,
gue seguem EoPres no desenvolvimento de linhagem. As EoPs expressam niveis mais altos
de Helios e Aiolos, membros da familia Ikaros de fatores de transcricdo, que podem
desempenhar um papel na regulacdo da expressdao génica durante o desenvolvimento dos
eosinofilos e permanecem altamente expressos nos eosindéfilos maduros de camundongos. A
maturacdo adequada dos granulos requer expressao do fator de transcricdo XBP1, inibicdo da
atividade da protease de cisteina pela cistatina F e cristalizagdo da proteina do granulo MBP-1
em uma forma ndo téxica. A maturacdo inadequada dos granulos pode levar & perda da
viabilidade celular e ao bloqueio do desenvolvimento de eosindéfilos. Figura reproduzida

de:{O'Sullivan, 2018}.
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1.2. Proteinas pré-formadas nos granulos e suas propriedades

Durante e ap0s o processo de maturacdo dos eosindfilos, indmeros mediadores
imunes de natureza proteica sdo formados nestas células. A maquinaria da producao
desses compostos, em progenitores de eosindfilos, segue o modelo classico de
fabricacdo de proteinas, com 0 processamento nos reticulos endoplasmaticos e
empacotamento pelo complexo de Golgi (LODISH; BERK; ZIPURSKY; MATSUDAIRA
et al., 2000). No entanto, apés estas etapas, 0 eosinoéfilo passa a armazenar proteinas
em granulos secretores, tornando-se uma célula com caracteristicas particulares dentre
a maioria dos leucdcitos. Estas proteinas pré-formadas nos granulos especificos de
eosindfilos sdo cruciais durante as respostas imunes e em condi¢des fisiopatolégicas
(revisado em Melo et al., 2013; Spencer et al., 2014). Desta forma, eosinofilos sdo aptos
a responderem prontamente a diversas situacdes, liberando rapidamente moléculas
armazenadas nos granulos (revisado em Melo et al., 2013; Spencer et al., 2014).

O interior dos granulos contém uma variedade de moléculas que podem ser
liberadas através de diversos mecanismos de secrecdo em respostas a eventos
inflamatérios. Dentre estas moléculas encontram-se proteinas catinicas, citocinas,
guimiocinas e fatores de crescimento com um amplo espectro de atividades funcionais
desde atividade efetora até regulagcdo, reparacdo e remodelamento envolvido no

funcionamento do sistema imune (Weller & Spencer, 2017).

Proteinas catidnicas

As seguintes proteinas catibnicas sdo encontradas nos granulos secretores: EPX
(também conhecida como EPO), MBP-1 e sua homoéloga MBP-2 (GLEICH;
LOEGERING; MALDONADO, 1973; PLAGER; LOEGERING; WEILER; CHECKEL et
al.,, 1999; PLAGER; STUART,; GLEICH, 1998) e ribonucleases (RNases)- RNase2
(conhecida como neurotoxina derivado do eosinéfilo-EDN) (DURACK; ACKERMAN;
LOEGERING; GLEICH, 1981; GORDON, 1933) e RNase3 (proteina catidnica do
eosinoéfilo-ECP) (GLEICH; LOEGERING; BELL; CHECKEL et al., 1986).

MBP-1 e MBP-2 apresentam propriedades similares conforme demonstrado em
estudos in vitro, podendo realizar danos e morte as células, inducao da formacgéo de
superperoxidos e IL-8 a partir de neutréfilos e mastocitos e liberacdo de histamina e
leucotrienos por basdfilos. No entanto, a MBP-1 é considerada mais potente do que

MBP-2, em eosinéfilos humanos estimulados in vitro. [revisado por (ACHARYA;
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ACKERMAN, 2014; GLEICH; ADOLPHSON; LEIFERMAN, 1993)]. MBP-1, também
referida simplesmente como MBP ou PRG2, é a forma mais estudada desta proteina e
encontra-se armazenada no cristaloide dos granulos especificos (Melo & Weller, 2018).

EPO é uma proteina abundante da matriz dos granulos secretores, a qual usa seus
peréxido de hidrogénio como um substrato oxidante para gerar espécies oxidante,
incluindo &cidos hipohalosos (ACHARYA; ACKERMAN, 2014; ROTHENBERG,;
HOGAN, 2006). Mediante a condi¢Bes inflamatorias, estas proteinas séo liberadas dos
eosindfilos, exercendo alguns efeitos citotoxicos como uma toxina catiénica, sendo habil
a levar a morte de parasitos e outras células de mamiferos. Além disso, a EPO pode
exercer funcgdes tanto anti-inflamatdria quanto pré-inflamatéria (HENDERSON; JORG;
KLEBANOFF, 1982; LOCKSLEY; WILSON; KLEBANOFF, 1982; PARK; MYERS;
MARZELLA, 1992).

EDN e ECP sao ribonucleases pertencentes a superfamilia das ribonucleases A,
com eficiéncia enzimética comparavel as ribonucleases pancreaticas bovinas, capazes
de gerar ribonucleotideos de acido insoltvel a partir do substrato de acido polimérico
insolivel (ACHARYA; ACKERMAN, 2014).

A EDN, conhecida também como ribonuclease 2, possui propriedades neurotdxicas
e citotoxicas. Embora tenha sido descoberta e inicialmente nomeada como neurotoxina,
a EDN é também expressa constitutivamente no tecido hepatico humano e a sua
expressdo pode ser induzida em macréfagos por estimulos pré-inflamatoérios
(BLANCHARD; ROTHENBERG, 2009; HEIDEMANN; FIORE; SOOD; HAM, 2010;
JONSSON; BLOM; STALENHEIM; HAKANSSON et al., 2014; NEWTON; NICHOLLS;
RYBAK; YOULE, 1994; PLAGER; DAVIS; ANDREWS; COENEN et al., 2009).

A ECP, conhecida como ribonuclease 3, possui propriedades citotoxicas e
neurotoxicas. Esta proteina é considerada mais catidbnica do que EDN, com grande
toxicidade para uma variedade de helmintos, hemoflagelados, bactérias, virus de RNA
de fita Unica e ao tecido do hospedeiro (DOMACHOWSKE, J. B.; DYER, K. D.; ADAMS,
A. G.,; LETO, T. L. et al., 1998; LACY; ROSENBERG; WALSH, 2014; ROSENBERG,
1998; TOPIC; DODIG, 2011). Os niveis de ECP sdo usados como dados clinicos
associadas ao eosinodfilo, avaliados em doencas de carater alérgico como a asma e
correlacionados com o grau de severidade da doenca e atividade inflamatéria dos
eosindfilos (JUNG; KANG; LEE; PARK et al., 2014; PARK; OH; KIM; YOON et al., 2014;
RAMAROKOTO; KILDEMOES; RANDRIANASOLO; RAVONIARIMBININA et al., 2014;
TEDESCHI; MARZANO; LORINI; BALICE et al., 2014).



23

A atividade anti-bacteriana e a toxicidade anti-parasitaria sdo consideradas maiores
na ECP em comparacdo com a EDN. Em estudo in vitro, a ECP pode ser um agente
antiviral, participando da defesa da infeccdo causada pelo virus RSV, com a
participacdo de exo- e endonucleases clivando o RNA de fita inica (DOMACHOWSKE,
JOSEPH B.; DYER, KIMBERLY D.; ADAMS, ANTHONY G.; LETO, THOMAS L. et al.,
1998). Vérios trabalhos demonstraram que niveis baixos de ECP podem diminuir a
infectividade viral (ACHARYA; ACKERMAN, 2014; BOIX; SALAZAR; TORRENT,;
PULIDO et al., 2012; BYSTROM; AMIN; BISHOP-BAILEY, 2011; PULIDO; TORRENT;
ANDREU; NOGUES et al., 2013)

Citocinas, Quimiocinas e Fatores de crescimento

Diferente das células T e B, eosindfilos sdo capazes de liberar rapidamente
citocinas armazenadas em granulos secretores em resposta a estimulos. Apesar de
eosinodfilos estarem geralmente em associacdo com a imunidade Th2, estas células
podem expressar Thl, Th2 e citocinas regulatorias, assim como citocinas com fortes
propriedade pro- ou anti-inflamatoria. Assim, existe uma lista de cerca de 35
mediadores derivados dos eosinodfilos (DAVOINE; LACY, 2014; HOGAN;
ROSENBERG; MOQBEL; PHIPPS et al., 2008; LACY; MOQBEL, 2000; LACY;
ROSENBERG; WALSH, 2014), com destaque para CCL5/RANTES (LACY; MAHMUDI-
AZER; BABLITZ; HAGEN et al., 1999), CCL11l/eotaxina-1(NAKAJIMA; YAMADA;
IIKURA; MIYAMASU et al.,, 1998), GM-CSF (LEVI-SCHAFFER; LACY; SEVERS;
NEWMAN et al., 1995), IL-2 (LEVI-SCHAFFER; BARKANS; NEWMAN; YING et al.,
1996), IL-4 (MELO, R. C.; SPENCER, L. A,; PEREZ, S. A,; GHIRAN, I. et al., 2005;
MOLLER; DE JONG; VAN DER KWAST,; OVERBEEK et al., 1996; MOQBEL; YING;
BARKANS; NEWMAN et al., 1995), IL-5 (DESREUMAUX; JANIN; COLOMBEL; PRIN et
al.,, 1992; MOLLER; DE JONG; OVERBEEK; VAN DER KWAST et al., 1996), IL-6
(HAMID; BARKANS; MENG; YING et al., 1992), IL-13 (SPENCER; SZELA; PEREZ;
KIRCHHOFFER et al., 2009; WOERLY; LACY; YOUNES; ROGER et al., 2002), TNF-a
(BEIL; WELLER; TZIZIK; GALLI et al., 1993) e TGF-a (EGESTEN; CALAFAT; KNOL;
JANSSEN et al., 1996), os quais se encontram pré-formados nos granulos.

Algumas quimiocinas, como CCL11 e CCL5, podem sustentar o recrutamento e
manutencao de eosindfilos e linfécitos durante a inflamacéo alérgica. RANTES ativa a

via intracelular de ions de célcio, consequentemente, levando a desgranulagéo e
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promovendo a liberagcdo de superoxidos, seguida da quimotaxia. CCL11l, € uma
quimiocina especifica de eosintfilo fornecendo sinais na quimiotaxia desta célula. E
considerada uma das mais importantes quimiocinas durante o processo alérgico, pois
além de exercer o comportamento intracelular similar a CCL5, pode mobilizar Ca* e
realizar o buster respiratdrio, sugerindo um comportamento autécrino (ELSNER;
HOCHSTETTER; KIMMIG; KAPP, 1996; TENSCHER; METZNER; SCHOPF;
NORGAUER et al., 1996).

Eosindfilos secretam GM-CSF, molécula criticamente importante em manter a
viabilidade e a funcéo efetora desta célula durante respostas inflamatérias. Em paralelo,
IL-4 tem sido extensivamente estudada em inflamacdes alérgicas, possui um papel
importante na manutencéo da resposta Th2 e pode estimular células B na producao de
isotipos de IgE (FULKERSON; ROTHENBERG, 2018). A IL-4 tem varios papéis na
inflamacdo alérgica, como inducdo da quimiotaxia de eosinéfilos, aumento da
capacidade secretora destas células e estimulo para adesédo e migracéo de leucdcitos
através da promocao do aumento de IgE e da expressdo de molécula de adesao de
célula vascular (VCAM) em células endoteliais [revisado por (HOGAN; ROSENBERG;
MOQBEL; PHIPPS et al., 2008)].

Similar & IL-4, a IL-5 é muito investigada em repostas alérgicas inflamatorias. Esta
citocina é essencial para diferenciacdo de eosindfilos de progenitores CD34* derivados
da medula 6ssea (SHALIT; SEKHSARIA; MALECH, 1995; YAMAGUCHI; SUDA; SUDA;
EGUCHI et al., 1988). A IL-5 possui inumeros efeitos em eosinofilos, incluindo o
prolongamento da sobrevida, inducdo da quimiotaxia, priming, e desgranulagdo em
respostas a agonistas.

A IL-13 tem funcdes em doencas das vias respiratérias como a asma, atuando na
fibrose pulmonar e ativacdo de metaloproteases. Além da participacdo na resposta
alérgica pulmonar, esta proteina é também requerida em infec¢cdes helminticas
experimentais, com potencial funcdo protetora contra parasitos (URBAN; NOBEN-
TRAUTH; DONALDSON; MADDEN et al, 1998; WILLS-KARP; LUYIMBAZI; XU;
SCHOFIELD et al., 1998; ZHENG; ZHU; WANG; HOMER et al., 2000).

1.3. Mecanismos de secrec¢ao de eosinéfilos

Em média, cada eosindfilo possui cerca de 300-400 granulos especificos em seu
citoplasma (HARTMANN; SCEPEK; LINDAU, 1995; HENDERSON; CHI, 1985),
estocando uma quantidade expressiva de proteinas e mediadores lipidicos que sao

liberados para o meio extracelular durante respostas alérgicas, inflamatorias e
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imunoreguladoras. Trés processos de secre¢cdo sdo identificados em eosindfilos:

exocitose, desgranulacéo por piecemeal e citolise (Figura 4).

Exocitose

A exocitose classica de granulos ocorre através de uma série de eventos altamente
regulados: (a) mobilizacdo ou translocacdo de granulos para a periferia da célula; (b)
ligacdo do granulo com a membrana plasmatica; (c) acoplamento entre o granulo e a
membrana plasmatica; (d) fusdo das membranas e liberacdo do mediador (LOGAN;
LACY; BABLITZ; MOQBEL, 2002). Exocitose composta ocorre quando os granulos se
fundem entre si formando um canal com posterior fusdo com a membrana plasmatica
(SPENCER, L. A.; BONJOUR, K.; MELO, R. C. N.; WELLER, P. F., 2014)

(Figura. 4).

Em estudos co-culturas foi visualizada a interacdo de eosindéfilos com alguns
parasitos (Schistosoma mansoni, Trichinella spiralis, ou Nippostrongylus brasiliensis)
com evidéncias ultraestruturais de exocitose e liberacdo de conteudos derivados dos
granulos na superficie dos parasitos (MCLAREN; MACKENZIE; RAMALHO-PINTO,
1977). Outras observacdes in vitro mostraram a exocitose de eosinofilos sob estimulos
com IgA e IgG (WEILER; KITA; HUKEE; GLEICH, 1996) e guanosina 5'-O-[gama-
tio]trifosfato (GTPyS) (HAFEZ; STOLPE; LINDAU, 2003). Investigacdes usando técnicas
de microscopia eletrbnica de transmissao e de varredura mostraram que o ionéforo
A23187 induz a exocitose dos granulos em eosinofilos (HENDERSON; CHI, 1985;
HENDERSON; CHI; JORG; KLEBANOFF, 1983). Além disso, andlises
ultraestruturais também demonstraram que o fungo Alternaria induz eosinofilos
humanos a desgranulacdo através da fusdo de granulos entre si (exocitose composta)
(INOUE; MATSUWAKI; SHIN; PONIKAU et al., 2005; SPENCER, L. A.; BONJOUR, K.;
MELO, R. C. N.; WELLER, P. F., 2014) (Figura. 4).

Desgranulacao por piecemeal

O mecanismo de desgranulagcédo por piecemeal (PMD) foi primeiramente proposto
ha 30 anos atras, através de observacdes ultraestruturais feitas em basoéfilos (DVORAK;
DICKERSIN; CONNELL; CAREY etal., 1976; MELO; LIU; XENAKIS; SPENCER, 2013).
Este mecanismo tem sido considerado um importante processo secretor, tanto em
células do sistema imune (eosinofilos, mastocitos e basofilos) quanto em células
enddcrinas (CRIVELLATO; NICO; MALLARDI; BELTRAMI et al., 2003; MELO;
WELLER, 2010). Atualmente sabe-se que este fenbmeno € o mais frequente em

eosindfilos podendo ser estudado in vitro, na exposicao a estimulos fisioldgicos (Melo e
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cols., 2005a).

Dentre as evidéncias ultraestruturais de PMD incluem-se alteracées na morfologia
dos granulos secretores como: desorganizacdo do nucleo cristaloide, reducdo da
elétron-densidade, perda do contetdo da matriz e do nucleo cristaloide, aumento de
volume do gréanulo e perda total do conteido do granulo, mantendo-se, no entanto, a
membrana limitante do mesmo (Figura 4). Além disso, o esvaziamento do granulo
ocorre em paralelo com a formacdo de EoSVs, as quais brotam dos granulos e
transportam os produtos de secrecdo (MELO, R. C.; PEREZ, S. A.; SPENCER, L. A;
DVORAK, A. M. et al., 2005; MELO; SPENCER; DVORAK; WELLER, 2008; SPENCER,
L. A.; BONJOUR, K.; MELO, R. C.; WELLER, P. F., 2014)

As AlteracOes estruturais nos granulos secretores associadas com PMD séao
descritas em diversas desordens alérgicas e inflamatérias, incluindo a asma
(Karawajczyk e cols., 2000), polipose nasal (Erjefalt e cols., 2001, Armengot e cols.,
2009), rinite alérgica (Erjefalt e cols., 2001, Ahlstrom-Emanuelsson e cols., 2004); colite
ulcerativa (Erjefalt e cols., 2001); doenca de Crohn (Erjefalt e cols., 2001); dermatite
atopica (Cheng e cols., 1997); carcinoma gastrico (Caruso e cols., 2005); shinguelose
(Ragqib e cols., 2003) e cdlera (Qadri e cols., 2004). O numero de granulos esvaziando
em eosinofilos humanos aumenta quando as células estdo ativadas, tanto in vivo como
in vitro em diferentes condi¢cbes (Erjefalt e cols., 1998, Karawajczyk e cols., 2000,
Ahlstrom-Emanuelsson e cols., 2004, Melo e cols., 2005a).

Estimulos inflamatérios, tais como o0s agonistas classicos de eosindfilos, a
CCL5/RANTES e a CCL11l/eotaxina ou fator ativador de plaquestas (PAF), levam a
desgranulacédo por piecemeal. E o pré-tratamento com brefeldina A, um inibidor do
transporte vesicular (Nebenfuhr e cols., 2002), impede o esvaziamento dos granulos
guando estimulados (Melo e cols., 2005a). Estudo utilizando agonistas de eosindfilos
mostrou que, enquanto apenas 8% dos granulos de eosindfilos ndo estimulados tinham
granulos apresentando sinais de desgranulacdo por piecemeal, esse percentual
aumentou para 25% em células estimuladas com RANTES, 43% nas estimulados com
CCL11, e 34% nas estimuladas com PAF (Melo, R. C. N.; Spencer, L. A.; Perez,

S. A. C.; Ghiran, I. et al., 2005).

Usando a técnica de imunomarcacdo ultraestrutural chamada de pre-embedding
gue € realizada antes do processamento para microscopia eletrénica, nosso grupo
identificou um transito vesicular de proteinas armazenadas nos granulos (Melo e cols.,
2005b, Melo E Cols., 2009). Essa metodologia possibilitou marcar proteinas tipicamente
estocadas nos granulos como IL-4 e MBP e assim identificar sua rota de secrecao
(MELO E COLS., 2005B, MELO E COLS., 2008A, SPENCER E COLS., 2009).
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Estudos do nosso grupo identificaram que o transporte de MBP (Melo e cols., 2009)
e citocinas, como IL-4 (BANDEIRA-MELO E COLS., 2001), é realizado atraves de
EoSVs. O estimulo com CCL11 ou CCL5 em eosinéfilos humanos, libera rapidamente
IL-4 através do transporte vesicular (BANDEIRA-MELO E COLS., 2001). Foi
demonstrado que a IL-4 é transportada pelas EoSVs gracas a receptores de IL-4Ra em
sua membrana (SPENCER E COLS., 2006). Também foi demonstrado que eosinofilos
possuem uma quantidade substancial de outros receptores de citocinas associados a
granulos e vesiculas, como os receptores IL-6Ra e IL-13Ral. Estoques de CCR3
intracelular também sdo expressos em eosindfilos humanos, e sua deteccdo esta
aumentada ap6s estimulo que induz a liberacdo de CCL5 (SPENCER; MELO; PEREZ;
BAFFORD et al., 2006)

Citdlise

O processo de citolise ocorre atraves da lise da célula e deposi¢cdo dos granulos
secretores de eosinofilos, intactos no meio extracelular. Ultraestruturalmente este
processo é caracterizado por alteracdes nucleares como descondesacgéo e dissolugéo
da cromatina e do envoltério nuclear, assim como ruptura da membrana plasmatica
acompanhada de deposicao dos granulos, podendo estar livres ou aglomerados (cfegs)
nos tecidos (Figura 4) (PERSSON E ERJEFALT, 1997B, ERJEFALT E COLS., 1998).
Os cfegs depositados nos tecidos aparecem como um conjunto heterogéneo de
granulos, envoltos por membrana (PERSSON E ERJEFALT, 1997B) (Figura 4).

Esses achados sé@o observados in vivo em estudos com vias aéreas humanas
alérgicas (ERJEFALT E COLS., 1998), pdlipos nasais (ULLER E COLS., 2004) e apos
desafio com alérgeno ou em resposta a denudacdo mecénica epitelial (REVISTO EM
PERSSON E ERJEFALT, 1997A). Eosindfilos em citolise também podem ser
observados in vitro ap0s a exposicdo ao ionoforo de calcio bivalente A23187 ou esferas
opsonizadas com IgA secretado (REVISTO EM PERSSON E ERJEFALT, 1997A,
MELO E COLS., 2013A).

Eosindfilos sdo capazes de sofrer morte citolitica, acompanhada da liberacdo de
DNA nuclear e extrusdo de granulos funcionais intactos, processo chamado de ETosis
(UEKI E COLS., 2013). Os autores demonstraram que a estimulacdo com IgG ou IgA23
imobilizados, ionoforo de calcio, PAF ou forbol-12-miristato-13-acetato (PMA) podem
desencadear ETosis em eosindfilos humanos, de uma maneira dependente de NADPH-
oxidase (Ueki e cols., 2013).

Os granulos de eosindfilos humanos (NEVES E COLS., 2008, NEVES E COLS.,
2010, SHAMRI E COLS., 2012) e murinos (SHAMRI E COLS., 2012), isolados a partir
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de fracionamento subcelular, expressam o receptor CCR3 funcional e secretam ECP
em reposta a CCL11. Outro receptor expresso por esses granulos € o IFN-yR. Esses
fatos promovem evidéncias diretas que os receptores da membrana dos granulos sao
funcionais e capazes de iniciarem processos de sinalizacdo. Foi observado também que
granulos isolados estimulados com IFN-y secretam ECP, EPO, IL-4 e IL-6 (NEVES E
COLS., 2008).

O processo de desgranulacéo por citdlise é frequentemente observado em doencas
humanas. Granulos podem ser visualizados extracelularmente em biépsias de tecidos
de pacientes com dermatite atépica (CHENG E COLS., 1997), alergia nasal (ERJEFALT
E COLS., 1999, WATANABE E COLS., 2003), pélipos nasais (ERJEFALT E COLS.,
1998) e outras desordens de mucosa das vias respiratérias (ERJEFALT E PERSSON,
2000), como também em amostras de escarro de asmaticos (PERSSON E COLS.,
2002), em associag¢do com tecido em pacientes com i) rinossinusite cronica (GREIFF E
COLS., 1998, PONIKAU E COLS., 2005), ii) lesdes de necrose de gordura subcutanea
em recém-nascidos (TAJIRIAN E COLS., 2007), iii) urticaria (REVISTO EM MELO E
COLS., 2013A), iv) esofagite eosinofilica (ACEVES E COLS., 2007), v) pacientes com
Onchocerca volvolus tratados com amocarzine (GUTIERREZ-PENA E COLS., 1998) e
vi)pacientes com carcinoma gastrico avancado (CARUSO E COLS., 2005).

Andlises de ME identificaram a presenca de granulos envoltos por membrana fora
da célula, na matriz extracelular de bidpsias de paciente com dermatite atdpica
(CHENG E COLS., 1997). No tratamento com amocazine foram observados granulos
livres na superficie da microfilaria danificada de Onchocerca volvulus (GUTIERREZ-
PENA E COLS., 1998). Imagens de MET revelaram a deposicao extracelular de grupos
de granulos juntamente a corpusculos lipidicos adjacentes a eosinéfilos em apoptose
tardia, em pacientes apresentando carcinoma gastrico avancado (CARUSO E COLS,,
2005).

Os granulos liberados extracelularmente por citélise sédo funcionalmente ativos e
capazes de atuarem como “Cluster Bombs” que amplificam as propriedades secretoras
funcionais de eosindfilos e contribuem para a exacerbacédo e persisténcia da resposta
inflamatéria (NEVES E COLS., 2008, MUNIZ E COLS., 2013).



29

®
® o ) "° o o 8
=) . © 0
@\ o, 0. 2
B2 o, 9 S, 4
o " - o~ ’7 ~ e
<
s 0

Figura 4- Mecanismos de secrecdo de eosinoéfilos. Os eosindéfilos podem secretar
suas proteinas granulares por exocitose (fusdo granulo-granulo antes da liberacéo
extracelular); desgranulacdo por piecemeal (transporte vesicular de pequenos pacotes
de materiais dos granulos secretores para a superficie celular); e/ou citélise (deposicdo
extracelular de granulos apos lise celular). Mais de um processo pode estar envolvido
em respostas inflamatérias. Figura reproduzida de SPENCER et al., 2014.

1.4. Fator de célulatronco (SCF) em processos de diferenciacdo e ativacao de

eosino6filos

Fator de Célula Tronco (SCF — Stem cell factor), também conhecido como ligante
do c-kit, € uma citocina conhecida por estar envolvida na diferenciacdo e maturacao de
células hematopoiéticas (MCNIECE E BRIDDELL, 1995; BROUDY, 1997), tais como
mastoécitos, basoéfilos (DVORAK ET AL., 1994) e eosinofilos (METCALF ET AL., 2002).
Além disso, o SCF vem sendo descrito como possuidor de um importante papel em
respostas inflamatoérias, tendo uma alta expressdo em doengcas como a asma, rinite
alérgica e artrite reumatoide, revisado em (REBER ET AL., 2006). A presenca de SCF
em condicdes de alergia esta correlacionada com o recrutamento de eosinofilos
(LUKACS ET AL., 1996; FINOTTO ET AL., 2001), mesmo que nao seja diretamente
responsavel pela sua quimiotaxia, o que é provavelmente causada como uma
consequéncia da ativacao de mastocitos induzida por SCF (LUKACS ET AL., 1996).

Sabe-se que eosinodfilos possuem tanto o receptor c-kit na membrana plasmatica
(YUAN ET AL., 1997), quanto o seu ligante, o SCF, que se encontra armazenado no
interior de seus granulos secretores (HARTMAN ET AL., 2001). Essa citocina é capaz
de induzir a secrecdo de diversos mediadores imunes em eosindfilos (OLIVEIRA ET
AL., 2002), além de promover a sua sobrevivéncia (DOLGACHEV ET AL., 2007) e
adesao celular (YUAN ET AL., 1997).
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O SCF foi usado em décadas passadas para testes clinicos em pacientes com
cancer a fim de induzir a mobilizacdo de células progenitoras do sangue periférico, por
injecdes subcutdneas de Fator de Célula Tronco Recombinante Humano (rhSCF —
Recobinant Human Stem Cell Factor), como uma tentativa de encontrar uma alternativa
para o recrutamento destas células em individuos que passariam por quimioterapia
mieloblativa (Glaspy et al., 1996; Moskowitz et al., 1997). Estudos anteriores
mostraram, usando a MET, que estas inje¢cdes subcutaneas de rhSCF induzem uma
resposta alérgica, caracterizada como uma dermatite, com recrutamento de leucdcitos,
incluindo o eosinodfilo, e com a ativacdo de mastécitos (Costa et al., 1996; Dvorak et al.,
1998).

Em doencas como asma, rinite alérgica e artrite reumatéide, o SCF desempenha
um papel importante, sendo competente para recrutar e ativar células imunes (REBER,
DA SILVA ET AL. 2006). Os efeitos do SCF sobre os eosindfilos tem sido
extensivamente estudados in vitro, em estudos in vivo demonstram que as injecdes
subcutaneas de SCF podem promover uma dermatite local caracterizada por infiltracéo
de eosinodfilos e mastocitos acompanhada de hiperplasia de melandcitos (DVORAK,
COSTA ET AL. 1998).

1.5. Aspectos mitocondriais

Os estudos sobre dinamica mitocondrial tiveram mais espacgo gracas ao advento da
microscopia eletronica de transmissdo na década de 1930. Os primeiros estudos
iniciados em 1950 mostraram aspectos ultraestruturais das mitocéndrias que
identificaram a presenca de duas membranas (externas e internas), tendo a membrana
interna como formadora de estruturas achatadas chamadas de cristas (DETMER,
2007). As cristas mitocondriais sao preenchidas com uma matriz onde abriga as cadeias
de DNA, ribossomo, pequenos granulos e moléculas importantes no processo
respiratorio aerébico (MILLS ET AL. 2017).

S&o organelas dinamicas envolvidas em funces essenciais para as células, como
producéo de energia (por exemplo: ATP), controle da nutricdo e da taxa de oxigénio,
sintese de macromoléculas, morte e sinalizacéo celular. Assim, ttm um papel critico em
diversos processos metabodlicos e homeostaticos, bem como resposta celular contra
condicBes de estresse ou processo inflamatério (CLOONAN E CHOI, 2016).

Sabe-se que o tamanho, a forma e a distribuicdo dessas organelas estao
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estritamente relacionadas ao processo de fusdo e fissdo. Uma variedade de
caracteristica sobre a morfologia mitocondrial € encontrada mediante a estimulos
fisiolégicos, podemos identificar desde pequenas esferas até formas tubulares
alongadas. As células que apresentam menor taxa de fusdo estdo relacionadas ao
formato mitocondrial circular, sendo numerosas no interior das células, assim s&o
denominadas de “mitocondrias fragmentadas” (DETMER, 2007). Além disso, foi
observado que a membrana da ultraestrutura esta diretamente relacionada ao estado
metabdlico dessas organelas, pois o processo de fusdo permite alterar o conteado entre
mitocondrias e minimiza os problemas de mitocéndrias defeituosas (PICARD ET AL,
2013).

Durante o processo de morte celular, ocorre um intenso processo de fissédo
diretamente associado a velocidade e eficiéncia da morte celular e as alteragbes da
permeabilidade da membrana mitocondrial. A estreita associacéo entre apoptose e vias
reguladoras da forma mitocondrial € evidenciada pelos dois processos ja bem
estabelecido como agentes de alteracdo da permeabilidade que desencadeia o
processo de morte. Durante este processo podemos observar mudancgas na morfologia
mitocondrial na tentativa de regular os efeitos na membrana (DETMER, 2007).

Por outro lado, a fusdo mitocondrial ndo é essencial para a sobrevivéncia da célula,
mas é completamente necessaria para os estagios de desenvolvimento celular, uma
vez que a fusdo pode minimizar os danos em lipidios e alteracBes em proteinas. Esse
processo ainda é necessario para otimizar a fosforilacdo oxidativa, pois a diminuicao
das taxas metabdlicas leva a ruptura das cristas mitocéndrias (BOLAND ET AL, 2013;
YOULE ET AL 2012)

Outro aspecto muito importante esta relacionado a distribuicdo mitocondrial no
interior da célula, alguns estudos mostram que as mitocéndrias tendem a se localizar
mais préximas dos nucleos em condi¢cdes hipéxia do que em normoxia (BOLAND ET
AL., 2013). Trabalhos recentes destacaram a importancia de que a associacdo entre
mitocondrias e outras organelas celulares, como o reticulo endoplasmaético, esteja
estritamente associada aos locais do processo de fusdo. (FRIEDMAN ET AL 2011). As
proteinas mitocondriais desempenham um elo entre as mitocdndrias e o reticulo para
permitir a captacdo de célcio do reticulo para as mitocondrias. (DE BRITO, ET AL
2008).

Nos eosindfilos, pouco se sabe sobre a dindmica mitocondrial, no entanto, ja &
sabido que, nos linfocitos, esse processo parece ser importante para a redistribuicdo
mitocondrial durante a quimiotaxia, onde sdo concentradas nas bordas das células

(DETMER, 2007). Em eosinéfilos humanos, sabe-se que os altos niveis de proteinas
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pré-apoptoéticas sdo capazes de controlar as respostas de sobrevivéncia ou apoptose
através da regulacdo negativa dessas proteinas e liberacdo de ROS. Altos niveis de
liberacdo de ROS causam lesdo mitocondrial e consequentemente, amplificar os sinais
de morte celular (Ilmarinen et al, 2014).

As células imunologicas em geral tém necessidade de rapida adaptacdo metabdlica,
no caso dos eosindfilos, eles exibem uma respiracdo respiratoria basal, porém
significativamente mais eficiente em comparacdo aos neutréfilos. Além disso, os
eosindfilos utilizam a via de oxidacdo da glicose diferente dos neutréfilos, tornam-se
muito mais flexiveis, obtendo melhores respostas na defesa do hospedeiro, homeostase
e processo inflamatério e imunomodulagdo (PORTER ET AL, 2018). Alguns estudos
apontam para a importancia das mitocdéndrias no desenvolvimento hematopoiético, com
alteracbes no conteudo mitocondrial e no potencial de membrana ou na producao de
ATP. O alto perfil metabdlico mitocondrial € essencial para o desenvolvimento celular
durante o processo de hematopoese (BONORA ET AL, 2015).

1.6. Justificativas

A habilidade de eosinofilos em responder a estimulos durante diferentes situacoes
fisiologicas e doencgas se baseia na sua capacidade de secrecdo e, portanto, 0s
granulos de secrecao de eosinofilos, nos quais mediadores imunes e outros compostos
sdo armazenados, tornam-se organelas-chave para o entendimento das funcdes
dessas células (MELO; DVORAK; WELLER, 2010; WELLER; SPENCER, 2017)

Culturas de eosindéfilos murinos sdo amplamente utilizadas como estratégia
experimental para estudo de diferentes aspectos funcionais destas células
(O'SULLIVAN; BOCHNER, 2018). No entanto, muito pouco se conhece sobre o
processo de granulogénese de eosinéfilos murinos. Quais sdo as caracteristicas
morfolégicas dos granulos secretores de eosinéfilos murinos em processo de
diferenciacdo? Como caracterizar um eosinofilo murino maduro em cultura? Eosinéfilos
murinos em processo de maturacdo sdo aptos a secretarem? Para responder essas
perguntas, pretende-se no presente trabalho aplicar técnicas de MET para
caracterizacao ultraestrutural da populacédo de granulos secretores em diferentes fases
de culturas de eosindfilos a partir das células derivadas da medula 6ssea. A MET é a
Unica técnica com resolucéo suficiente para distinguir granulos com a presenca ou nao
de cristaloide, o qual caracteriza granulos maduros, além de alteracdes indicativas de
processos secretores (MELO; DVORAK; WELLER, 2010).
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Outro aspecto a ser investigado refere-se a atuacdo de SCF em culturas de
eosinofilos murinos. Conforme ressaltado, esta citocina tem papel crucial na maturacao
de precursores de eosindfilos e também é capaz de ativar células maduras (DORN;
LAZAR-KARSTEN; BOIE; RIBBAT et al., 2008; DYER; PERCOPO; ROSENBERG,
2013; FONSECA; RASKY; PTASCHINSKI; MORRIS et al., 2019). Entretanto, varios
aspectos ainda nao foram investigados. Por exemplo, SCF atua diretamente em células
comprometidas com a linhagem eosinofilica, sendo capaz de aumentar a formacéo de
granulos maduros (contendo cristaloide). Ultraestruturalmente, os processos de
secrecdo de eosindfilos tanto imaturos como maduros, tanto em modelos
experimentais como humanos, sob efeito de SCF, jamais foram estudados. Nesse
sentido, pretende-se investigar, por MET, a populacdo de granulos secretores e 0s
niveis de citocinas librados (IL-4, IL-6 e IL-13) quando eosindéfilos murinos séo
diretamente ativados por SCF. Adicionalmente, e, considerando que SCF leva
eosinéfilos humanos a secretarem (OLIVEIRA; TAUB; NAGEL; SMITH et al., 2002),
perguntamos quais sdo 0S mecanismos estruturais envolvidos. No presente trabalho,
eosindfilos humanos isolados do sangue e estimulados com SCF e eosindfilos
teciduais, sob efeito de SCF in situ, serdo investigados por MET para identificacdo de
Seus processos de secregao.

Como ultimo aspecto a ser abordado nesta tese, focamos no perfil mitocondrial de
eosinodfilos. Existe um interesse crescente no entendimento da atividade de
mitocondrias, consideradas organelas multifuncionais, na quais alteragcdes morfologicas
estao intimamente relacionadas com sua fisiologia (CANTO, 2018; SEO; YOON; DO,
2018). Em células do sistema imune, conforme ressaltado, documenta-se uma relagéo
das mitocondrias com respostas imunes (BANOTH; CASSEL, 2018). No entanto, hosso
conhecimento sobre a distribuicdo, organizacdo e ultraestrutura de mitocondrias em
células do sistema imune e, particularmente em eosinéfilos murinos, € pobre. Por isso,
objetivamos estudar esses aspectos tanto em eosindfilos ao longo de seu processo de
diferenciacdo como também em eosindfilos ativados com estimulos inflamatorios. Para
responder como € o perfil mitocondrial em eosinodfilos nessas condigbes (em células
imaturas, maduras e ativadas), pretendemos aplicar técnicas convencionais e
avancadas de MET que permitem visualizagdo da estrutura mitocondrial em trés

dimensdes (tomografia eletronica).
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2. OBJETIVOS

2.1. Objetivo Geral

Estudar as caracteristicas morfolégicas da populacao dos granulos
secretores e o perfil mitocondrial de eosindfilos ao longo da diferenciacdo e

ativacao celular.

2.2. Objetivos Especificos

221 Caracterizar por MET a formacao de granulos especificos
durante a diferenciacao de eosinofilos murinos em culturas, a
partir de células da medula éssea.

222 Avaliar a ultraestrutura de granulos secretores de eosinofilos
murinos em diferenciacdo em resposta ao tratamento com SCF.

223 Investigar a habilidade de secregéo de IL-4, IL-6 e IL-13 de
eosinofilos murinos em resposta ao estimulo com SCF.

224 Investigar os mecanismos de secrecdo de eosinofilos humanos
sob efeito de SCF.

225 Caracterizar o perfil mitocondrial de eosinoéfilos murinos durante

a diferenciacao e a ativagao celular com CCL11, SCF e TNF-a.
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2  MATERIAIS E METODOS

22 Animais, eutanasia e coleta de amostras

Camundongos Balb/C machos (n= 10) de 8-10 semanas de idade e com peso
corporal de 20 — 28 g foram utilizados para todos os experimentos. Os animais
fornecidos pelo Centro de Criacdo de Animais de Laboratério (CECAL) da
Fundacdo Oswaldo Cruz — RJ foram mantidos em temperatura ideal (23-25°C) e
ciclo circadiano controlado (12/12 h), com acesso irrestrito a agua e racao.

Para estabelecimento das culturas de eosindfilos, os animais (n=10) foram
submetidos a eutanasia em camara de CO2. Fémures e tibias foram retirados e a
coleta de células da medula 6ssea foi realizada conforme descrito a seguir (Secao
3.2). Para eutanasia foi administrado cloridrato de ketamina (100 mg/mL) associado
a acepromazina (10 mg/mL) na propor¢ao de 9:1, numa dose de 0,15 mL/100 g de
peso.

Todos os procedimentos com 0s animais foram realizados de acordo com as
normas de biosseguranca e seguindo protocolos aprovados pelo comité de ética
para 0 uso de animais de experimentacao do Instituto de Biofisica Carlos Chagas
Filho, da Universidade Federal do Rio de Janeiro (nUmero IBCCF065)

23 Cultura de eosinéfilos derivados da medula 6ssea (BMEos) de murinos

231 Culturaconvencional de BMEos

Eosinofilos foram diferenciados in vitro de células coletadas da medula 0ssea
(BMEos) conforme (DYER, KIMBERLY D.; MOSER, JENNIFER M.; CZAPIGA,
MEGGAN; SIEGEL, STEVEN J. et al., 2008a). Células da medula 6ssea foram
coletadas dos fémures e tibias de camundongos BALB/c. As epifises dos 0ssos
foram retiradas e a medula coletada utilizando uma seringa com agulha 26G. As
epifises dos ossos foram retiradas e foi feito um lavado das medulas com RPMI-
1640 (Gibco, Grand Island, NY) sem soro. Para lise das hemacias, as células foram
centrifugadas a 100 g por 5 min e ressuspendidas em NaCl a 0,2%, seguido da

adicdo de NaCl a 1,6%. Apos lise de hemacias, as células medulares foram
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cultivadas em meio RPMI 1640 (Sigma) com 20% de soro fetal bovino (SFB —
Cultilab) e suplementado com Piruvato de sédio 1% (Sigma), aminoacidos néao
essenciais 1% (Sigma) e glutamina 1% (Sigma). A concentracdo das células
progenitoras foi ajustada para 1 x 10° células/mL.

Do dia 0 ao dia 4 da cultura o meio foi suplementado com 100 ng/mL de fator
de célula tronco (SCF, do inglés stem cell factor; rmSCF; Peprotech) e 100 ng/mL
de ligante de FLT3 (rmFLT3-L; Peprotech). A partir do dia 4 o meio contendo SCF e
FLT3 foi completamente substituido por meio fresco contendo 10 ng/mL de IL-5
murina recombinante (rmlL-5; Peptrotech, Figura 5). No dia 8 de cultura as células
do sobrenadante foram centrifugadas e movidas para garrafas novas e mantidas
em meio fresco suplementado com rmiIL-5. Desse ponto em diante metade do meio
foi substituido por meio fresco contendo rmiL-5 a cada dois dias e a concentracao
das células reajustada para 1 x 10° células/mL. Todos os procedimentos foram

repetidos em triplicata.

232 Culturade BMEOs com suplementacéo continua de SCF
Culturas de eosindfilos derivados da medula 6ssea foram inicialmente
estabelecidas conforme a cultura convencional. Entretanto, alternativamente foi
incluido rmSCF na mesma concentracdo do dia 0 (100 ng/mL) nos dias que
acompanhavam a adicdo de rmiL-5, até o dia 14 da cultura (Figura 5). Os

procedimentos foram repetidos em triplicata.
Camundongos Balb/ C

Lavado de
medula
Dias
0 4 8 10 12 14 |

Convencional
IL-5
FLT3-L + SCF\

Suplementada
IL-5 + SCF

Figura 5 - Desenho experimental das culturas de eosindfilos derivados da
medula 6ssea. A cultura foi estabelecida da forma convencional com adicdo de
SCF (+FLT3-L) até o 4° dia e ap0s isso apenas adicionado IL-5. Alternativamente,
culturas apos o 4° dia foram estabelecidas com suplementacdo continua de SCF
acompanhada da adicéo de IL-5.
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233 Acompanhamento da diferenciagdo das BMEos ao longo
das culturas
A contagem e a avaliacdo da diferenciacdo das células ao longo do
estabelecimento das culturas convencionais e das culturas com suplemento
continuo com SCF foi realizado por microscopia de luz e citometria de fluxo, nos
dias 0, 4, 8, 10, 12 e 14. Para analises por microscopia, aliquotas das culturas
foram citocentrifugadas (100 g, aceleragcdo média por 5 minutos), coradas com
pandtico e analisadas em microscopio de luz de campo claro (Olympus, BX51).
Para analises ao citometro de fluxo, as células derivadas da medula 6ssea em
cultura (dia 14) foram marcadas para expressdo de Singlec-F, proteina
normalmente presente em eosinofilos murinos diferenciados (DYER, KIMBERLY
D.; MOSER, JENNIFER M.; CZAPIGA, MEGGAN; SIEGEL, STEVEN J. et al.,
2008a). As células (1 x 10° céls / poco) foram fixadas em solugédo de
paraformaldeido 4% e permeabilizadas por 5 min em gelo com saponina a 0,1%
(Sigma, St. Louis, MO, EUA). Logo apos, foi feita a incubacdo com o anti-Siglec-F
murino ou seu isotipo IgG2a (1: 100, BD Pharmingen, CA, EUA) por 30 min. Em
seguida, essas células foram lavadas e incubadas com o anticorpo secundario
(fitoeritrina) conjugado com FITC por 15 min em gelo na presenca continua de
saponina. Todos os dados foram adquiridos em um citbmetro de fluxo FACS
Calibur (BD Biosciences) e analisados com o software FlowJo (Tree Star Inc.,
Ashland, OR).

234 Estimulacdo de eosindéfilos murinos diferenciados nas
culturas

Eosindfilos diferenciados da medula 6ssea (10° células/mL), coletados no

dia 14 da cultura, foram estimulados com CCL11 recombinante de camundongo
(100ng/mL; Peprotech, Rocky Hill, NJ, EUA) ou TNF-a (100ng/mL; Peprotech,
Rocky Hill, NJ, EUA) ou SCF (100ng/mL; Peprotech, Rocky Hill, NJ, EUA),
conforme descrito por (Shamri, Melo et al. 2012). Células pré-tratadas com
concentracbes equivalentes de veiculo com meio RPMI-1640 foram utilizadas
como controles. Todos os tratamentos foram incubados a 37°C, por 1 hr
(BioWhittaker, Walkersville, MD, EUA). A viabilidade celular apds inibicdo e
estimulacao foi > 93%, conforme detectada por microscopia de luz apés coloracao

das células com azul de tripan.

37



29

24 Isolamento de eosinéfilos humanos do sangue periférico

Eosinofilos humanos foram isolados de doadores saudaveis e purificados
por selecdo negativa segundo (MELO, ROSSANA CN; PEREZ, SANDRA AC;
SPENCER, LISA A; DVORAK, ANN M et al., 2005). Sangue de 5 individuos
saudaveis foi coletado, usando seringas contendo citrato de sdédio 130 mM (pH
5,2). ApGs sedimentacao (30 min, a temperatura ambiente) e remocao de células
mononucleares (Ficoll-Paque TM, Amersham Biosciences, Uppsala, Suécia), os
eosinofilos foram purificados por selecdo negativa usando um coquetel de
enriqguecimento de eosindéfilos humanos (StemSepTM, Stem Cell Technologies,
Vancouver, Canada) e por procedimento de selecao celular com anticorpos ligados
a particulas magnetizadas (Miltenyi Biotec, Auburn, CA, EUA). Os experimentos
foram aprovados pelo Comité de Etica em Investigacées Clinicas do Beth Irsrael
Deaconess Medical Center (BIDMC) e o consentimento foi obtido de todos os
individuos. A pureza (99%) e viabilidade (95%) dos eosinodfilos foi verificada por
analise microscopia de luz ap6s coloracdo com o kit HEMA 3 R ou brometo de

etidio.

25 Estimulacéo de eosinofilos humanos isolados

Os eosindfilos purificados (1 x 10° células/amostra) foram estimulados com
rhSCF (1, 10, 100 e 200ng / mL; R&D Systems, Minneapolis, MN, EUA) em meio
RPMI-1640 e ovalbumina a 0,1% (Sigma, St. Louis, MO, EUA). Controles foram

mantidos apenas no meio a 37° C por 1h.

26 Quantificacdo da liberacdo de Proteina Catiénica do Eosinéfilo

Os niveis de Proteina Catiénica do Eosindfilo (ECP) nos sobrenadantes de
eosindfilos estimulados ou ndo com rhSCF foram analisados usando o kit de
ELISA para ECP humana (Medical &amp; Biological Labs, Naka-ku Nagoya,

Japao) de acordo com as instrucdes do fabricante.

2.7 Biodpsias de pele humana de locais com injec&do subcutanea de
rhSCF
Biopsias de pele foram obtidas conforme descrito por (DVORAK, ANN M;
COSTA, JOHN J; MONAHAN-EARLEY, RITA A; FOX, PATRICIA et al., 1998).
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Resumidamente, trés pacientes receberam inje¢des subcutaneas diarias de rhSCF
(25 mg/kg por dia) na coxa anterior por um periodo de 13 dias. ApoOs a injecédo
intradérmica local de uma solucdo a 1,0% de lidocaina (0,5 ml), a
aproximadamente 1-2 cm do local planejado da bidpsia. Foram obtidas bidpsias
por puncao (4 a 6 mm) da pele no local das lesdes que se desenvolveram dentro
de aproximadamente 60 minutos apds a injecdo de rhSCF. As bidpsias foram
obtidas entre 1 hora e 40 minutos ou 2 horas e 30 minutos apés a injecao do
rhSCF no local. Todos os pacientes assinaram o0 termo de consentimento
previamente aprovado pelo Comité de Etica em Estudos Humanos do Beth Israel
Deaconess Medical Center (BIDMC).

28 Microscopia Confocal

A analise da populacdo mitocondrial foi realizada através da sonda MitoTracker
Red CMXRos (Life Technologies). De maneira geral, células obtidas em diferentes
dias de cultura foram coletadas e centrifugadas em 100 g a temperatura ambiente.
Em seqguida, os pellets foram ressuspendidos em MitoTracker Red na concentragao
de 10 nM por 5 min. ApGs consecutivas lavagem para evitar o background da
fluorescéncia, as amostras foram fixadas em paraformaldeido a 4% e montadas em
meio de selagem VectaShield com DAPI (VECTASHIELD® Mounting Medium with
DAPI, VectorLab). As imagens foram obtidas através do microscépio Nikon Eclipse
Ti equipado com uma cabeca C2 confocal e analisados no software Volocity 6.3
(PerkinElmer). As imagens capturadas das células foram analisadas utilizando o

programa Image J (National Institutes of Health, Bethesda, MD).

29 Microscopia Eletrénica de Transmisséo

Todas as amostras coletadas foram imediatamente fixadas em solugédo de
Karnovsky modificado conforme Tabela 1. Amostras de células suspensdo apdés
fixacdo foram incluidas em agar 2%, o que possibilita que as etapas subsequentes
sejam realizadas sem o contato direto com 0s organismos. Esta pré-inclusdo em
agar reduz os artefatos causados por danos mecanicos e a perda de espécimes
durante os procedimentos que se seguem (MELO, ROSSANA CN; PEREZ,
SANDRA AC; SPENCER, LISA A; DVORAK, ANN M et al., 2005).
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Tipo de| Tempo de| Temperatura
Amostra n Fixador ) _
amostra fixacéo de fixacdo
Cultura BMEos murino
5
convencional
Cultura BMEos murino
com suplementacdo | 5
iNofi % e glutaraldeido
Eosindfilos humanos Suspenséo ; 259 . . ; .
i , ) em emp. ambiente
isolados do  sangue celular ) p
estimulados ou n&o com tampao fosfato 0.1
SCF,CCL11ou TNFa | 17 M, pH 7.4
Bidpsias de pele humana
Paraformaldeido 2
% e glutaraldeido
5 Fragmentos . .
o 2,25 % em tampd&o| overnight 4°C
teciduais
fosfato 0.1 M, pH
7,4

Tabela 1: Tipo e nimero de Amostras processadas para MET com detalhes do
procedimento de fixagéo.

Os blocos de &gar contendo as suspensdes celulares e os fragmentos de
tecido foram pés fixados em Osmio reduzido (ferrocianeto de potassio 3% em
tampédo fosfato 0.1M e dsmio 2% em &gua destilada) por 1h em temperatura
ambiente e lavados por 3 vezes em tampao fosfato 0,1M, pH 7,3. Em seguida, as
amostras foram desidratadas em alcool (50%, 70%, 90%, 95%), passando em cada
etapa duas vezes por 5 minutos e, posteriormente em acetona. AplOs a
desidratacdo, as amostras foram pré-infiltradas em meio de inclusdo epon/acetona
(2:1) overnight a temperatura ambiente, infiltradas em meio com DPM-30 e
incluidas em resina (Polybed 812, Polysciences, Warrington, PA, USA). ApGs
polimerizacdo por 16 horas a 60°C, foram feitos cortes ultrafinos em ultramicrotomo
(Sorval MT2, newton, MA, USA), os quais foram contrastados com citrato de
chumbo. As amostras foram analisadas em diferentes aumentos em microscépio

eletrbnico de transmissédo (Tecnai G2-12) em 60 KV.
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210 Tomografia eletronica e reconstrugéo 3D

Amostras previamente incluidas em Epon (conforme descrito na Secédo 3.10)
foram seccionadas a 200 nm. As secg¢fes foram mantidas em telas de cobre de
100 mesh cobertas com formvar. Os tilts foram adquiridos de forma automatica em
um microscopio Tecnai Spirit G12 120kv (Thermo Fisher Scientific/FEI, Eindhoven,
Holanda), utilizando o software Serial EM/Tomography (FEI). Imagens digitais das
estruturas de interesse foram registradas nos angulos de -65° para +65° em
intervalos de 1°. Todas as imagens foram alinhadas ao eixo de inclinagdo comum
usando correlacdo cruzada, e o volume foi reconstruido por retroprojecao
ponderada no espago real. Os tomogramas foram gerados usando o software
SerialEM (MASTRONARDE, 2005) e o modelamento foi realizado no software
IMOD (MASTRONARDE; HELD, 2017).

211 Anélises Ultraestruturais

2.11.1 Caracteristicas ultraestruturais de granulos especificos durante

adiferenciacao de eosinéfilos murinos em culturas

Caracteristicas ultraestruturais de granulos especificos durante a
diferenciacdo dos eosindfilos foram estudadas por MET convencional. Ao
microscopio eletrébnico de transmissdo convencional, micrografias foram
obtidas aleatoriamente de secc¢bes celulares mostrando todo o perfil dos
eosinofilos e o nucleo. Um total de 98 eletromicrografias e 697 granulos foram
analisados em aumentos de 11000-23000. A morfologia dos granulos foi
estuda em todas as células das culturas convencional (estimuladas ou nédo
com SCF) e suplementada com SCF.

Inicialmente, todos os granulos foram avaliados independentemente do
estagio de maturagdo da célula. Assim, as diferentes populacfes de granulos -
que representam diferentes estagios de maturagcdo do granulo - foram
caracterizadas com base em aspectos gerais dos granulos, como elétron-
densidade da matriz, presenca de cristaloide e contelldos membranosos. Em
seguida, analises morfométricas de area, perimetro, diametro e circularidade

das populagcdes de granulos foram obtidos. E finalmente, as populagdes de
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granulos caracterizadas foram relacionadas com o estagio de diferenciacéo
dos BMEos. Como nédo existe uniformidade na classificacdo das células
comprometidas com a linhagem eosinofilica, foram considerados 2 perfis
ultraestruturais basicos de eosindfilos em relacdo ao processo de
diferenciacdo: maduro e imaturo. Eosinofilos maduros foram considerados
com base nas caracteristicas ultraestruturais de eosinofilos residentes do
pulméo, que apresentaram (i) nucleo lobulado e (ii) presenca de granulos com
cristaloide em diferentes proporcdes. Eosinofilos com auséncia de alguma
destas duas caracteristicas foram considerados imaturos. Os granulos foram
contados diferencialmente e a proporcdo das populacbes de granulos por

seccdao celular obtido.

2112 Avaliacao ultraestrutural de processos secretores de eosinofilos

humanos sob efeito de SCF in vitro e in vivo.

Para estudos realizados por MET convencional de eosindfilos in vitro
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(eosindfilos isolados do sangue e estimulados com SCF) obtivemos aleatoriamente

micrografias eletrénicas de sec¢des celulares, mostrando todo o perfil celular ou de

conteudos derivados do eosindfilo (i.e. granulos livres). Para andalise por MET das

bidpsias da pele, foi estudada uma area de 6240 pm? de tecido do sitio

inflamatério contendo eosinéfilos e/ou conteldos celulares de eosindfilos. Foram

analisadas 34 eletromicrografias (in vitro: 34 micrografias [células ndo estimuladas:

17, células estimuladas por SCF: 17]; in vivo: xx micrografias).

Os granulos secretores foram classificados e contados em duas categorias:
i) Granulos intactos mostrando nucleo cristaloide elétron-denso e integro, com a

matriz elétron-lucida; e ii) Granulos em processo de esvaziamento: caracterizados

por alteracdo da forma e elétron-densidade, desestruturacdo do cristaloide e/ou

matriz, presenca de vesiculas membranosas intragranulares e/ou perigranulares,

matriz com aspecto rugoso e/ou alteracdes da membrana limitante (Shamri et al.,

2012). No total, foram contados 836 granulos secretores (439 de eosindfilos
estimulados por SCF e 397 de ndo estimulados) e 985 EoSVs (639 de eosinofilos
estimulados por SCF e 346 de ndo estimulados). Em tecido, foram contados 467

granulos secretores e 538 EoSVs. Todos os estudos morfométricos e quantitativos

foram realizados usando o software ImageJ (National Institutes of Health,
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Bethesda, MD).

2113 Aspectos ultraestruturais das mitocondrial de eosinoéfilos murinos
durante o desenvolvimento e ativagéao celular

Para estudo da ultraestrutura de mitocéndrias por MET, eosinofilos em
cultura foram avaliados em diferentes condicdes. Um total de 87
eletromicrografias de eosindéfilos foram estudadas para avaliagdo qualitativa e
guantitativa, a saber: células ndo estimuladas: 27; células estimuladas com
CCL11, TNFa ou SCF (n= 20, para cada estimulo). As eletromicrografias
foram aleatoriamente obtidas em aumentos de 11.000-23.000X. Um total de
892 mitocondrias, a partir dessas células foi entdo investigado [n=402 (células
nao estimuladas); n= 207 (SCF); n= 105 (CCL11); n= 178 (TNFa)]. A avaliacao
do perfil mitocondrial foi feito em secc¢des celulares que mostravam todo perfil
celular e nucleo.

Aspectos mitocondriais como tamanho, forma, cristas e elétron-densidade
da matriz foram avaliados qualitativa e quantitativamente usando o software
ImageJ (National Institutes of Health, Bethesda, MD). Para analises
morfométricas, as mitocondrias foram medidas e a area, diametro, perimetro,
circularidade (eixo horizontal divido pelo eixo transversal) foram obtidos. As
mitocdndrias foram contadas e o numero e area proporcional de mitocéndrias

por area de citoplasma foi estabelecida para cada secc¢éo celular.

212 Anédlises estatisticas

Todos os dados foram tratados e os resultados foram expressos como média +
EPM e analisados segundo o teste de ANOVA ou teste T com nivel de significancia
p < 0.05, usando o programa GraphPad Prism 7.0 (Graphpad Software, San Diego,
CA).
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3 RESULTADOS

Caracterizacdo dos eosinofilos derivados da medula 6ssea

Para confirmar a presenca de eosinoéfilos na cultura de células derivadas da
medula 6ssea (Figura 6A), foi utilizada a citometria de fluxo para detectar
marcador especifico da membrana de eosindfilos murinos (Siglec F), conforme
descrito por Dyer, 2008 (DYER, KIMBERLY D.; MOSER, JENNIFER M.;
CZAPIGA, MEGGAN; SIEGEL, STEVEN J. et al., 2008b). Esta avaliacao foi
realizada durante diferentes dias da cultura (0, 4, 8, 10, 12, 14) (Figura 6B). No 14°
dia da cultura, o percentual de células identificadas como células SiglecF* e,
portanto, como eosindfilos, foi de 82% (Figura 6B). Amostras de eosindfilos
obtidas no 14° dia, foram ent&o fixadas e processadas para MET para observacao
das caracteristicas ultraestruturais destas células, especialmente dos granulos
secretores. Nés queriamos saber se esta populacéo de eosindfilos exibia granulos
especificos maduros no 14° dia da cultura, ponto final de cultura, caracterizados
pela presenca de cristaloide (MELO; WELLER, 2018). Apenas 12% dos eosindfilos
mostraram granulos completamente maduros em quantidades variaveis no
citoplasma.

Em paralelo, amostras de populacdes celulares, coletadas nos diferentes
pontos da cultura, foram preparadas para analises ultraestruturais qualitativas e
quantitativas. Estas andlises revelaram a presenca de eosinoéfilos com diferentes
morfologias em todos os pontos da cultura (Figura 7A-D). Basicamente,
observamos duas popula¢des principais de eosinofilos: eosindéfilos imaturos,
chamados mielécitos eosinofilicos, caracterizados pela presenca apenas de
granulos especificos imaturos (sem cristaloide) e eosinéfilos maduros,
caracterizados pela presenca de granulos especificos maduros (com cristaloide)
(Figura 7A-C).

Eosinofilos murinos maduros e imaturos apresentam nucleo em forma de anel,
ocupando grande parte do citoplasma, conforme visto por microscopia de luz
(Figura 6) (LEE; JACOBSEN; OCHKUR; MCGARRY et al., 2012). A analise das
caracteristicas ultraestruturais nucleares no 14° dia de cultura revelou maiores
detalhes destes nucleos. Nucleos de eosindfilos imaturos mais jovens mostram-se

mais eucromaticos, mais "arredondados" e aparentemente mais volumosos

(Figura 7A) em comparagdo com eosinofilos imaturos em processo de
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diferenciacdo mais avancada e com eosinofilos maduros, os quais mostram
nuacleos "retorcidos" (Figura 7D). Estes nucleos "retorcidos" aparecem em secc¢des
celulares como lobulos individualizados (Figura 7B-D). Nota-se também que, a
medida que o eosindfilo amadurece, as areas de heterocromatina e eucromatina
tornam-se mais evidentes (compare a Figura 7A e 7B-D). Analises quantitativas
mostraram uma tendéncia em reducdo da area ocupada pelo nucleo no
citoplasma, embora ndo houve diferenca significativa quando eosindfilos imaturos
foram comparados com maduros (Figura 7E). Além disso, a area de reticulo
endoplasmatico mostrou-se significativamente maior em eosinofilos imaturos
comparados com maduros enquanto a area ocupada por complexo de Golgi nao

se alterou (Figura 8).
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Figura 6- Células obtidas do lavado de medula 6ssea de animais Balb/C foram
mantidas em cultura por 14 dias na presenca de FLt3l, SCF e IL-5 para diferenciacéo
de eosindfilos (BMEos). (A) Células obtidas no dia 14 da cultura, coradas com panético e
observadas por microscopia de luz. (B) Citometria de fluxo e (C) Grafico da porcentagem de
células coletadas em diferentes dias da cultura (0,4,8,10,12 e 14) marcadas com Siglec F
mostrando aumento da positividade ao longo de 14 dias.
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Figura 7 — Caracteristicas ultraestruturais de eosino6filos murinos imaturos e maduros.
(A, B) Imagens representativas de eosindfilos imaturos mostrando granulos imaturos (sem
cristaloide) em processo de formacéo (cabeca de seta). Note nacleo mais volumoso em (A),
célula imatura mais jovem, em comparagdo com (B). (C, D) Eosindéfilos maduros séo
observados com gréanulos apresentando nuacleo cristalino em conjunto com granulos
imaturos. (E) Gréfico da média da area do ndcleo ocupando o citoplasma. N: Ndcleo; (*)
granulos especificos maduros; ns: ndo significativo.
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Figura 8- Reticulo Endoplasmético Rugoso (RER) e complexo de Golgi em eosindfilos
murinos em cultura. (A) Micrografias eletrénicas representativas de um eosindfilo imaturo (B)
e um maduro (C) mostrando cisternas do RER (destacadas em rosa) e complexo de Golgi
(destacadas em roxos). Note que a quantidade de RER é menor no eosindéfilo maduro. (C)
Grafico da média da area do complexo de Golgi ocupando o citoplasma. (D), Grafico da média
da area de RER ocupando o citoplasma. N: Nucleo; ns: ndo significativo. (****): P<0.0001.

3.2 Aspectos ultraestruturais da granulogénese em eosinofilos derivados da
medula 6ssea

Uma vez estabelecidas as caracteristicas gerais dos eosindfilos de
camundongos em culturas por MET, nés investigamos o processo de maturacao
dos granulos secretores. Para tal, células coletadas ao longo dos diferentes pontos
da cultura foram investigadas. Um total de 68 células mostrando o perfil celular
inteiro, nucleo e presenca de granulos grandes no citoplasma, com morfologia
compativel com a linhagem eosinofilica foi entdo analisado qualitativa e
guantitativamente.

O processo de granulogénese foi estudado em um total de 697 granulos

observados no citoplasma destes eosinoéfilos em processo de diferenciacéo.




Fundamentalmente, duas populacdes de granulos foram identificadas: (i) granulos
imaturos sem nucleo cristalino e (ii) granulos maduros com um nucleo cristalino
central circundado por uma matriz (Figura 9). Granulos imaturos em processo de
maturacdo apresentaram diferentes morfologias e foram classificados de acordo
com o aspecto de seus conteudos em: SGI (specific granule type I) - granulos de
diferentes tamanhos com contetdo heterogéneo e/ou presenca de vesiculas no
[imen; SGIl  (specific granule type 2)- granulos com conteudo
predominantemente homogéneo e elétron-denso ocupando completamente ou
parcialmente a area granular (Figura 9). Os granulos maduros contendo cristaloide
sao aqui referidos como SGlII (specific granule type 3).

Os granulos SGI mostraram-se em processo de condensagdo, ou seja,
observamos que nestes granulos ocorria um aumento gradativo de seus
conteldos heterogéneos (estruturas membranosas, vesiculas e massas elétron-
densas) e compactacdo dos mesmos (Figura 9). As vesiculas encontradas dentro
destes granulos foram visualizadas se fundindo com massas elétron-densas
frequentemente vistas na regido central dos granulos, sugerindo que essas
vesiculas auxiliam no processo de condensacdo (Figura 9C). Além disso, as
analises em alta resolucdo mostraram evidéncia de brotamento de vesiculas a
partir da membrana limitante do granulo (Figura 9C). Interessantemente, vesiculas
citoplasmaticas, provavelmente oriundas do complexo de Golgi, foram observadas
em fusdo com granulos SGI (Figura 9D). Os granulos SGII mostraram-se em
processo de cristalizacdo, ou seja, observamos que a partir destes granulos
ocorria 0 processo gradativo de formagéo do nucleo cristalino (Figura 10).

O diametro dos granulos especificos encontrados nas populacdes de
eosindfilos imaturos e maduros em cultura foi bastante variado (Figura 10A). As
analises quantitativas por MET identificaram que o diametro dos granulos SGI
variou de 0,27 pum a 1,25 ym; SGIl de 1 pm a 0,5 um e maduro de 0,4 a 0,3 um
(Figura 10). No entanto, quando as é&reas dos granulos foram examinadas,
observou-se que, a medida que o granulo amadurece, o tamanho do mesmo
diminui (Figura 10). Em meédia, os granulos SGI mostraram-se significativamente
maiores em comparacdo com a populacdo de granulos SGIlI e maduros (0.27 *
0.01, 0.20 £0.01, 0.12 £ 0.004, n= 363, 297 e 213, média + EPM de SGI, SGll e
maduro respectivamente, P<0.001 e P<0.0001) (Figura 10B).

A distribuicdo dos granulos especificos no citoplasma de eosindfilos imaturos e

maduros também foi investigada. As analises quantitativas mostraram que nos
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eosinofilos imaturos, as propor¢cdes meédias de granulos SGI e SGIlI foram
respectivamente 75% e 25%, engquanto nos eosinofilos maduros, estas proporcdes
correspondiam a 35% e 38% (Figura 10C). Nos eosinofilos maduros, a proporcéo

média de granulos com cristaloide (SGlII) foi de 27 % (Figura 9C).

3.3 Granulos imaturos contém um sistema membranoso interno

As analises por MET convencional dos granulos especificos imaturos
revelaram a presenca de vesiculas e outras estruturas membranosas dentro dos
granulos SGI em processo de maturagdo (Figura 9). Para entender melhor a
organizacdo dessas membranas intragranulares, foi usada a tomografia eletronica,
ferramenta que permite visualizar estruturas em 3 dimensdes a nivel ultraestrutural
(Melo et al, 2005, Melo et al., 2013).

A aplicacdo de tomografia eletrdbnica e modelagem computacional revelou que
as vesiculas observadas em duas dimensfes representavam na realidade cortes
transversais de tubulos membranosos com diametro médio de 10nm (Figura 11).
Esses tubulos estavam distribuidos em todo o espaco intragranular e misturavam-
se com outros contetdos do granulo (Figura 10, cabecas de setas). Alguns tubulos

mantinham contato com a membrana limitante do granulo ou mostravam

interconexao com outros tubulos (Figura 10E)

49




Figura 9 - Ultraestrutura dos granulos especificos de eosinéfilos murinos em cultura
(A, B) Morfologia dos granulos SGI e SGill, caracterizada por conteldo predominantemente
heterogéneo (SGI) ou homogéneo (SGIl). Em (B), observe a presenca de vesiculas em
granulos SGI. Um destes granulos é visto em maior aumento em (C). Note vesiculas em
contato com o conteudo interno elétron-denso (seta) e com a membrana limitante do
granulo (cabecas de seta). (D) Vesiculas do complexo de Golgi (cabecgas de seta) sao
visualizadas em (E), na proximidade de granulos secretores em processo de formagéo. CG:
complexo de Golgi; N: Nucleo, SGI: granulo especifico imaturo em processo de
condensacéo, SGII: granulo especifico imaturo em processo de cristalizacao.
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Figura 10 - Biogénese dos granulos secretores do eosinéfilo murino. (A) Imagem
ilustrativa mostrando a sequéncia da formacédo dos granulos especificos de eosindfilos
murinos em cultura. Estes granulos passam por processo de condensacao (SGI) e
cristalizagéo (SGll), culminando com a formacao de cristaloide interno (SGIII). Os diametros
granulares variam de 0,27 um a 1,5 um. (B) A area dos granulos reduz significativamente a
medida que o granulo amadurece. (C) Gréafico da porcentagem de granulos especificos
entre eosindfilos imaturos e maduros. (****) P< 0.0001; (***) P< 0.001. SGI: granulo
especifico imaturo em processo de compartimentalizacéo, SGII: granulo especifico imaturo
em processo de compartimentalizacdo. SGIII: granulo maduro (com cristaloide).
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Figura 11- Reconstrucdo em 3D do sistema membranoso intragranular dos granulos
imaturos SGI. (A-F) Sequéncia de imagens obtidas por tomografia eletrbnica de granulos
SGlI nas quais foram delimitadas a regido central elétron-densa (roxo) e sistema
membranoso (azul claro). (G) reconstrucao do volume gerado no tomograma. Note em (H-I),
a presenca de estruturas tubulares distribuidas na area interna do granulo. Essas formacgfes
tubulares foram visualizadas também na proximidade da membrana limitante do granulo. Em
H, notam-se tubulos (cabecas de setas) em meio ao conteldo central elétron-denso.
Numeros nos painéis A-F correspondem imagens representativas da sequéncia de imagens
seriadas obtidas no tomograma.




3.4 A suplementacao da cultura com SCF gera mais granulos maduros

SCF é uma citocina reconhecida pelo seu papel na maturacdo de células
precursoras de leucécitos (HOFER; VACEK; POSPISIL; WEITEROVA et al.,
2006). Usualmente, esta citocina € utilizada no dia 0 da cultura para iniciar a
diferenciacdo destas células (DYER, K. D.; MOSER, J. M.; CZAPIGA, M.; SIEGEL,
S. J. et al,, 2008). Tendo em vista que observamos apenas 12% de granulos
maduros (com cristaloide) no dia 14 da cultura, ndés investigamos se a
suplementacdo de SCF durante a cultura seria capaz de aumentar a formacao de
granulos maduros. Desta forma, culturas adicionais de eosinéfilos receberam
suplementacdo nos dias 4, 8, 10 e 12. Amostras de eosindfilos foram entédo
processadas para MET no dia 14 da cultura e comparadas com amostras obtidas
sem suplementacéo no mesmo tempo de cultura.

A cultura suplementada com SCF (D14SCF) nao apresentou aumento
significativo do numero de eosindfilos quando comparada a cultura convencional
(D14) (31.10° + 5,2 e 36.10° + 4,4, n=5 culturas, D14 e D14SCF respectivamente)
(Figura 12A). No entanto, quando as células foram analisadas por MET, foi
observado um numero maior de eosinéfilos com granulos maduros (SGIlIl) no
citoplasma (Figura 12B). Analises quantitativas mostraram que, enquanto a
cultura D14 tinha 12,5% de eosindfilos maduros, ap0s suplementacdo esse
namero aumentou quase 100% (Figura 12C). Além disso, os humeros de granulos
SGI e SGII em eosinodfilos maduros sofreram alteracdo. Enquanto na cultura
convencional esses numeros foram 21% e 53%, respectivamente, na cultura
suplementada por SCF, representavam 5% e 42%. Granulos SGIlll representavam
25% e 52% em eosinofilos maduros das culturas convencional e suplementada,

respectivamente. Isto significa que SCF acelera os processos de condensacao e

cristalizacdo dos granulos especificos imaturos.
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Figura 12- Efeito do SCF sobre eosinéfilos murinos. (A) Numero de eosindéfilos em culturas
convencionais e suplementadas com SCF. (B) Micrografia eletrbnica representativa de
eosindfilo coletado no dltimo dia de cultura suplementada com SCF (D14SCF) mostrando
granulos especificos SGlll, caracterizados pela presenca de nucleo cristalino (cabecas de
seta). (C) Culturas suplementadas com SCF apresentaram aumento de 22,5% no nimero de
eosindfilos maduros. (D) Porcentagem de granulos especificos avaliada em eosinéfilos
maduros do dia 14 em culturas convencionais (D14) e suplementadas com SCF (D14SCF). (E)
Niveis de interleucinas avaliados no sobrenadante apds estimulo de eosinofilos com SCF.
Eosindfilos no dia 14 foram estimulados por 1h com 100 ng/mL de SCF. N: Ndacleo, Gr:
Gréanulo especifico, Mt: mitocdndria, RER: Reticulo Endoplasmético Rugoso.




ultraestruturais nos granulos secretores em decorréncia da desgranulacao
induzida por agonista, eosinéfilos que foram estimulados com SCF ou apenas
mantidos no meio de cultura por 1 h foram examinados por MET para identificacédo
de alteracbes morfolégicas dos granulos especificos indicativas de secrecéo
(Figura 13B-C).

A quantificagéo dessas alteragdes mostrou aumento significativo da proporcao
de granulos com evidéncias de PMD (desestruturacédo do conteudo e reducédo de
elétron-densidade dos granulos, sem ocorréncia de fusdo) nas células estimuladas
em comparacado com as nao-estimuladas (Figura 13D). Além disso, EoSVs (Figura
14A), outro indicativo de PMD, foram observadas com numeros aumentados nas
células estimuladas por SCF (37,5 = 2,7, média + EPM, n = 17) em comparacao
com as nao estimuladas (20,3 £ 1,7, média + EPM, n = 17) (P<0,001) (Figura
14B). EoSVs foram particularmente observadas em torno de granulos secretores

em processo de esvaziamento de seus contetudos (Figura 14C).
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3.5 Eosinofilos murinos em cultura ativados por SCF secretam citocinas

A fim de obter mais informacdes sobre a influéncia de SCF em eosindfilos
murinos, nos investigamos se SCF poderia induzir secrecdo destas células. Para
isso, BMEos coletados no dia 14 da cultura conventional foram estimulados ou nao
com 100 ng/mL de SCF por 1h e os niveis de citocinas IL-4, IL-6 e IL-13 avaliados
no sobrenadante. (BONJOUR, 2015; SHAMRI; MELO; YOUNG,; BIVAS-BENITA et
al., 2012) Os niveis de IL-6 foram significativamente maiores no grupo tratado com
SCF (P<0,05), enquanto os niveis de IL-13 ndo se alteraram (Figura 12E). Por
outro lado, ndo obtivemos expressao de IL-4 dessa proteina em nenhum dos

grupos.

3.6 Eosinéfilos humanos do sangue periférico estimulados por SCF
secretam ECP e desgranulam por PMD

Apos estudar os efeitos do SCF em eosindfilos murinos diferenciados a partir
da medula 6éssea, ndés buscamos responder se o0s eosindfilos humanos
estimulados com SCF sdo capazes de secretar proteinas armazenadas nos
granulos. J4 é bem estabelecido que os eosindfilos humanos estimulados por SCF
liberam citocinas, mas a secrecdo de proteinas catibnicas ainda nao foi
documenta. Além disso, ainda sdo desconhecidos o0s mecanismos de
desgranulacdo de eosinofilos humanos sob efeito de SCF. Primeiramente,
medimos a presenca de ECP no sobrenadante de eosindfilos obtidos do sangue
periférico de doadores saudaveis e estimulados por 1h com diferentes doses de
SCF. A ECP é uma RNAse armazenada na matriz de granulos e pode ser
secretada durante asma e doencas alérgicas (Acharya e Ackerman 2014).
Eosindfilos estimulados por SCF mostraram aumentos significativos de ECP
dependente da dose, conforme medido pelo ensaio ELISA (Figura 13A). A
resposta dose-dependente do SCF revelou que os eosindfilos na presenca de
100ng/mL e 200ng/mL de agonista apresentaram um aumento significativo (P<
0,05) dos niveis de ECP comparado com células ndo estimuladas, mas nao foi
encontrada diferenca significativa entre doses mais baixas (P< 0,05) (Figura 13A).

Apoés a confirmacao de que os eosindfilos podem liberar ECP, avaliamos por
quais mecanismos secretores ele poderia liberar o contetdo armazenado em

granulos na presenca de 100ng/mL de SCF. Para caracterizar eventos
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Figura 13- Eosinofilos humanos estimulados ou ndo por SCF. (A) Liberacédo de proteina
catibnica ECP de eosindfilos induzida por rhSCF (1, 10, 100, 200 ng / ml) ap6s 1 hora de
estimulacdo a 37°C. (B) Ultraestrutura de eosindfilo ndo estimulado. (C) Ultraestrutura de
eosindfilo estimulado com SCF apresentando granulos em processo de PMD. (Ci-Civ) Note,
em comparagdo com um granulo intacto (Ci), a ocorréncia de aumento de elétron-densidade
na matriz (Cii) e desestruturacdo do cristaloide (Ciii e Civ). (D) Porcentagem de granulos
mobilizados (em processo de esvaziamento) e de granulos intactos nos grupos nao
estimulado (NE) e estimulado com SCF. Cada coluna representa a média + E.P.M. de pelo
menos 3 experimentos independentes. ( * )P <0,05, (****) P< 0,001, quando comparado ao
grupo nao estimulado (NE).
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Figura 14- Eosinofilos humanos estimulados com SCF aumentam o nimero de EoSVs.
(A) Ultraestrutura de eosinofilos ativados por SCF exibindo EoSVs (destacadas em rosa).
(B) Células ativadas apresentaram aumento significativo do nimero médio de EoSVs no
citoplasma em comparacdo com células ndo estimuladas. (C) Um granulo em processo de
secrecdo por PMD (seta) é observado em maior aumento. Note a presenca de grande
namero de EoSVs na proximidade deste granulo. Gr: Granulos secretores, (****) P<0.001.
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3.7 Injecbes subcutaneas de SCF induzem citdlise e PMD em eosinofilos

humanos teciduais

Uma vez caracterizado o processo de secrecdo de eosinofilos em resposta a
SCF in vitro, avaliamos se os eosinofilos teciduais, estimulados in vivo,
apresentavam caracteristicas semelhantes. Para tal, utilizamos biopsias da pele
de trés pacientes, 0os quais receberam administracdo subcutdanea de SCF,
conforme estudo anterior (Dvorak, Costa et al. 1998). Este tratamento provoca
inflamacéo dérmica caracterizada por infiltracdo de granulécitos (Dvorak, Costa et
al. 1998). Uma éarea de 6.240 um? de tecido da bidpsia foi estudada por MET.
Primeiramente, confirmamos infiltracdo de eosindfilos, juntamente com outras
células do sistema imune como mastacitos, neutrofilos e linfocitos (Figura 15A).

Os eosinodfilos estavam localizados em areas perivasculares e associados a
depositos intersticiais de colageno (Figura 15A). Estas células mostraram
evidéncias morfolégicas de desgranulacdo por PMD e citdlise (Figura 15B).
Analises quantitativas revelaram que 52% do numero total de eosindfilos no tecido
exibia sinais morfoloégicos de PMD, enquanto os outros 48% mostravam sinais de
citélise (Figura 15B). Ndo encontramos sinal de exocitose nos eosindfilos. A
citolise dos eosindfilos foi caracterizada pela ruptura da célula, seguida da
deposicao de granulos secretores e material nuclear no espaco extracelular. Além
disso, nas amostras de biopsias obtidas, identificamos 189 granulos livres
depositados aleatoriamente ao longo de todo o tecido, juntamente com fragmentos

celulares (Figura 15B). Muitos desses granulos secretores foram encontrados

proximos a depdsitos de colageno ou a outros leucdcitos (Figura 15B).
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Figura 15- Eletromicrografia de biépsias de pele humana coletadas do local de
administracdo de rhSCF. (A) infiltrado inflamatério do sitio de administragcdo de SCF com
presenca de eosinofilos (Eo), neutrofilo (Neu) e linfocitos (Leu) localizados na regido
perivascular. (B) Eosindfilos do infiltrado inflamatério realizando citolise (roxo) representou
47% das células analisadas enquanto 53% estavam em PMD. Em maior aumento, observam-
se granulos com sinais de perdas sendo depositados no tecido (Bi) ou dentro de células
realizando PMD (Bii). N: Nucleo.
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3.8 Granulos secretores depositados no sitio inflamatorio liberam EoSVs

Durante as andlises ultraestruturais de eosinofilos humanos, observamos em
areas de bidpsias com eosindfilos citoliticos, a ocorréncia de EoSVs integras na
proximidade de granulos extracelulares livres (Figura 16A e B). Desta forma,
guestionamos se estas vesiculas poderiam ser formadas a partir dos granulos
livres. Para isso, nds analisamos por tomografia eletrbnica, as mesmas amostras
de tecido avaliadas por MET convencional (Figura 17). As reconstru¢cdes em 3D e
0os modelos gerados a partir das sec¢bes mostraram que EoSVs, caracterizadas
como vesiculas tubulares encurvadas, com didmetros transversais de
aproximadamente 150-300 nm, mantinham intima associagdo com granulos em
processo de esvaziamento (Figura 17B e C). Estes dados sugerem que EoSVs
podem ser formadas a partir dos granulos mobilizados depositados no tecido
(Figura 16C). Desta forma, granulos com carateristicas de PMD parecem liberar

EoSVs no sitio inflamatério.

Figura 16 - EOSVs e granulos secretores livres no espago extracelular, observados na
pele de pacientes em tratamento in situ com SCF. (A) Eletromicrografia mostrando EoSVs

(destacadas em rosa) localizadas ao redor ou aderidas (setas) a granulos secretores (Gr)
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apresentando sinais de PMD). Note evidéncias de brotamento dessas vesiculas a partir de

granulos secretores (Bi).

Figura 17- Andlises tomograficas revelam formacdo de EoSVs a partir de granulos
livres em sitios inflamatérios. (A) Bidpsias de pele humana (pacientes recebendo tratamento
in situ com SCF) contendo eosindfilos citoliticos foram usadas para reconstrucdo de modelos
em 3D. (B) Tomograma de granulos secretores (azul) em contato com vesiculas (rosa). (C)
Reconstrugdo 3D do volume revelou o brotamento de EoSVs. Essas EoSVs foram
encontradas permeando o limite da membrana, com projecdes internas e externas no granulo
(Ci e Cii).
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3.9 Oprocesso de maturacdo de eosinofilos murinos leva a reducao da

populacédo mitocondrial

Como ultimo aspecto a ser abordado nesta tese, focamos no perfil mitocondrial de
eosinofilos, pobremente compreendido em eosinéfilos murinos. Para isso, amostras de
eosinofilos ao longo da cultura (imaturos e maduros) foram processadas para
microscopia confocal a laser (marcadas com a sonda MitoTracker Red) e MET. A
populacdo de mitocondrias foi entdo quantificada em eletromicrografias usando o
programa ImageJ. Nossos dados mostraram que a area ocupada por mitocéndrias no
citoplasma reduziu significativamente em eosinéfilos maduros em comparacdo com
eosinofilos imaturos (Figura 18). Além disso, as analises em alta resolucéo revelaram
que mitocbndrias sdo aptas a liberarem vesiculas a partir da membrana externa
(Figura 19), evento relacionado cm a manutencdo da viabilidade celular (CANTO,
2018).

3.10 Mitocondrias de eosinofilos respondem a estimulos inflamatérios com

alteragdes morfoldgicas

Em seguida, perguntamos se a populagdo de mitocondrias observada em
eosinofilos no dia 14 da cultura, ponto onde se observa maior numero de eosinoéfilos
maduros, sofre alteracbes em nimero em resposta ao tratamento com estimulos
inflamatorios. Para isso, estimulamos amostras de eosinofilos coletados neste dia da
cultura com SCF, CCL11, TNF-a ou apenas meio durante 1h. As amostras foram em
seguida processadas para MET e avaliadas quantitativamente conforme acima. Os
resultados mostraram que a area ocupada por mitocdndrias aumentou
significativamente em resposta a CCL11 e TNF-a, em comparacdo ao grupo controle
(Figura 20A). Além disso, o tratamento com esses estimulos induziu alteractes
morfologicas significativas na populacdo de mitocondrias, tais como aumento da
circularidade e da elétron-densidade da matriz mitocondrial (Figura 20). Aplicacdo de
tomografia eletrbnica computadorizada revelou que as mitocdndrias de eosindfilos

ativados por CCL11 e TNF-a apresentavam reducdo de cristas mitocondriais em

comparac¢ao com as mitocondrias do grupo controle (Figura 21).
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Figura 18- Area mitocondrial diminui ao logo do desenvolvimento de eosinofilos
murinos. (A) Micrografias de eosindfilo imaturo obtido da cultura exibindo populagdo de
mitocondria no citoplasma (destacada em verde). (B) Eosinéfilo maduro mostrando poucas
mitocondrias no citoplasma. (ai, bi) eosindéfilo marcado com MitoTracker Red CMXO. (C)
Eosindfilos apresentam reducédo da area de mitocondria a medida que tornam se maduros. (D)
Média da circularidade (eixo horizontal/eixo transversal) mostra que o processo de maturacdo
do eosindfilo promove alongamento das mitocdndrias. Enquanto mitocdndrias em eosinéfilos
imaturos sdo mais redondas (E), eosindéfilos maduros apresentam mitocondrias alongadas. N:
Nucleo, (*) P <0.05, (**): P <0.001.
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Figura 19— Mitocdndrias em eosindfilos imaturos liberam vesiculas derivadas da
membrana externa. (A) Ultraestrutura de mitocondrias de eosinéfilos imaturos apresentando
brotamento de vesiculas a partir da membrana externa (Ai, seta).(B) Tomografia eletrbnica
demostra intima associacdo de mitocéndrias e vesiculas. Note nas reconstru¢cdes em 3D (Bi-
Biii) que parte de uma vesicula em brotamento (destacada em laranja) é derivada do interior
da mitocondria (destacada em verde).
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Figura 20 — Mitocéndrias de eosindéfilos murinos respondem a estimulos inflamatorios
(A-F) Ultraestrutura da populagdo mitocondrial de eosindéfilos murino estimulados ou ndo com
agonistas. Eosindfilo apenas na presenca de meio (A) ou estimulados com SCF (B), CCL11

(C) ou TNF-«(D). (E) Mitocondrias alongadas obtidas de eosindfilos maduros. Observe que
mitocdndrias na presenca de TNF-x exibem forma arredondada com diminuicdo da elétron-
densidade. (G) Média da area mitocondrial aumenta significativamente nos grupos CCL11 e
TNF-u (H) Média da circularidade (eixo horizontal/eixo transversal) mostra arredondamento
da forma. (l), Elétron-densidade de eosindfilos estimulados com CCL11 e TNF-u diminuem
comparados ao grupo nao estimulado. ( * )P <0,05, (**) P <0,01, (****) P<0,001.
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Figura 21— Elétron tomografia revela diminuicdo de cristas em eosinéfilos murinos
estimulados. (A-H) Sequéncia de imagens obtidas por tomografia eletrbnica de
mitocdndrias nas quais foram delimitadas as cristas mitocondriais e membrana limitante. (I,
J) Reconstrucdo do volume gerado no tomograma de eosindéfilos ndo estimulados. (L, M)
Reconstrugdo do volume gerado no tomograma de eosindfilos estimulados com TNF-..
Note em (N), a quantidade de cristas € maior comparada em eosindfilos estimulados com
TNF-u. Em eosindfilos estimulados com TNF-z ha um aumento da matriz mitocondrial com
presenca de poucas cristas. NUmeros nos painéis A-F correspondem imagens
representativas da sequéncia de imagens seriadas obtidas no tomograma.




4  DISCUSSAO

Tradicionalmente, células com alta capacidade de secrecédo produzem proteinas
através da rota classica (sintese de novo), onde moléculas de RNAm saem do
ndcleo em direcdo ao RER para construir o primeiro molde da proteina. Em
seguida, as proteinas sdo amadurecidas no complexo de Golgi e liberadas no
meio extracelular. Diferente dessas células, eosindfilos ao longo do seu
desenvolvimento sdo capazes de sintetizar e, simultaneamente, estocar proteinas
antes de libera-las (FULKERSON; ROTHENBERG, 2018; WILLEBRAND;
VOEHRINGER, 2017). Quando maduros, essas células exibem em seu citoplasma
granulos com citocinas recém-sintetizadas, prontas para serem lancadas no sitio
inflamatorio. Esses granulos apresentam morfologia distinta, com regido central
predominantemente cristalina (cristaloide), diferenciando o eosindéfilo das demais
células do sistema imune. Assim, essas organelas, com morfologia Unica e
conteudo pré-formado tornam se palco de discussdo de varios estudos, inclusive
nesta tese.

Neste trabalho, utilizamos um conjunto de citocinas (FIt3L, SCF e IL-5) para
obter uma cultura com 87% de eosindfilos em 14 dias. Os eosinofilos, assim
obtidos, foram investigados por MET. Ao analisar a cultura em varios pontos (0, 4,
8, 10, 12 e 14), identificamos células com diversas caracteristicas. NOs
observamos que, eosindfilos mais jovens apresentavam o ndcleo mais
eucromatico e volumoso quando comparados com eosindfilos totalmente
diferenciados. Além disso, essas células mostravam uma reducdo do RER a
medida que amadureciam. Ou seja, eosinofilos mais imaturos possuem
caracteristica de célula em alta producdo de proteina. A eucromatina vista por
MET, representa parte do DNA ativo na célula e, somados a grande quantidade de
RER, indica que estas células estavam em intenso processo de produc¢do. No
entanto, os dados do presente trabalho mostram que apenas a morfologia do
nacleo e volume de RER sao insuficientes para definir o grau de maturagédo de
eosinofilos murinos.

As mudancas na morfologia do nucleo e RER mostraram-se acompanhadas

da formacdo dos granulos especificos. Estudos em camundongos ja

demonstraram que a maturacdo dos granulos especificos € intimamente associada
com a diferenciacgéo final de eosinéfilos (BETTIGOLE; GLIMCHER, 2016;
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MATTHEWS; MCMILLAN; COLBERT; LAWRENCE et al., 2016). Por exemplo, a
combinada delecéo dos genes de MBP-1 e EPX causam falhas na eosinopoiese,
levando a célula a entrar em apoptose (OCHKUR; DOYLE; JACOBSEN; LESUER
et al, 2017). Interessantemente, essas células apresentavam estruturas
semelhantes a granulos especificos, delimitados por membrana, mas desprovidos
de nucleo cristalino. De acordo com essas investigacdes, foi demonstrado que um
requisito proteolitico no processamento de proteinas catibnicas dos granulos,
incluindo MBP e EPX, é requerido tanto para a formacéo do granulo quanto para a
maturagdo da célula. Portanto, eosinodfilos exibindo granulo com cristaloide
determina o estado de amadurecimento da célula.

A media que amadurecem, os granulos dos eosindfilos sofrem condensacéo
e cristalizacdo do seu conteudo, possibilitando o desenvolvimento do cristaloide
(MELO; WELLER, 2018). Aqui, este processo pode ser confirmado observando a
morfologia de mais de 650 granulos em diferentes etapas. Eosinéfilos imaturos
apresentam mais granulos em condensac¢ao/SGIl, enquanto essa populacao
diminui significativamente em eosindéfilos maduros. Durante o processo de
condensacdo sao formadas estruturas tubulares membranosas, intimamente
ligadas a membrana limitante e sdo aglomeradas na porcdo central do granulo.
Essas estruturas sdo visualizadas em 2D como vesiculas pequenas (cerca de
10nm de diametro) acumulando e dando forma a estruturas maiores. Através da
tomografia eletronica, qual permite explorar organelas em 3 dimensoes, foi
possivel mostrar que essas estruturas sao interconectadas, tornando-se maiores a
medida que aumentavam sua quantidade (Figura 11).

Durante esse processo, 0s granulos SGI aumentam seu volume
drasticamente, atingindo até 5 vezes mais do seu diametro inicial (Figura 10A).
ApoOs o processo de condensacao, granulos SGIl (em cristalizacdo) compactam
consideravelmente seu volume, dando forma a um conteddo homogéneo
preenchendo todo a organela, para entdo seguirem a formacéo final do cristaloide.
Por varios anos se discutia que eosinofilos possuiam duas diferentes populagdes,
granulos primarios (sem nucleo cristalino) e granulos secundarios (com ndcleo
cristalino) (DVORAK; ISHIZAKA, 1994; ROSENBERG; DYER; FOSTER, 2013). No
entanto, varias linhas de evidéncias tém indicado que granulos primarios nao
representa uma populacdo de granulos em separado. Por exemplo, é bem

estabelecido que durante a formacdo do granulo e na génese da proteina

catidnica, notavelmente a MBP, sofrem progressivos processamentos passando
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da forma precursora (pro-MBP) para MBP, resultando na cristalizacdo do nucleo
da organela, configurando sua exclusiva morfologia(BARKER; GLEICH; PEASE,
1988; DVORAK, 1980). Estudos sobre a diferenciacédo de eosinofilos na presenca
de IL-5, revelando a localizagdo das formas pr6-MBP e MBP, mostrou que pro-
MBP era restrita a granulos sem o cristaloide enquanto granulos com cristaloide
continham as duas formas (POPKEN-HARRIS; CHECKEL; LOEGERING;
MADDEN et al.,, 1998). Outras proteinas catidnicas, como ECP e EPX, foram
demonstradas em ambos tipos de granulos (EGESTEN; CALAFAT; WELLER;
KNOL et al., 1997).

Vérios registros tém sido feitos ao nivel molecular sobre o desenvolvimento
de eosindfilos. Diante disso, através de ferramentas de microscopia, N0SSO grupo
vem contribuindo para o entendimento do eosinéfilo (AKUTHOTA; CARMO;
BONJOUR; MURPHY et al., 2016; CARMO; BONJOUR; SPENCER; WELLER et
al., 2018; DIAS; AMARAL; MALTA; SILVA et al., 2018; MACK; STEIN; ROME; XU
etal., 2019; MELO, R. C.; PEREZ, S. A.; SPENCER, L. A.; DVORAK, A. M. et al.,
2005; UEKI; MELO; GHIRAN; SPENCER et al.,, 2013). Em revisdo, destacamos
que granulos especificos constituem populagbes Unicas que passam por
processamentos diversos, culminando com a formacgéo do granulo com cristaloide
(MELO; WELLER, 2018). No entanto, muitas perguntam permanecem abertas
sobre o eosinofilos murinos (WELLER; SPENCER, 2017). Aqui, apresentamos um
compreensivo estudo sobre a formacdo dos granulos especificos de eosinofilos
murinos, evidenciando que durante a maturacdo da organela, estruturas tabulo-
membranosas participam do processo inicial da constru¢ao do granulo.

Em adicéo, varios processos sao envolvidos para a diferenciacéo terminal do
eosindfilo. Citocinas e fatores de crescimentos sao requeridos em etapas
finamente controladas pelo equilibrio de fatores de transcricdo que antecedem a
sinalizacdo citoplasmatica (O'SULLIVAN; BOCHNER, 2018; WILLEBRAND;
VOEHRINGER, 2017). Uma citocina classica envolvida no desenvolvimento desta
célula é a IL-5. Na presenca de IL-5 células progenitoras dirigem fenotipicamente
para eosindfilo e, por fim, serem direcionadas para o tecido (TAKATSU, 2004;
2011).

Outra citocina importante no processo de desenvolvimento de eosinéfilos é o

SCF, também conhecido como ligante de c-kit. O SCF é considerado uma citocina

primaria envolvida na hematopoese, diferenciagcdo e ativagdo de mastocitos e
eosindéfilos (METCALF; MIFSUD; DI RAGO, 2002; OLIVEIRA; TAUB; NAGEL,;
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SMITH et al., 2002; WU; LI; MACNEIL; JUNKINS et al., 2013). Em geral, o SCF
inicia a sinalizagdo dependente de calcio mediada pela cascata de calcineurina via
reticulo endoplasmatico, resultando na ativacédo de fatores de transcricdo como o
Fator Nuclear de Célula T Ativada (NFAT) e Fator Nuclear kappa B (NF-xB) (WU;
LI; MACNEIL; JUNKINS et al., 2013).

Por sua vez, quando granulécitos séo ativados por SCF, estas células sao
capazes de secretar IL-6 mas nao IL-13 (MACNEIL; JUNKINS; WU; LIN, 2014;
WANG; MA; TAO; LUO et al.,, 2019). A secrecao de IL-6 pode ser diretamente
relacionada com a ativacdo dos fatores de transcricdo NFAT e NF-xB (KHALAF;
JASS; OLSSON, 2013). Em nosso estudo, pela primeira vez mostramos que,
eosinodfilos murinos obtidos da cultura no 14° dia e estimulados com SCF séo
capazes de secretar quantidades expressivas de IL-6, como apresentado na
Figura 12. Recentemente, trabalhos tem evidenciado o papel de IL-6 na expansao
de células hematopoiéticas participando de uma resposta do tipo Notch (TIE; LI,
CAI; LIANG et al., 2019).

Além da participacdo de NFAT e NF-xB na sinalizagdo mediada por influxo
de caélcio, XBP1 €& mais um fator de transcricdo ligado & mesma via, porém
depende do estresse causado no RE para exercer suas atividades. Este fator de
transcricdo foi mostrado a ser importante para a formacdo dos granulos
especificos em eosindéfilos murinos (BETTIGOLE; LIS; ADORO; LEE et al., 2015).
O estudo realizado em camundongos knock-out verificou que, além de eosinoéfilos
ndo possuirem a forma madura dos granulos, as células sofriam alta taxa de
apoptose, sugerindo que XBP1 é um fator de transcricdo exigido como ‘check
point’ para maturacdo de eosindfilos (BETTIGOLE; GLIMCHER, 2016;
BETTIGOLE; LIS; ADORO; LEE et al., 2015).

Neste trabalho, a suplementacdo de SCF desde o inicio da diferenciacdo de
BMEos acelerou a maturacdo de granulos secretores, gerando o dobro de
eosinofilos maduros comparado a uma cultura convencional. Estes resultados
sugerem que a formacédo dos granulos secretores depende de SCF e IL-5 para
promover maior formagéo de granulos com cristaloide. No entanto, observamos
que as cisternas RER eram mais dilatadas comparadas com células se
manutencdo de citocinas no contexto in vitro (Figura 12), indicando que a
sinalizacdo por calcio ativada por SCF pode trazer estresse para o RER, mas isso

resulta em maiores quantidades de granulos competentes a secretarem. A

presenca de cristaloide denota a presenca de MBP funcionalmente ativa.
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Em relatos anteriores, SCF apresentava-se como uma citocina promissora
no tratamento de vérias desordens clinicas, incluindo os procedimentos pré-
transplante de medula 0ssea. Dada seu potencial clinico, SCF era administrado
antes da coleta de medula 6ssea de paciente em tratamento oncolégico (BASSER;
TO; BEGLEY; MAHER et al.,, 1998). Esta manobra médica tinha objetivo de
aumentar a proliferacdo de progenitores (BEARMAN, 1997), no entanto, testes
pré-clinicos demostraram que a administracdo de SCF em paciente em tratamento
de cancer de mama, apresentaram sinais de inflamacgé&o e hiper-pigmentacéo local
(COSTA; DEMETRI; HARRIST; DVORAK et al., 1996). Os sitios de administracéo
de SCF eram vistos tendo caracteristicas classicas de inflamacgéo, as biopsias
coletadas do local de administracdo subcutanea de diferentes pacientes revelaram
um grande influxo de mastécitos sofrendo perdas de contelddos associados com a
desgranulacédo piecemeal (DVORAK, A. M.; COSTA, J. J.; MONAHAN-EARLEY,
R. A.; FOX, P. et al., 1998). Além de encontrarem uma expressiva quantidade de
mastocitos neste tecido, este numero foi acompanhado pela presenca de
eosinofilos em alguns pacientes.

Dependendo da dose, os eosindfilos ativados por SCF desgranulam e
liberam peroxidase e leucontrieno C4 em condi¢bes in vitro. Também, essas
células sdo capazes de secretar outras proteinas estocadas nos granulos, tal
como, quimiocinas CC, RANTES, macrophage derived chemokine (MDC),
macrophage inflammatory protein-1 (MIP-1) mas pouco se sabe quais o0s
mecanismos envolvidos nessa secrecao (OLIVEIRA; LUKACS, 2003). Aqui,
eosindfilos humanos estimulados diretamente com SCF foram capazes de secretar
proteina catibnica ECP através da mecanismos de PMD. A formacao de vesiculas
EoSVs foi um aspectos evidente na estimulagdo com a citocina, sugerindo que a
liberacdo de ECP pode envolver o transporte de vesiculas. Um outro ponto
identificado em nossas avaliacdes é o brotamento dessas EoSVs por granulos
especificos livres no sitio inflamatério. Até entdo, s6 era conhecida a associacéo
de EoSVs com o transporte intracelular de produtos armazenados nos granulos.
Os dados do presente trabalho indicam que, mesmo livre no espaco extracelular,
granulos especificos parecem aptos a secretarem e liberar EoSVs, conforme
demonstrado intracelularmente em resposta a ativacdo celular (MELO et al.,
2005).

Além da PMD, o segundo mecanismo de secrecdo mais documentado é a

citolise. Hoje, existe interesse crescente a respeito de quais sdo os efeitos dos
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componentes citoplasmaticos de eosindfilos citoliticos (UEKI;, TOKUNAGA;
FUJIEDA; HONDA et al, 2016). Este mecanismo pode ser induzido
experimentalmente in vivo pelo uso de estimulos alérgicos (AHLSTROM-
EMANUELSSON; GREIFF; ANDERSSON; PERSSON et al., 2004, PERSSON;
UEKI, 2018) ou ainda in vitro (MUNIZ; SILVA; BRAGA; MELO et al., 2018; UEKI,
MELO; GHIRAN; SPENCER et al.,, 2013). Em estudo anterior, notou-se a
presenca de vesiculas, semelhantes a Eo0SVs, depositadas juntamente com
granulos especificos em biopsias de esofagite eosinofilica, mas pouca atencao foi
dada a essa observacado (SAFFARI; HOFFMAN; PETERSON; FANG et al., 2014).
Aqui, trazemos pela primeira vez que os granulos especificos encontrados em
tecidos inflamatérios sé&o capazes de liberar EoSVs fora do citoplasma.

Considerando nossos dados em eosinéfilos murinos, durante a formacéo dos
granulos, especificamente em granulos em condensacao, € visto uma organizacéo
interna de tibulos membranosos conferindo um trafico de membrana intragranular.
Isso sugere que esse mesmo trafico de membranas pode participar da formacao
de EoSVs em granulos livres no tecido inflamatério. Estudos do nosso grupo
demonstraram que a mobilizacdo de MBP (Melo e cols., 2009) e citocinas, como
IL-4, em eosinéfilos humanos (Bandeira-Melo e cols., 2001), séo realizadas por
meio do trafico de EoSVs a partir de granulos secretores. Estimulos como CCL11
ou CCL5 em eosinofilos humanos rapidamente liberam IL-4 a partir da ligagdo com
seu receptor intracelular IL-4Ra, um processo no qual ndo ha a iniciacdo de uma
cascata de sinalizacdo mediada por IL-4R (Spencer e cols., 2006). Além disso, foi
demonstrado que eosindéfilos possuem uma quantidade substancial de outros
receptores de citocinas associados a granulos e vesiculas, como os receptores IL-
6Ra e IL-13Ral.

Recentemente, nés demostramos que EoSVs e granulos secretores também
se mostram marcados para o IFN-y, quando estudamos a localiza¢ao subcelular e
trdfego desta molécula em eosindfilos estimulados ou ndo com mediadores
inflamatoérios (CCL11 e TNF-a) (CARMO; BONJOUR; SPENCER; WELLER et al.,
2018). O IFN-y foi encontrado em altos niveis em eosinofilos humanos e pode ser
secretado por essas células em resposta a diferentes estimulos (SPENCER, L.
A.; BONJOUR, K.; MELO, R. C. N.; WELLER, P. F., 2014), desta forma
confirmando que o IFN-y é armazenado pré-formado em granulos especificos em

eosinéfilos humanos.

Outro ponto abordado neste trabalho foi a presenca de mitocondrias durante
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o desenvolvimento e ativacdo do eosindfilo. Em células-tronco hematopoiéticas, as
mitocondrias promovem a respiracéo celular e sdo requeridas para a manutencao
ao longo do amadurecimento celular (BONORA; PINTON; ITO, 2015). No entanto,
as mitocondrias dos eosinofilos humanos fornecer pouco suporte para respiracdo
mas participam significativamente da apoptose (PEACHMAN; LYLES; BASS,
2001; PORTER; TOEPFNER; BASHANT; GUCK et al., 2018).

A presenca e funcdo de mitocondrias em eosinofilos murinos sdo pouco
conhecidas. Em nosso estudo, notamos que a populacdo de mitocondrias diminui
mediante a maturacdo dos eosindfilos, sugerindo que estas organelas podem
auxiliar os processos de desenvolvimento dos eosindfilos. Enquanto as
mitocondrias diminuiam sua populacdo em eosinéfilos maduros, a populacéo
remanescente do processo de maturacdo mostrou-se capaz de sofrer alteracdes
morfolégicas quando as células eram estimuladas por CCL11 e TNF-a. Essas
alteracbes na forma mitocondrial podem refletir um inchagco mitocondrial com
perda de cristais em resposta a ativacdo in vitro. A identificacdo de moléculas e
mecanismos a respeito da fuséo e fissdo mitocondrial marcaram os progressos no
entendimento sobre biologia celular das mitocondrias (BANOTH; CASSEL, 2018;
CANTO, 2018; SEO; YOON; DO, 2018).

Vale destacar que, algumas mitocondrias observadas durante o
desenvolvimento de eosindfilos murinos apresentaram brotamento de vesiculas a
partir da membrana externa, como identificado por tomografia eletronica (Figura
17). Em estudos evidenciando a dinamica mitocondrial, estas vesiculas foram
primeiramente encontradas transportando proteina da membrana externa da
mitocondria (MAPL) para uma subpopulacdo de peroxissomos ou para corpos
multivesiculares. Além disso, foi descrito que a proteina Vps35 associada com a
doenca de Parkinson, Parkina, e PINK1 séo envolvidas na biogénese deste grupo
de vesiculas, 0 que relaciona a participacdo desta vesicula no controle de
qualidade celular encontrado em desordens patoldgicas (SUGIURA; MCLELLAND;
FON; MCBRIDE, 2014). Isso indica que as mitocondrias além de participarem do

processo de desenvolvimento de eosinofilos, podem desempenhar papéis

importante para a manutencao desse amadurecimento.

65




66

5 CONCLUSOES

Aqui, apresentamos evidéncias que a utilizagdo de citocinas relacionadas com a
sinalizacdo dependente de calcio, podem aumentar o niamero de células contendo
granulos especificos mais aptos a secretarem. Com a padronizacdo da granulogénese
e a implementacdo de SCF em toda a cultura, este estudo permite avancar em novos
achados para entender como as proteinas inflamatérias sdo enderecadas aos granulos
e, por conseguinte, como séo liberadas em situacdes patolégicas.

Em conjunto, os dados do presente trabalho demonstram que os granulos
especificos de eosindfilos murinos sdo organelas altamente dindmicas e
estruturalmente complexas contendo membranas intragranulares e nao apenas
contéineres de armazenamento de produtos. Durante a diferenciagdo de eosindfilos
murinos, os granulos especificos sofrem processos de condensacao e cristalizacéo, os
quais levam a forma madura da célula, caracterizada pela presenca de granulos com
cristaloide. Os granulos especificos de eosinéfilos murinos sdo organelas com
capacidade de compartimentalizar seus conteddos durante toda a sua formacgéo e
aptos a liberad-los de forma coordenada quando sao requeridos no processo
inflamatério, em resposta a estimulos.

Sob efeito de SCF, eosinofilos murinos e humanos sao ativados e aptos a
secretarem. Os processos de secrecdo de eosinéfilos humanos envolvem PMD e
citolise. A liberacdo de EoSVs a partir de granulos livres no meio extracelular abre
novas perspectivas para o entendimento do papel dessas células na imunomodulacao
de processos alérgicos e infecciosos.

Nossos dados demonstram que a populacdo de mitocondrias de eosinodfilos de
camundongos é consistentemente reduzida durante a maturacao dos eosindfilos e que
alterac6es morfolégicas mitocondriais ocorrem em resposta a ativacao celular, sendo
mais evidentes do que alteracdes na quantidade dessas organelas. Mitocondrias das
células ativadas capacidade liberam vesiculas de suas membranas externas e sofrem
remodelacdo das cristas mitocondriais, conforme detectado por analises em 3D por
tomografia eletrbnica. Assim, as mitocéndrias de eosindfilos mostram variabilidade

ultraestrutural e sdo capazes de se modular junto com o desenvolvimento e ativacao

celular.
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Human eosinophils release numerous cytokines that are pre-synthesized and stored
withintheircytoplasmic-specific (secretory)granules.For example,highlevelsofinterferon-
gamma (IFN-y) are constitutively expressed in these cells, but the intracellular compart-
ments involved in the transport and release of this cytokine remain to be established.
In this work, we used a single-cell approach to investigate the subcellular localization of
IFN-y inhuman eosinophils stimulated or not with tumor necrosis factor alpha (TNF-o) or
CC-chemokine ligand 11 CCL11 (eotaxin-1), inflammatory mediators thatinduce eosin-
ophil activation and secretion. A pre-embeddingimmunonanogold transmission electron
microscopy (TEM) technique that combines optimal epitope preservation and access to
membrane microdomains was applied to detect precise localization of IFN-y in combi-
nation withcomputationalquantitative analyses. Inparallel, degranulation processes and
formation of eosinophil sombrero vesicles (EoSVs), large transport carriers involved in
the transport of granule-derived cytokines, were investigated. Quantitative TEMrevealed
that both CCL11 and TNF-a-activated eosinophils significantly increased the total num-
ber of EOSVs compared to the unstimulated group, indicating that this vesicular system
is actively formed in response to cell activation. Ultrastructuralimmunolabeling identified
a robust pool of IFN-y on secretory granules in both unstimulated and stimulated cells.
Moreover, EoSVs carrying IFN-y were seen around or/and in contact with secretory
granules and also distributed in the cytoplasm. Labeling was clearly associated with
EoSV membranes. The total number of IFN-y-positive EoSVs was significantly higherin
stimulated compared to unstimulated cells, and these labeled vesicles had a differen-
tial distribution in the cytoplasm of activated cells, being significantly higher in the cell
periphery compared with the inner cell, thus revealing intracellular IFN-y mobilization for
release. IFN-y extracellular labeling was found at the cell surface, including on extracellular
vesicles. Our results provide direct evidence that human eosinophils compartmentalize
IFN-y within secretory granules and identify, for the first time, a vesicular trafficking of
IFN-y associated with large transport carriers. This is important to understand how IFN-y
is trafficked and secreted during inflammatory responses.

Keywords: cytokines, cell activation, degranulation, inflammation, immunonanogold electron microscopy,
eosinophil, leukocytes, interferon-gamma
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Single-Cell Analyses of Degranulating Human Eosinoaﬂls

inTrODUCcTiOn

Eosinophils are terminally differentiated cells of the innate
immune system with a broad distribution in tissues and
varied functions related to both immune homeostasis and
immunity [reviewed in Ref. (1-3)]. Eosinophils are sources
of cytokines that are mostly stored as preformed pools
within secretory (specific) granules, a robust population of
large and morphologi- cally distinctive granules, existent in
the eosinophil cytoplasm [reviewed in Ref. (4)]. By
mobilizing intracellular stores of preformed cytokines,
human eosinophils have the capability of immediate release
of these immune mediators in response to cell activation
without the necessity for de novo synthesis [reviewed in
Ref. (4-6)].

Human eosinophils are equipped with an arsenal of pre-
formed Th1, Th2, and regulatory cytokines [reviewed in
Ref. (4-6)]. The capacity and significance of these innate
immune granulocytes to secrete specific cytokines have
been recognized for mediating diverse immune-related
responses. Interferon- gamma (IFN-y), a cytokine that acts
as both an inducer and a regulator for inflammation (7,
8), is one major product of human eosinophils (9). In a
previous work, we showed that high levels of this Thl-
associated cytokine are constitutively expressed in human
circulating eosinophils and that IFN-y signals, detected after
subcellular fractionation, colocalize in granule-enriched
fractions as well as in lighter cytoplasmic fractions (9).
However, the intracellular compartments involved in the
transport and release of this cytokine remain to be
established.

Because vesicular transport of products from secretory
gran- ules underlies secretion in eosinophils and other
leukocytes, a challenge to comprehend this secretory
pathway has been the identification of granule-originated
products in vesicular compartments [reviewed in Ref. (10)].
Our group has been using a pre-embedding
immunonanogold electron microscopic technique to
understand the cellular mechanisms involved in the
trafficking and release of immune mediators from human
eosinophils activated by inflammatory stimuli (11-16).
Application of this single-cell technique, which combines
sev- eral strategies for ultrastructure and antigen
preservation and improved antibody penetration for
detecting molecules at sub- cellular compartments and
membrane microdomains (17), has been providing
substantial insights into eosinophil content of immune
mediators and their compartmentalization [reviewed in Ref.
(10)].

In the present work, we used this approach to
understand the intracellular distribution and trafficking of
IFN-y at a single-cell level within human eosinophils
stimulated or not with inflammatory stimuli, which are
recognized to induce eosinophil activation and secretion:
the CC-chemokine ligand 11 CCL11 (eotaxin-1) and tumor
necrosis factor alpha (TNF-a) (9, 18-21).

We found that IFN-y is compartmentalized not only in

secre-
tory granules but also in eosinophil sombrero vesicles
(EoSVs), large, granule-derived tubular carriers, typical of
human eosino- phils (22). An active transport of IFN-y
associated with EoSVs was identified in response to
eosinophil activation.

MaTerials anD MeThODs

eosinophil isolation, stimulation,
and Viability

Granulocytes were isolated from peripheral blood of allergic
or healthy donors. Eosinophils were enriched and purified
by nega- tive selection using the human eosinophil
enrichment cocktail (SSep™, StemCell Technologies, Seattle,
WA, USA) and the MACS bead procedure (Miltenyi Biotec,
Auburn, CA, USA), as previously described (23) with the
exception that hypotonic red blood cell (RBC) lysis was
omitted to avoid any potential for RBC lysis to affect
eosinophil function. Eosinophil viability and purity were
greater than 99% as determined by ethidium bro- mide
(Molecular Probes, Life Technologies, Carlsbad, CA, USA)
incorporation and cytocentrifuged smears stained with
HEMA 3 stain kit (Fisher Scientific, Medford, MA, USA),
respectively. Purified eosinophils (10° cells/mL) were
stimulated with TNF-a (200 ng/mL; R&D Systems,
Minneapolis, MN, USA) or recombi- nant human CCL11 (100
ng/mL; R&D Systems), in RPMI-1640 medium plus 0.1%
ovalbumin (Sigma, St. Louis, MO, USA), or medium alone at
37°C, for 1 h. At these concentrations, CCL11 and TNF-a
induce consistent cell secretion (16).

ethics statement

This study was carried out in accordance with the ethical
princi- ples taken from the Declaration of Helsinki and
written informed consent was obtained from donors.
Institutional Review Board (IRB) approval was obtained
from the Beth Israel Deaconess Medical Center Committee
on Clinical Investigation (Boston, MA, USA).

antibody reagents

Mouse anti-human IFN-y (clone B27, catalog number 554699)
and irrelevant isotype control monoclonal antibodies (BD-
Pharmingen, San Diego, CA, USA) were used for the
ultrastructural immuno- detection studies at concentrations
of 5 pg/mL. The secondary Ab for immunoEM was an
affinity-purified goat anti-mouseFab fragment conjugated to
1.4-nm gold particles (1:100, Nanogold, Nanoprobes, Stony
Brook, NY, USA).

conventional Transmission electron
Microscopy (TeM)

For conventional TEM, isolated eosinophils were prepared
as before (11, 24). Cells were fixed in a mixture of freshly
prepared aldehydes (1% paraformaldehyde and 1.25%
glutaraldehyde) in 0.1 M sodium cacodylate buffer for 1 h at
room temperature (RT), embedded in 2% agar, and kept at
4°C for further process- ing. Agar pellets containing
eosinophils were post-fixed in 1% osmium tetroxide in a
sym-collidine buffer, pH 7.4, for 2 h at RT. After washing with
sodium maleate buffer, pH 5.2, pellets were stained en bloc
in 2% uranyl acetate in 0.05 M sodium maleate buffer, pH
6.0 for 2 h at RT, and washed in the same buffer as before
prior to dehydration in graded ethanols and infiltration and
embedding with a propylene oxide-Epon sequence (Eponate
12 Resin; Ted Pella, Redding, CA, USA). After polymerization
at 60°C for 16 h, thin sections were cut using a diamond knife
onan
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ultramicrotome (Leica, Bannockburn, IL, USA). Sections
were mounted on uncoated 200-mesh copper grids (Ted
Pella) before staining with lead citrate and viewed with a
transmission elec- tron microscope (Tecnai Spirit G2,
FEI/Thermo Fisher Scientific, Eindhoven, The Netherlands)
at 60 kV.

cell Preparation for immunonanogold

electron Microscopy (immunoeM)

For immunoEM, purified eosinophils were immediately
fixed in fresh 4% paraformaldehyde in phosphate-buffered
saline (PBS) (0.02 M sodium phosphate buffer, 0.15 M
sodium chloride, pH 7.4) (17). Cells were fixed for 30 min at
RT, washed in PBS and centrifuged at 1,500 g for 1 min.
Samples were then resuspended in molten 2% agar in PBS
and quickly recentrifuged. Pellets were immersed in 30%
sucrose in PBS overnight at 4°C, embedded in OCT
compound (Miles, Elkhart, IN, USA), and stored in —180°C
liquid nitrogen for subsequent use.

Pre-embedding immunonanogold eM

As detailed before (17), pre-embedding immunolabeling
was carried out before standard EM processing
(postfixation, dehydration, infiltration, resin embedding,
and resin section- ing). All labeling steps were carried out at
RT on cryosections as before (17) as follows: (a) one wash
in 0.02 M PBS, pH 7.4, 5 min; (b) immersion in 50 mM
glycine in 0.02 M PBS, pH 7.4, 10 min; (c) incubation in a
mixture of PBS and BSA (PBS- BSA buffer; 0.02 M PBS plus
1% BSA) containing 0.1% gelatin (20 min) followed by PBS-
BSA plus 10% normal goat serum (NGS) (30 min)—(this
step is crucial to block non-specific Ab-binding sites); (d)
incubation with primary Ab (1 h);

(e) blocking with PBS-BSA plus NGS (30 min); (f)
incubation with secondary Ab (1 h); (g) washing in PBS-
BSA (three times of 5 min each); (h) postfixation in 1%
glutaraldehyde (10 min);

(i) five washings in distilled water; (j) incubation with HQ
silver enhancement solution in a dark room according to
the manu- facturer’s instructions (Nanoprobes) (10 min).
This step enables a nucleation of silver ions around gold
particles. These ions precipitate as silver metal and the
particles grow in size facili- tating observation under TEM;
(k) three washings in distilled water; (1) immersion in
freshly prepared 5% sodium thiosulfate (5 min); (m)
postfixation with 1% osmium tetroxide in distilled water
(10 min); (n) staining with 2% uranyl acetate in distilled
water (5 min); (o) embedding in Eponate (Eponate 12
Resin; Ted Pella); (p) after polymerization at 60°C for 16 h,
embed- ding was performed by inverting eponate-filled
plastic capsules over the slide-attached tissue sections; and
(q) separation of eponate blocks from glass slides by brief
immersion in liquid nitrogen. Thin sections were cut using a
diamond knife on an ultramicrotome (Leica). Sections were
mounted on uncoated 200-mesh copper grids (Ted Pella)
before staining with lead cit- rate and viewed with a
transmission electron microscope (CM 10; Philips) at 60 kV.
Two controls were performed: (1) primary Ab was replaced
by an irrelevant Ab and (2) primary Ab was omitted.
Electron micrographs were randomly taken at different
magnifications to study the entire cell profile and
subcellular features.

Quantitative eM analysis

For immunonanogold EM quantitative studies, electron
micro- graphs randomly taken from unstimulated and
stimulated eosinophils were evaluated. A total of 93
electron micrographs (29 from unstimulated, 34 from
CCL11-stimulated, and 30 from TNF-a-stimulated cells) and
4,095 secretory granules (1,260 from unstimulated, 1,499
from CCL11-stimulated, and 1,336 from TNF-a-stimulated
eosinophils) were evaluated and the numbers of labeled
and non-labeled granules were counted.

Additionally, the total number of EoSVs and the numbers
of EoSVs positive for IFN-y were quantitated in two
cytoplasmic areas: peripheral cytoplasm (within 1.0 um of
the plasma mem- brane), and within the inner cytoplasm
(the contiguous cytoplas- mic area deeper in the cell). These
analyses were done in clear cross-cell sections (total of 30
cells, n = 1,357 EoSVs) exhibiting the entire eosinophil cell
profile, intact plasma membranes and nuclei as previously
performed for single-cell analyses at a high resolution of
immunogold-labeled cells (16). All quantitative studies
were done using the Image J software (National Institutes of
Health, Bethesda, MD, USA).

statistical analyses

ANOVA followed by Turkey multiple comparisons test, or
Kruskal-Wallis test was performed using GraphPad Prism
ver- sion 7.00 for Windows (GraphPad Software, La Jolla,
CA, USA, www.graphpad.com). Significance was P < 0.05.

resUlTs

eosinophil activation leads
to Degranulation and Formation

of large Tubular carriers
Degranulation events in different types of secretory cells,
includ- ing cells from the immune system, can be observed
by means of single-cell analyses through TEM that clearly
shows secretory granules exhibiting losses of contents in
activated cells [reviewed in Ref. (4)]. As expected and
documented before for CCL11 (11, 16) and TNF-a (16),
these stimuli led to granule mobilization and content release
(Figure 1). While resting eosinophils showed most granules
with typical ultrastructure, that is, with an electron- dense,
crystalline core in their equatorial region embedded in a
less dense matrix, delimited by a typical membrane(Figure
1A), activated, degranulating eosinophils exhibited granules
with ultrastructural features indicative of cell secretion
[reviewed in Ref. (4, 25)]. CCL11 led to emptying of
granules with morpho- logical features of piecemeal
degranulation such as enlargement and reduced electron-
density of secretory granules in the absence of granule
fusions (Figure 1B) (11, 25) while TNF-a triggered
compound exocytosis, characterized by fusion of a number
of granules with each other forming large channels in the
cytoplasm (Figure 1C) (16).

To get more evidence of eosinophil activation, we also

analyzed
the population of cytoplasmic EoSVs in samples
conventionally prepared for EM. Because these tubular
carriers have a large size and typical morphology, seen as
elongated, curved, or folded circumferential structures (12,
22) (Figures 2A,Ai), the number
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nse crystalline coreand an
magnification in (R} FEeF) in
structural changes indicative of degranulation. CCL11 (B) induces granule
contentrelease in theabsence of granule fusions while tumornecrosis factor
alpha (TNF-a) (c) leads to fusions between secretory granules. Disarrangement
of the crystalline cores is observed in stimulated (B,c) compared to
unstimulated (a) cells. Note in (a,c), the typical bilobed nucleus (N).
Eosinophils were isolated by negative selection from healthy donors, stimulated
ornotwith CCL11 or TNF-afor 1 h, immediately fixed and prepared for TEM.

cell section

Mean number of EoSVs/ )

ccL11

FigUre 2 | Ultrastructure of eosinophil sombrero vesicles (EoSVs). (a,ai)
EoSVs are large tubular vesicles which are seen in cross-sectional
appearance in electron micrographs as curved, elongated or folded
circumferential structures [arrowheads in (a) and highlighted in pink in (ai)].
EoSVs are derived from and interact with secretory granules (Gr). These
vesicles are frequently observed around or in contact with granules in
process of emptying (a,ai), and their number increases in response to cell
activation with stimuli such as CCL11 and tumor necrosis factor alpha
(TNF-a) (B). Data represent mean + SEM. Electron micrographs (n = 30) from
unstimulated and stimulated cells were evaluated, and the numbers of EoSVs
(n = 1,357) were counted in each cell section. NS, not stimulated.

###p = 0.0004 versus NS group; **P = 0.0003 versus NS group.

of these carriers can be easily enumerated by means of
single-cell analyses. Quantitative TEM revealed that both
CCL11 and TNF-o- activated eosinophils significantly
amplified the numbers of cyto- plasmic EoSVs compared to
the unstimulated group (Figure 2B), confirming that this
vesicular system is actively formed in response to cell
activation with inflammatory mediators (12, 16).

secretory granules are consistently
labeled for iFn-yin Both Unstimulated

and stimulated cells

We next performed pre-embedding immunonanogold EM
for single-cell investigation of subcellular compartments
labeled for IFN-y using a protocol developed by us for
optimal antigen and cell morphology preservation (17). A
total of 93 cells were randomly analyzed. We found positive
sites for IFN-y in 100% of the cells, regardless of whether
the eosinophils were stimulated or not, while control cells,

for which the primary antibody was replaced by an
irrelevant antibody, were negative or showed
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FigUre 3 | Immunolocalization of IFN-y in unstimulated and stimulated human eosinophils. (a—c) Single-cell analyses at high-resolution reveal a robust labeling of
IFN-y within secretory granules of unstimulated (a) and CCL11- (B) and tumor necrosis factor alpha (TNF-o)- (c) activated eosinophils. The boxed areas in (a—c)
are shown at higher magnification in (ai—ci). Gr, secretory granule. N, nucleus. (D) More than 70% of the granules were positive for IFN-y. Data represent

mean + SEM. NS, not stimulated. Cells were isolated from the peripheral blood, stimulated or not with CCL11 or TNF-a, and prepared for pre-embedding
immunanogold EM.
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cell section corresponding to 77.1 = 2.4% of the total
number of granules (mean + SEM, n = 29 cells) whereas
CCL11- and TNF- a-activated cellshad 32.4 £ 1.6 and 37.6
2.0 IFN-y-positive granules/cell section, respectively,
corresponding to 73.7 £ 2.3 and 84.9 + 1.3% of the total
number of granules (mean + SEM, n = 34 and 30 for CCL11
and TNF-a) (Figure 3D). Labeling was seen within the
granules (matrix) and also at the granule limiting
membranes (Figures 3Ai-Ci).

identification of a Vesicular Trafficking

of iFn-y Within human eosinophils

In addition to immunolocalization in secretory granules, our
immunonanogold EM approach revealed clear labeling for
IFN-y on EoSVs (Figure 4). Vesicles carrying IFN-y were
seen around or/and in contact with secretory granules and
also distributed in the cytoplasm (Figures 4A,B).
Immunolabeling was markedly associated with the vesicle
membranes (Figures 4Ai,Bi). We next evaluated whether
the population of IFN-y-positive vesicles changed in the
stimulated groups compared to unstimulated eosinophils.
Our quantitative analyses revealed that the numbers of IFN-
y-positive EoSVs increased in response to cell activation.
While the unstimulated group had 8.6 + 1.5 of IFN-y-
positive EoSVs per cell section (mean + SEM, n = 10 cells),
these num- bers were 20.3 + 2.7 (mean + SEM, n = 10 cells)
and 23.5 + 2.8 (mean + SEM, n = 10 cells) for CCL11- and
TNF-a-stimulated groups, respectively (Figure 4C). This
means that the numbers of EoSVs transporting IFN-y per cell
section had more than 200% increase in the cytoplasm in
response to cell activation.

Next, we hypothesized that if a specific vesicular system
is actively trafficking IFN-y from the secretory granules for
extra- cellular release in response to cell activation, these
vesicles would present a differential distribution in the
cytoplasm. We then quantitated the numbers of IFN-y-
labeled EoSVs per cytoplasm region and in fact found that
these numbers were increased in the peripheral cytoplasm
(within 1.0 pm of the plasma membrane) compared to the
adjacent cytoplasmic area deeper in the cell (Figure 4D).
Moreover, we found extracellular labeling for IFN-y atthecell
surface, indicative of cytokine release (Figures 4A and 5).
Extracellular vesicles (EVs) positive for IFN-y were
occasionally found (Figure 5).

DiscUssiOn

Precise immunolocalization of cytokines in cells from the
immune system, such as eosinophils, is of critical
importance to under- stand the capabilities of these cells
during immune responses. These data presented in this
work demonstrate, for the first time, that IFN-y is mobilized
and traffics in granule-derived vesicles upon cell activation.
Our data also provide direct evidence that IFN-y is
constitutively stored in humaneosinophils.

Here, we show that unstimulated eosinophils have a
substantial pool of IFN-y compartmentalized within
secretory granules, in accordance with previous work (9).
In fact, cytokines and other immune mediators are mostly
stored within human eosinophils as intragranular
preformed pools, from where they are mobi- lized,
transported across the cytoplasm, and released [reviewed

in Ref. (10, 26)]. Thus, eosinophil cytokines represent a
group of unconventionally secreted proteins, which are
released from secretory granules via mechanisms operating
independently of the endoplasmic reticulum/Golgi complex.
Complete characteri- zation of this nonclassical protein
export route and its molecular machinery is still lacking
mainly due to technical challenges such as inadequate
preservation of intracellular membranous micro- domains
and an inability of antibodies to access them (17). With the
use of technical improvements and single-cell analyses at high
resolution by immunonanogold EM, the intricate secretory
path- way within human eosinophils has been uncovered
[reviewed in Ref. (10, 26)]. Our protocol for ultrastructural
detection of IFN-y employs very small gold particles (1.4 nm
in diameter) covalently conjugated with Fab fragments,
which are only one-third the size of a whole IgG molecule
(17). These probes improve antibody penetration and
provide effective labeling of small compartments (27, 28)-
Moreover, we performed immunolabeling before any EM
procedure, which is adequate for optimal preservation of
certain types of antigens such as cytokines (17).

The present work expands our understanding that a
large population of membrane-bound tubular vesicles
(EoSVs) is involved in the intracellular transport of granule-
stored cytokines in human eosinophils. Previous works
from our group have demonstrated that EoSVs are also
shuttling IL-4 (12) and other immune mediators such as
major basic protein, a cationic protein that is the main
constituent of the crystalloid cores of specific granules (14)
and CD63, a member of the transmembrane-4 glycoprotein
superfamily (tetraspanins), which is considered a marker
for cell secretion (16). EoSVs are, therefore, directly
involved in the traffic of granule-derived products within
human eosinophils.

To elicit eosinophil secretion, we stimulated the cells
with CCL11 or TNF-a. Both cytokines are well-known
inducers of eosinophil activation and release of specific
products from eosinophil secretory granules (9, 15, 18, 19,
21), including secretion of IFN-y (9). In fact, by investigating
the differential patterns of cytokine release from human
eosinophils, we found that a large quantity of IFN-y was
secreted in response to Th1, Th2, and inflammatory stimuli
(9). TNF-a proved to be a vig- orous stimulus, triggering
secretion of IL-4, IL-6, and IFN-y from these cells (9).
Moreover, TNF-a was considered central for IFN-y-induced
secretion of Thl-type chemokines and to increase IL-4-
induced secretion of Th2-type chemokines by human
eosinophils (21).

One interesting aspect of eosinophil activation is the
increase in numbers of EoSVs in the cytoplasm [reviewed in
Ref. (29)]. Both CCL11 and TNF-a led to the formation of
EoSVs. It is now clear that EoSVs are useful morphological
markers for human eosinophil activation [reviewed in Ref.
(29)] being found in increased numbers even within
naturally activated eosinophils from patients with
hypereosinophilic syndrome when compared to normal
donors (14).

The present work not only confirms the increase of the
total number of cytoplasmic EoSVs but also demonstrates
that the number of IFN-y-positive EoSVs is augmented in
response to cell activation (Figure 4C). The identification of
this event was made possible with single-cell analyses at
high resolution, thus
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FigUre 4 | Vesicular trafficking of IFN-y in the cytoplasm of human eosinophils. IFN-y-positive Eosinophil Sombrero Vesicles (EoSVs) [highlighted in pink in (ai) and
(Bi)] are seen inactivated cells after stimulation with tumor necrosis factor alpha (TNF-a) (a) or CCL11 (B). Note that labeling is mostly associated with the vesicle
membranes. EoSVs carrying IFN-y are distributed in the peripheral cytoplasm (a) and in close association with secretory granules (Gr) undergoing release of their
contents (a,B). (c) After stimulation, the total numbers of IFN-y-positive EoSVs significantly increased. (D) Most EoSVs immunolabeled for IFN-y were observed in
the cell periphery. Arrowhead in (a) indicates extracellular release of IFN-y. Data represent mean + SEM. NS, not stimulated. The numbers of labeled and not
labeled EoSVs (n = 1,357 vesicles) were counted in cell sections (n = 30). P =0.0051 versus NS group; ***P =0.0004 versus NS group. Cells were isolated from
the peripheral blood, stimulated or not with CCL11 or TNF-, and prepared for pre-embedding immunanogold EM.
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highlighting this tool to advance our understanding of
immune cell biology. A single-cell investigation also enabled
definition of the distribution of EoSVs involved in the
transport of IFN-y across the cytoplasm. We found more
labeled vesicles in the peripheral cytoplasm (within a
band of just 1 um wide from

the plasma membrane) (Figure 4D) compared to the rest
of the cytoplasm. This differential distribution denotes the
occur- rence of a robust traffic of this cytokine from
secretory granules to the cell periphery for extracellular
release. In fact, our approach captured IFN-y at the cell
surface (Figures 4A and 5).
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stimulated with CCL11 and prepared for pre-embedding immunanogold EM.

FigUre 5 | Extracellular immunodetection of IFN-y in human eosinophils. A representative electron micrograph shows IFN-y at the cell surface (arrowheads).
Alabeled extracellular vesicle (EV) is also observed. The arrow indicates an IFN-y-positive EOSV. Note the clear labeling at its delimiting membrane. Secretory
emptying granules (Gr) are prominently labeled. The boxed area in (a) is shown in (ai) in higher magnification. Eosinophils were isolated from the peripheral blood,

Interestingly, EVs, very small membrane-delimited vesicles,
labeled for IFN-y were also seen (Figure 5). In a previous
work, we demonstrated that human eosinophils activated
with inflam- matory stimuli such as CCL11 and TNF-a
release EVs, although their cargos were not addressed (30).
In the present study, we provide evidence that EVs may be
trafficking cytokines as previously suggested and
potentially contributing to inflamma- tion [reviewed in Ref.
(31)]. In fact, single-cell analyses using immunonanogold
EM may be useful to further investigate IFN-y trafficking
and release during different inflammatory conditions,
including within the context of tissue inflammation, not only
in human eosinophils but also in other cells from the
immune system. This is important to understand the
complex role of IFN-y during inflammation.

Finally, single-cell imaging of IFN-y-positive EoSVs

drew
our attention to the fact that immunolabeling was preferen-
tially detected at vesicle membranes (Figures 4A,B and 5).
EoSVs act as suitable intracellular carriers to accommodate
membrane-bound proteins because of their curved and
elon- gated morphology with a higher surface-to-volume
ratio (22). The membrane-associated transport of IFN-y
likely reflects the presence of IFNyR alpha chains on EoSV
membranes. It is known that intracellular receptors specific
for different eosinophil- derived mediators are expressed
in human eosinophils (13).

The recognition of pools of ligand-binding cytokine receptor
chains such as IL-4R alpha (13) on eosinophil secretory
gran- ules uncovers mechanisms for selective chaperoned
release of cytokines. Secretory granules isolated from
human eosinophils likewise express domains of IFN-y
receptors alpha chain on their membranes (32), and it is
probable that EoSVs arising from granules are also carrying
these receptors. However, the presence of IFN-y receptors
on membranes of EoSVs remains to be addressed in future
studies.

Taken together, our findings at a single-cell level identify
subcellular compartments within human eosinophils
involved in the storage and trafficking of IFN-y, with
detection of a robust granule-derived vesicular transport
for this cytokine in response to cell activation. This is
important to understand how IFN-y is trafficked and
secreted during inflammatory responses.
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A key function of human eosinophils is to secrete cytokines, chemokines and cationic
proteins, trafficking, and releasing these mediators for roles in inflammation and
other immune responses. Eosinophil activation leads to secretion of pre-synthesized
granule-stored mediators through different mechanisms, but the ability of eosinophils
to secrete extracellular vesicles (EVSs), very small vesicles with preserved membrane
topology, is still poorly understood. In the present work, we sought to identify and
characterize EVs released from human eosinophils during different conditions: after a
culturing period or after isolation and stimulation with inflammatory stimuli, which are
known to induce eosinophil activation and secretion: CCL11 (eotaxin-1) and tumor
necrosis factor alpha (TNF-a). EV production was investigated by nanoscale flow
cytometry, conventional transmission electron microscopy (TEM) and pre-embedding
immunonanogold EM. The tetraspanins CD63 and CD9 were used as EV biomarkers
for both flow cytometry and ultrastructural immunolabeling. Nanoscale flow cytometry
showed that human eosinophils produce EVs in culture and that a population of EVs
expresseddetectable CD9,while CD63 wasnotconsistently detected.Wheneosinophils
were stimulated immediately after isolation and analyzed by TEM, EVs were clearly
identified as microvesicles (MVs) outwardly budding off the plasma membrane. Both
CCL11and TNF-ainducedsignificantincreases of MVs compared to unstimulated cells.
TNF-a induced amplified release of MVs more than CCL11. Eosinophil MV diameters
varied from 20 to 1000 nm. Immunonanogold EM revealed clear immunolabeling for
CD63 and CD9 on eosinophil MVs, although not all MVs were labeled. Altogether,
we identified, for the first time, that human eosinophils secrete MVs and that this
productionincreases inresponse to inflammatory stimuli. Thisisimportanttounderstand
the complex secretory activities of eosinophils underlying immune responses. The
contribution of the eosinophil-derived MVs to the regulation ofimmune responses awaits
further investigation.

Keywords: cell secretion, inflammation, CCL11 (eotaxin-1), tumor necrosis factor alpha (TNF-a), tetraspanins,
CD63, CD9, transmission electron microscopy (TEM)
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INTRODUCTION

Eosinophils, leukocytes of the innate immune system that
are involved in the pathogenesis of asthma, allergies, and
other diseases as well as other ongoing homeostatic roles in
tissues, have a remarkable ability to secrete specific
proteins in response to inflammatory stimuli. A plethora of
mediators are stored as preformed molecules within
eosinophil specific (secretory) granules, the singular
granule population in the cytoplasm of these cells such as
distinct cationic proteins and cytokines (reviewed in
Spencer et al., 2014).

Some major mechanisms leading to secretion of granule-
derived immune mediators have been well-characterized in
human eosinophils. In response to cell activation, granules
can fuse with the plasma membrane in order to secrete their
contents, but the most frequent mechanism for the delivery
of eosinophil mediators involve vesicular carriers, which
recruit cargos directly from secretory granules, a secretory
process termed piecemeal degranulation (reviewed in Melo
and Weller, 2010; Melo et al., 2013a; Spencer et al., 2014).
While the study of eosinophil degranulation processes has
received great attention in the last decade, the ability of
eosinophils to secrete membrane vesicles, collectively
termed extracellular vesicles (EVs), remains to be explored.

Various names, including exosomes and microvesicles
(MVs)/microparticles, have been given to secreted EVs.
While the term exosomes is used for referring to a
population of EVs, which are released from cells when
multivesicular bodies (MVBs) fuse with the plasma
membrane, the term MVs has been generally used for EVs
formed by budding and shedding of the plasma membrane
(reviewed in van der Pol et al, 2012; Twu and Johnson,
2014; Lawson et al., 2016). Recently, it was demonstrated
that human eosinophils secrete exosomes in culture cell
conditions and that this type of EV is increased in asthmatic
patients, which links EVs with eosinophil activation (Mazzeo
et al, 2015). However, the functions of EVs secreted by
immune cells during inflammatory responses are still poorly
understood. It is believed that these vesicles can act as
carriers of cell-cell communication mediators such as
cytokines and lipid mediators, and potentially contribute to
inflammation (reviewed in Buzas et al., 2014). Moreover, a
potential immunomodulatory role for treating or preventing
inflammatory disorders has been attributed to EVs (Buzas et
al, 2014).

EVs secreted by cells can be detected by nanoscale flow
cytometric methods, which identify and sort submicron
particles (Danielson et al., 2016) and transmission electron
microscopy  (TEM), which enables unambiguous
visualization of EVs (reviewed in Lawson et al,, 2016). EM is
thus considered an essential technique to characterize EVs
and to distinguish them from non-membranous particles of
similar size, as endorsed by the International Society for EVs
in an effort to provide minimal requirements for EV
definition (Lotvall et al., 2014).

Our group has been using different EM techniques,
including conventional TEM and immunonanogold EM, to
understand mechanisms of vesicular trafficking and release
of immune mediators from human eosinophils activated by
inflammatory stimuli (Melo et al, 2005a,b, 2008a, 2009,
2010; Spencer et al.,

2006; Carmo et al.,, 2015). By studying the ultrastructure of
human eosinophils isolated from the peripheral blood, we
noticed the presence of EVs budding from the cell surface
when the cells were kept alive in medium (Figure 1).

In the present work, we sought to identify and
characterize EVs released from human eosinophils during
different conditions: in culture and after stimulation with
two distinct agonist “inflammatory” stimuli, which are
known to induce eosinophil activation and secretion: the
chemokine, CCL11 (eotaxin-1), and the cytokine, tumor
necrosis factor alpha (TNF-a; Egesten et al., 1998; Bandeira-
Melo et al., 2001, 2003; Liu et al., 2007; Spencer et al., 2009).
In recent work, we showed that these stimuli trigger
increased formation of intracellular transport vesicles in
association with distinct processes of eosinophil secretion
(Carmo et al.,, 2016). We wondered if both stimuli are also
able to influence the biogenesis of EVs. By performing a
comprehensive study, using nanoscale flow cytometry,
conventional TEM and immunonanogold labeling for CD63
and CD9, we demonstrate that human eosinophils produce
EVs, which were clearly characterized as MVs, and that this
production is increased in response to both CCL11 and TNF-
a, identifying eosinophil EV genesis as a secretory
mechanism with eosinophil-mediated immune responses.

MATERIALS AND METHODS

Eosinophil Isolation, Stimulation, and
Viability

Granulocytes were isolated from peripheral blood of
allergic or healthy donors. Eosinophils were enriched and
purified by negative selection as previously described
(StemSep™, StemCell Technologies, Seattle WA; Miltenyi
Biotec, Auburn, CA; Bandeira-Melo et al., 2000; Akuthota et
al, 2014). The hypotonic red blood cell (RBC) lysis was
omitted to avoid any potential for RBC lysis to affect
eosinophil function. Eosinophil viability and purity were
>99% as determined by ethidium bromide (Molecular
Probes, Life Technologies, Carlsbad, CA) incorporation and
cytocentrifuged smears stained with HEMA 3 stain kit
(Fisher Scientific, Medford, MA), respectively. Purified
eosinophils (10¢ cells/mL) were stimulated with TNF-a
(200 ng/mL; R&D Systems, Minneapolis, MN) or recombinant
human CCL11 (100 ng/mL; R&D Systems), in RPMI-1640
medium plus 0.1% ovalbumin (OVA; Sigma, St. Louis, MO,
USA), or medium

alone at 37 C, for 1 h as before (Carmo et al., 2016).

Ethics Statement

Written informed consent was obtained from donors in
accordance with the Declaration of Helsinki, and
Institutional Review Board (IRB) approval was obtained
from the Beth Israel Deaconess Medical Center Committee
on Clinical Investigation (Boston, MA, USA).

Antibody Reagents

Mouse anti-human IgG1 CD63 (clone H5C6, catalog number
556019, 5 pg/mL, BD-Pharmingen, San Diego, CA), mouse
anti-human CD9 (clone 209306; R&D Systems, 10 pg/mL,
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 documents several MVs (highlighted
in blue in Ai) budding directly from the plasma membrane. Eosinophil specific granules (Gr), the singular population of secretory granules in the cytoplasm, show
lucencies intheirgranule cores, indicative of cellactivation. Twolipid bodies (LB), which typically appear as very electron-dense organelles in eosinophils, are seenin
the cell periphery. Eosinophils were isolated from the peripheral blood from healthy donors by negative selection, keptin medium during 1 h, immediately fixed while

still in suspension and processed for conventional TEM. N, nucleus.

antibodies (mAbs) were used for electron microscopy
immunodetection studies. The secondary Ab for immunoEM
was an affinity-purified goat anti-mouse Fab fragment
conjugated to 1.4 nm gold particles (1:100, Nanogold,
Nanoprobes, Stony Brook, NY). FITC-conjugated mouse anti-
human IgG: CD63

(clone H5C6, Biolegend, San Diego, CA), FITC-conjugated
mouse anti-human IgGi1 CD9 (clone HI9a, Biolegend),
and irrelevant FITC-conjugated isotype control antibodies
were used for nanoscale flow cytometry or regular flow
cytometry.
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Nanoscale Flow Cytometry

Human eosinophils were incubated for 4 days in RPMI-1640
with 5% FBS with 10 ng/mL IL-5 and 1 ng/mL of GM-CSF
to allow for EV accumulation in the culture supernatant. Due
to the presence of FBS, culture medium was depleted of EVs
by ultracentrifugation prior to use. Supernatants were
depleted of eosinophils and debris with successive
centrifugation at 300

X g, 5600 X g, and 11,000 X g. EVs were then isolated by

ultracentrifugation at 100,000 X g for 1 h. EV-depleted
culture medium without cells present subjected to the same
protocol served as a negative control. Prior to nanoscale
flow cytometry, some samples were incubated with FITC-
conjugated anti-CD9 antibody or FITC-conjugated anti-CD63
antibody. Nanoscale flow cytometry was performed as
previously described using a Beckman Coulter MoFlo
AstriosEQ modified to optimize detection of small particles
down to 200 nm in diameter (Danielson et al., 2016). Control
Latex Beads were obtained from

Beckman Coulter. Electronic noise was gated out during
analysis using the signal generated by phosphate buffered
saline alone as a reference.

Flow Cytometry for CD63 in Entire Cells
For CD63 detection in human eosinophils by regular flow
cytometry, cells were incubated 1:25 in relevant
antibody or .

isotype control for 25 min at 4 C. Flow cytometry for
(D63 yromeny

was performed using a BD Accuri Flow Cytometer. Data
were analyzed using Flow]o (TreeStar, Ashland, OR, USA).

Conventional TEM

For conventional TEM, isolated eosinophils were prepared
as before (Melo et al, 2005a, 2009). Cells were fixed in a
mixture of freshly prepared aldehydes [1%
paraformaldehyde (PFO) and 1.25% glutaraldehyde] in 0.1
M sodium cacodylate buffer (final concentration) for 1 h at
RT, embedded in 2% agar and kept at

4 C for further processing. Agar pellets
eosinophils

were post-fixed in 1% osmium tetroxide in sym-collidine
buffer, pH 7.4, for 2 h at RT. After washing with sodium
maleate buffer, pH 5.2, pellets were stained en bloc in
2% uranyl acetate in

0.05 M sodium maleate buffer, pH 6.0 for 2 h at RT and
washed in the same buffer as before prior to dehydration in
graded ethanols and infiltration and embedding with a
propylene oxide- Epon sequence (Eponate 12 Resin; Ted
Pella, Redding, CA). Sections were mounted on uncoated
200-mesh copper grids (Ted Pella) before staining with lead
citrate and viewed with a transmission electron microscope
(CM 10; Philips, Eindhoven, The Netherlands) at 60 KV.

containing

Cell Preparation for Immunonanogold EM
For immunoEM, purified eosinophils were immediately
fixed in fresh 4% PFO in PBS, pH 7.4 (Melo et al.,, 2014). Cells
were fixed for 30 min at RT, washed in PBS and centrifuged
at 1500 g for 1 min. Samples were then resuspended in
ngl_‘%elrrln %r%ras%%ri 611385/05 and quickly recentrifuged. Pellets

in PBS ight” :
ggggg‘anﬁl overnig at 4 C, embedded in OCT

(Miles, Elkhart, IN), and stored in —180°C liquid nitrogen for
subsequent use.

Pre-embedding Immunonanogold EM

As detailed before (Melo et al., 2005b, 2009; Dias et al,
2014), pre-embedding immunolabeling was carried out
before standard EM processing (post-fixation, dehydration,
infiltration, resin embedding and resin sectioning). All
labeling steps were carried out at RT as before (Melo et al,
2014) as follows: (a) one wash in 0.02 M PBS, pH 7.6, 5
min; (b) immersion in 50 mM glycine in 0.02 M PBS, pH 7.4,
10 min; (c) incubation in a mixture of PBS and BSA (PBS-
BSA buffer; 0.02 M PBS plus 1% BSA) containing 0.1%
gelatin (20 min) followed by PBS-BSA plus 10% normal goat
serum (NGS; 30 min)—(this step is crucial to block non-
specific Ab binding sites); (d) incubation with primary Ab (1
h); (e) blocking with PBS-BSA plus NGS (30 min); (f)
incubation with secondary Ab (1 h); (g) washing in PBS-BSA
(three times of 5 min each); (h) post-fixation in 1%
glutaraldehyde (10 min); (i) five washings in distilled
water;

(j) incubation with HQ silver enhancement kit
(Nanoprobes) in a dark room according to the
manufacturer’s instructions (10 min). This step enables a
nucleation of silver ions around gold particles. These ions
precipitate as silver metal and the particles grow in size
facilitating observation under TEM); (k) three washings in
distilled water; (1) immersion in freshly prepared 5%
sodium thiosulfate (5 min); (m) post-fixation with 1%
osmium tetroxide in distilled water (10 min); (n) staining
with 2% uranyl acetate in distilled water (5 min); (o)
embedding in Eponate .
EEponate 12 Resin; Ted Pella); (p) after polymerization at 60

for 16 h, embedding was performed by inverting eponate-
filled plastic capsules over the slide-attached tissue sections;
and (q) separation of eponate blocks from glass slides by
brief immersion in liquid nitrogen. Thin sections were cut
using a diamond knife on an ultramicrotome (Leica).
Sections were mounted on uncoated 200-mesh copper grids
(Ted Pella) before staining with lead citrate and viewed with
a transmission electron microscope (CM  10; Philips) at
60kV. Two controls were performed:

(1) primary Ab was replaced by an irrelevant Ab, and (2)
primary Ab was omitted. Electron micrographs were
randomly taken at different magnifications to study the
entire cell profile and subcellular features.

Quantitative EM Analysis

For quantification studies by conventional TEM
(enumeration of the total number of EVs and MVBs),
electron micrographs of cell sections were randomly taken
from unstimulated and stimulated eosinophils. Electron
micrographs were taken by an operator blind to EV
identification. A total of 110 electron micrographs (39 from
unstimulated, 37 from CCL11- and 34 from TNF-a-
stimulated eosinophils) and 516 EVs (55 from unstimulated,
187 from CCL11- and 274 from TNF-a-stimulated
eosinophils) were counted. Then, the diameters of EVs were
measured and grouped in different ranges (20-100, 100-
200, 200-300, 300-1000 nm). The presence of typical MVBs
was investigated in all electron micrographs. These analyses
were done in clear cross-cell sections exhibiting the entire
eosinophil cell profile, intact plasma membranes and nuclei.
EVs were morphologically defined as intact, small round
vesicles, delimited by a membrane unit, which is seen by
TEM as a typical trilaminar structure, in process of outward
budding from
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the plasma membrane or closely associated with the cell
surface.

For immunonanogold EM studies, a total of 69 electron
micrographs randomly taken from unstimulated and
stimulated eosinophils were evaluated for CD63 and CD9
labeling. These analyses were done in clear cross-cell
sections exhibiting the entire eosinophil cell profile, intact
plasma membranes, and nuclei.

All quantitative studies were performed using the Image J

software (National Institutes of Health, Bethesda, MD).

Protein Electrophoresis of EVs

For protein electrophoresis of EVs, culture supernatants of
primary human eosinophils were collected and centrifuged
as they were for nanoscale flow cytometry. Culture
supernatant from an eosinophilic leukemia cell line (Eol-1,
Sigma-Aldrich) was also collected and centrifuged. Lithium
dodecyl sulfate sample buffer (4X; Invitrogen) and sample
reducing agent (10X) (Invitrogen) were added at final 1X
concentrations. Samples,

¥r_st heated for 7.5 min at 95 C, were run on a 4-12% Bis-

ris

gel. Silver staining was then performed of polyacrylamide
gel (Thermo Scientific, Rockford, IL, USA) were used to
develop membranes.

Annexin V Analysis by Confocal

Microscopy and Flow Cytometry

To detect exposed phosphatidylserine, cells were stained
with annexin V (Gonzalez-Cano et al., 2010). Freshly
isolated human eosinophils were resuspended in 5% FBS
RPMI-16

0
6 o
medium ?10 Eells/mL) and stimulated, as above, at 37

in 5% CO2 incubator. Annexin V-FITC (Medical and
Biological Laboratories, Nagoya, Japan) was then added to
the culture medium (1:20) and cells were viewed without
washing or fixing in an imaging chamber (Zell-kontakt,
Norten-Hardenberg, Germany). The confocal microscopic
and differential interference contrast (DIC) images were
captured using a laser scanning confocal microscope with
incubation chamber (100x objective, Carl Zeiss LSM780,
Jena, Germany). For flow cytometry, annexin V-FITC stained
cells were measured using a flow cytometer (Cytomics
FC500, Beckman Coulter, Fullerton, CA, USA). Data were
analyzed by Flowjosoftware.

Tunel Assay

Eosinophils stimulated as described were fixed with 4%
paraformaldehyde and stained using MEBSTAIN Apoptosis
TUNEL Kit (Medial Biological Laboratories, Nagoya, Japan)
according to the manufacturer’s instruction. Images were
captured using a fluorescence microscope (40x objective,
Leica DMI4000B, Wetzlar, Germany).

Statistical Analyses

Comparison between groups was analyzed using Kruskal
Wallis test followed by Dunn’s test to adjust for multiple
comparisons, as appropriate. The significance level was set
at P < 0.05. All tests and graphs were performed with
software Prism 6.0.1 (GraphPad software, San Diego, CA).
Data are expressed as means = SEM.

RESULTS

Human Eosinophils Release EVs

Over the last decade, our research group has been studying
the ultrastructure of human eosinophils during different
conditions. Our EM methodology, primarily developed for
studying human eosinophils isolated from the peripheral
blood, includes prompt aldehyde fixation while the cells are
still in suspension, which is important to optimal cell
preservation and to capture specific biological events in
response to varied stimuli (Melo et al., 2005a, 2013b). Thus,
cells kept alive in suspension either unstimulated or agonist
stimulated are immediately fixed after a determined time,
before any subsequent centrifugation procedure, which
could interfere with the cell morphology. While examining
resulting electron micrographs from different experiments,
we occasionally noticed clear shedding of small vesicles
delimited by a typical phospholipid bilayer from the
eosinophil surface (Figure 1).

We then decided to investigate whether eosinophils
kept in culture were able to release EVs. Eosinophils
isolated from the peripheral blood of healthy patients were
incubated for
4 days in culture to allow EV accumulation in the culture
supernatant. EVs isolated by ultracentrifugation were
evaluated by nanoscale flow cytometry. Using standard latex
beads, we first confirmed the ability of the nanoscale flow
cytometry approach to discriminate small particles down to
a size of 200 nm and lower (Figure 2A). After gating out
electronic noise, EVs derived from human eosinophil
cultures were identified (Figures 2B-D). On staining EVs
with FITC-conjugated anti-CD9 or anti-CD63 antibodies, we
found that EVs, that were identifiable and evaluated by
nanoscale flow cytometry, had readily detectable CD9
(Figure 2E). A band at 25 kD, consistent with the presence
of CD9 in these vesicles, was also detected by protein
electrophoresis  (Supplementary  Figure 1). CD63
expression by eosinophil EVs was not detectable with
nanoscale flow cytometry (Figure 2F). All nanoscale flow
cytometry results were representative of four individual
experiments from four individual normal donors (Figure 2).
Positive controls for CD63 are shown in Supplementary
Figure 2.

EV Production by Human Eosinophils
Increases in Response to Inflammatory

Stimuli

Next, to study the phenomenon of vesicle release and detect
EVs at the cell surface, we stimulated freshly isolated
eosinophils from normal donors during 1 h with CCL11 or
TNF-a, at concentrations previously documented to induce
secretion, or medium alone (Carmo et al, 2016) and
immediately processed for conventional TEM. Then,
electron micrographs randomly taken from the thin sections
by an operator blind to EV identification and showing the
entire cell profile and intact plasma membrane were
carefully examined. First, conventional TEM revealed that
EVs appeared mostly as MVs in both unstimulated (Figure
3A) and stimulated (Figure 3B) cells, that is, shedding
directly from the plasma membrane. Typical MVs, delimited
by a phospholipid membrane, were seen in progressive

Frontiers in CellandDevelopmental Biology|www.frontiersin.org

October 2016 | Volume 4 | Article 117


http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org/
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Akuthota et al. Extracellular Vesiclesand Human Eosino@nils

A 103
- 10
g 1 500 nm
5 10 300 nm @
8 =
» 0 200n -
210 1)
10
162 ”
102 107t 10° 10t 10 103
Forward Scatter
B (] D
Culture Medium Only Eosinophil EVs Gated Eosinophil EVs
s | 100 107 108
g 10 " 4 10 1004]
3 3
S| 1 10 3
wn 2! Non-specific 2 Non-specific 1% 1
L 1073 £ eveae | 10 5 10;2] ki
& | 10 10" 10,4 g
0 3 0 1 "
1074 .Electronic 10 10;93
10—1 1 Noise 10—1 10;]‘1
107 T 107 - - - 162
102 16" 10" 10° 10 10% 16" 10" 10% 10° 102 167 10! 108 1°
Forward Scatter
E y F :
CD9 (overlaid on 1gG control) CD63 (overlaid on 1gG control)
1004 100-
[0} ] \ [0}
.8 80 g0/
§ € =
22 604 2 60 4
23 B
BN N
£ 40 4 T 40
i ;
Z 20 4 Z 20 4
0 T Al v v T 0 oy vy Al wy M
100 10" 10 10° 10t 10° 10° 10" 10 10° 10t 10°
CD9 Fluorescence (area) CD63 Fluorescence (area)

G CD9 Expression by Eosinophil EVs

-
w
]

-
o
I

wn
1

Mean of Fluorescence
2

IgG CD9

FIGURE 2 | Identification of Eosinophil EVs by Nanoscale Flow Cytometry. (A) The ability of the AstriosEQ to discriminate sub-micrometer particles is shown
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overlaid on IgG control (red) shows minimal detection of CD63 by nanoscale flow cytometry. Representative of fourexperimentsfrom four individual donors. (G) Mean
CD9 fluorescence (p = 0.13, paired t-test). Panels (B—G) are representative of four independent experiments from four individual human donors.
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FIGURE 3 | CCL11 and TNF-a stimulation induce release of MVs by human eosinophils. (A, Ai, B, Bi, Bii) MVs are seen at the surface of both unstimulated

(A) and CCL11-stimulated (B) human eosinophils. Note in high magnification (Ai) that the phospholipid bilayer membrane, which is seen by TEM as a trilaminar
structure (arrowheads), isobserved around the EVs, plasmamembrane and secretory granule (Gr) delimitingmembrane. (Bii) Shows in high magnification a MVin
final process of detaching from the plasma membrane (arrow). (C) Significant increases in numbers of MVs occurred after stimu lation with CCL11 or TNF-a.
Eosinophils were isolated from the peripheral blood by negative selection, stimulated for 1 h, immediately fixed and processed for conventional TEM. Counts were
derived from three experiments with a total of 516 MVs counted in 110 electron micrographs randomly taken and showing the entire cell profile and nucleus (N). Data
represent mean + S.E.M. **P < 0.002 (CCL11 vs. unstimulated); ***P < 0.0001 (TNF-a vs. unstimulated); *P < 0.02 (TNF-a vs. CCL11).
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outward budding of the plasma membrane (Figure 3B)
and/or completely released at cell surface (Figures 3A,B).
To quantify the number of MVs from each experimental
group, eosinophil sections showing the entire cell profile
and nucleus were evaluated (n = 110 cells), and a total of
516 MVs were counted. Eosinophil activation led to a
significant increase of MV production compared to
unstimulated cells (Figure 3C). Quantitative EM revealed
that while unstimulated cells had 1.4 + 0.4 MVs/cell section,

CCL11- and TNF-a- stimulated cells showed 5.0 + 0.8 (P =
0.0014) and 8.0 = 1.0 (P < 0.0001) MVs/cell section (mean
+ S.E.M), respectively (Figure 3C), corresponding to an

increase of 360% (CCL11) and 570% (TNF-a). TNF-a
induced a significant increase in the release of MVs
compared to CCL11 (P = 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 TNF-a-stimulated groups,
respectively (Figure 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 TNF-a stimulation,
respectively

(Figure 4B).

Formation of MVs is a dynamic process and therefore
these vesicles may be observed by TEM in different
stages of budding from the plasma membrane or free at the
cell surface (Figures 3A,B, 5A). Because our TEM studies
have clearly captured this process as illustrated in Figure
5B, we next wondered if there was any difference in the
numbers of budding/free MVs per treatment condition.
Indeed, the numbers of budding MVs were significantly
higher in stimulated compared to unstimulated cells [7.35
+ 0.98 for TNF-a- and
2.75 £ 0.44 for CCL11-stimulated groups vs. 0.64 = 0.16
for unstimulated cells; MVs/cell section (mean =+
S.EM);

P < 0.0001; Figure 5C]. Interestingly, the number of MVs in
different degrees of budding was higher in TNF-a-
stimulated compared to CCL11-stimulated cells (Figure 5C;
P < 0.0001). Altogether, our findings reveal that two
eosinophil agonist “inflammatory” stimuli induce
vesiculation and that this event is more prominent in TNF-
a- compared to CCL11-stimulated cells, since the number of

nascent MVs was significantly higher in the TNF-a group
(Figure 5C). Of note, the presence of MVBs was detected
within eosinophils from all groups (Supplementary Figure
3). However, we did not find evidence for fusion of them
with the plasma membrane and resulting exososome release
(Supplementary Figure 3).

Ultrastructural Characterization of
Eosinophil-Secreted MVs

In addition to quantification studies, we also established the
average size of MVs to be 119.30 + 8.61 nm (mean = SEM)
in diameter in control cells and 140.40 + 6.80 and 106.50 =

6.07 (mean = SEM) nm in CCL11 and TNF-a, respectively
(Figure 6A). Considering all conditions, eosinophil EV
diameters varied from 20 to 1000 nm, with most MVs
showing diameters between 20 and 200 nm (Figure 6B).
MVs released in response to TNF-a were significantly
smaller compared to
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FIGURE 5 | Differential release of nascent MVs by human activated eosinophils. (A) A representative electron micrograph of a TNF-a-stimulated eosinophil
shows MVsin different steps of budding at cell surface (highlighted inblue, arrows) and secretory granules (Gr) exhibiting contentlosses in the cytoplasm. The MVs
indicated by the black arrows are seen in high magnification in (Ai) and (Aii). Note, that while (Ai) shows a MV in process of outward budding; (Aii) shows a free MV,
completely detached from the plasmamembrane. (B) lllustration depicting the process of MV formation in human eosinophils as observed in the present work.

(C) Significant increases in numbers of budding MVs occurred after stimulation with CCL11 or TNF-a compared to unstimulated cells (****P < 0.0001). TNF-a elicited
higher numbers of MVs in process of budding compared to the CCL11 group (####P < 0.0001). Increase in numbers of free vesicles occurred after stimulation with
CCL11 compared to unstimulated cells (*P = 0.020). Eosinophils were isolated from the peripheral blood by negative selection, stimulated for1 h, immediately fixed
in suspension and processed for conventional TEM. Counts were derived from three experiments, with atotal of 516 MVs counted in 110 electron micrographs
randomly taken and showing the entire cell profile and nucleus (N).
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those released after CCL11 stimulation and by unstimulated
cells (P < 0.0001; Figures6A,B).

Next, we investigated if the MVs produced by human
eosinophils expressed CD63 or CD9. Ultrastructural
immunolabeling for these tetraspanins were achieved with
pre-embedding immunonanogold EM, a technique that has
been used by us to ascertain precise localization of
cytokines, immune cell signaling molecules and tetraspanins
in leukocytes (Melo et al., 2014). In previous works, we have
defined the ultrastructural pattern of immunolabeling for
these tetraspanins in human eosinophils (Akuthota et al,,
2012; Carmo et al., 2016). While CD63 is consistently found
intracellularly in association with granules undergoing
losses of their contents and large vesicular carriers (Carmo
et al, 2016), pools of CD9 are more detectable at the
eosinophil surface (Akuthota et al., 2012). In the present
work, ultrastructural immunolabeling for CD63 and CD9 at
MVs was investigated for the first time. All groups showed
clear immunonanogold labeling for both CD63 (Figures
7A,C) and CD9 (Figure 7B). However, not all MVs were
positive (see, for example Figure 7Ci). In both unstimulated
and stimulated cells, immunolabeling for CD9 and CD63
were found in around 50 and 15% of the MVs, respectively,
regardless of the stimulation condition.

Control cells, from all conditions, in which the primary
antibody was omitted or replaced by an irrelevant antibody
were negative (Supplementary Figure 4).

Annexin V Staining of Stimulated Human

Eosinophils

It is recognized that phosphatidylserine is relocated to the
outer membrane leaflet at sites on the cell surface where MV
shedding occurs (reviewed in Hugel et al, 2005;
Muralidharan- Chari et al.,, 2010). Then, we next stained
eosinophils with annexin-V-FITC and samples were
analyzed by both flow cytometry and confocal microscopy.
Intact eosinophils were gated and their representative
histogram is shown in Figures 8A,B, respectively. The
histogram depicted unimodal distribution indicating that
most cells were negatively stained by annexin-V. However,
higher annexin-V intensities were observed in CCL11 and
TNF-a stimulated compared to unstimulated eosinophils
(Figure 8C). Confocal microscopy analyses showed cell
surface distribution of annexin-V with suggestive images of
MV formation in a population of stimulated cells (Figure
8D). The absence of noticeable TUNEL positive cells in
CCL11 and TNF-a stimulated cells (Supplementary Figure
5) as well as by TEM indicated these are not apoptotic
bodies.

DISCUSSION

The production of EVs during immune responses has
increasingly been demonstrated. These vesicles released by
cells from the immune system have been characterized as a
new mechanism of cell-to-cell communication and
emerged as potential mediators of the cell immune effects
(reviewed in Buzas et al, 2014; Colombo et al, 2014;
Robbins and Morelli,

2014; Greening et al., 2015). Here, we identified, for the first
time, that human eosinophils release MVs in physiological
conditions and that these cells respond to the chemokine
CCL11 and the cytokine TNF-a stimuli with increased
formation of these plasma membrane-derived vesicles. We
thus recognized that, in addition to the secretory processes
largely described for human eosinophils (PMD, classical
exocytosis and cytolysis), these cells also have the
competence to secrete MVs and that these vesicles likely
underlie eosinophil immune responses.

The cell biology of EVs is still poorly understood. To
comprehend the origin of the different populations of these
secreted membrane-bound vesicles and their functional
significance, a better knowledge of their mechanisms of
biogenesis and secretion is still needed (Colombo et al,
2014). Here we provided a comprehensive evaluation of EVs
secreted by human eosinophils using TEM, which is
considered the gold standard for EV visualization (Lawson
et al,, 2016). Our present work highlights important aspects
to the maturing field of EV research. First, it is clear that EVs
cannot be defined on the basis of their size range as
exosomes or MVs since these classes of EVs have
overlapping sizes. In general, exosomes are considered to be
smaller (~50-100 nm) than MVs (reviewed in van der Pol

et al,, 2012; Lawson et al, 2016), but we found that MVs
from eosinophils can be as small as 20 nm (range of 20-
1000 nm), with most MVs measuring 20-200 nm. In the
literature, MVs have been reported as a heterogeneous
population in size up to 2000 nm (reviewed in Buzas et al,,
2014; Schwab et al,, 2015; Lawson et al., 2016). Because our
electron microscopic analyses were done on a population of
MVs clearly seen at cell surface (nascent MVs), when the
cells were still in suspension, we believe that the observed
diameter range is more precise than those established on
isolated vesicles. Indeed, because of the small size of MVs, a
considerable portion of them may be below the detection
range of conventional detection methods (van der Pol et al,,
2012). Moreover, mechanical disruption of the cells/tissues
can interfere with the EV purity, since intracellular vesicles
might also be isolated during the process (Lotvall et al.,
2014). This is particularly concerning for human
eosinophils, which have a well-characterized intracellular
morphologically distinct vesicular system termed eosinophil
sombrero vesicles (EoSVs; 150-300 nm diameter) that can
be isolated and maintain their integrity even after cell
cytolysis (Melo et al, 2005b, 2008b, 2009; Saffari et al.,
2014). Second, our findings demonstrate, for the first time,
that, depending on the influence of external factors/stimuli,
the sizes of MVs can vary (Figure 6). Thus, MVs released
from TNF-a-stimulated eosinophils exhibited smaller size
compared to CCL11-stimulated cells (Figure 6). This might
be explained by the rapid production of these membranous
structures after stimulation, which may be affecting
membrane replenishment and dynamics required for vesicle
formation.

The present work also

important
point of the EV biology: the use of appropriate markers for
EVs released by non-immune and immune cells. In general,
the tetraspanins CD63 and CD9 have been proposed as
“universal” EV markers and exosomes have been
described

raises discussion on an
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FIGURE 7 | CD63 and CD9 immunolabeling of MVs by immunonanogold EM. (A—C) Representative electron micrographs of stimulated human eosinophils
showing the entire cell profile after CD63 (A,C) or CD9 (B) immunolabeling. Note that while CD63 is consistently found intracellularly in association with secretory
granules (Gr) as seenin (A) and (C), pools of CD9 are more detectable at the eosinophil surface as observed in (B). (Ai, Aii, Bi, Bii, Ci, Cii) CD63 and CD9-positive
MVs (arrows) are seen in highermagnification inthe boxed areas. Note, that not all MVs were labeled. Eosinophils were isolated from the peripheral blood by negative
selection, stimulated for 1 h with CCL11 (A,B) or TNF-a (C), immediately fixed in suspension and processed for immunonanogold EM.

Frontiers in CellandDevelopmental Biology|www.frontiersin.org 12 October 2016 | Volume 4 | Article 117


http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org/
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Akuthota et al. Extracellular Vesiclesand Human Eosino;l)ias

B1200
900
8
8 600
I+
300
0 e - ey () A
0 50 100 150 200 1072 10 10° 10’
FS: FS Lin FL1: FL1 Log

Ci16

14
12

1
0.8
0.6
04
0.2

0

Unstimulated CCL11 TNF-a

MIF

Annexin V

10 um

FIGURE 8 | Annexin-V staining of human eosinophils. (A—C) Flow cytometric analyses show higher annexin-V intensities in CCL11 and TNF-a-stimulated
compared to unstimulated cells. (D) Representative confocal microscopic image from a CCL11-stimulated eosinophil reveal cell surface distribution of annexin-V.
Arrows indicate suggestive imagesof MV formation. Eosinophils were isolated from the peripheral blood by negative selection, stimulated for 1h with CCL11 or TNF-a
and stained with annexin-V.
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as highly enriched in these molecules (reviewed in Andreu
and Yafez-Mo, 2014). However, the presence of CD63 and
CD9 in plasma membrane-derived MVs has been much less
studied, regardless of cell type. Few studies have currently
assumed that MVs express tetraspanins (Crescitelli et al,,
2013). Here, we provide direct evidence for both CD63 and
CD9 localization on MVs secreted by human eosinophils
(Figure 7). Our immunonanogold EM findings clearly
showed CD63 and CD9 labeling associated with the
delimiting membrane of MVs (Figure 7). However, in
accord with our nanoscale flow cytometry results (Figure
2), immunoEM also revealed that not all MVs were
labeled (see, for example, Figure 7Ci), with

~50 and ~15% of these vesicles labeled for CD9 and
CD63,

respectively, regardless of whether cells were stimulated or
not. CD63 was not detected by flow cytometry, possibly
because of the very small size and/or low proportion of this
CD63-positive EV population. Therefore, CD9, a tetraspanin
largely found at the surface of human eosinophils (Akuthota
et al., 2012) might be a better marker than CD63 for MVs
released by human eosinophils.

At first view it seems unexpected to have undetectable
levels (as observed by flow cytomety) or low labeling (as
seen by immunoEM) for CD63 on MVs. However, we have
demonstrated in a recent study by different approaches that
while CD63 is observed at the eosinophil’s cell surface after
stimulation with both CCL11 and TNF-a, a robust pool of
CD63 remains in the cytoplasm in association with secretory
granules and EoSVs, with no detectable difference in the
CD63 total content when unstimulated and stimulated cells
were compared (Carmo et al., 2016). This means that CD63
is present, as a preformed pool within eosinophils and that
most of this internal CD63 pool is not completely
externalized in response to stimulation (Carmo et al,, 2016).
Accordingly, a small proportion of secreted MVs showed
immunolabeling for this tetraspanin. Moreover, our
comprehensive EM analyses demonstrated that eosinophils
release MVs and not typical exosomes in response to
stimulation with CCL11 or TNF-a. Although MVBs were
observed in the eosinophil cytoplasm during the present EM
analyses, there was no ultrastructural evidence for exosome
secretion. Our data are in part in accord with a work
showing that stimulation of human eosinophils with CCL11
does not appear to increase secretion of CD63- positive
exosomes (Mazzeo et al, 2015). On the other hand, these
authors found that stimulation with interferon-gamma (INF-
Y) induced exosome secretion by these cells (Mazzeo et al,,
2015).

He)ée, induction of EV release was achieved with TNF-a

an
CCL11. TNF-a 1is a potent cytokine that mediates
inflammatory responses and innate immunity (reviewed in
Sabio and Davis, 2014). Stimulation of human eosinophils
with TNF-a induces secretion of IL-4, IL-6 and INF-y
(Spencer et al, 2009). TNF-a is also central for INF-y-
induced secretion of Th1l-type chemokines and to enhance
[L-4-induced secretion of Th2- type chemokines by human
eosinophils (Liu et al, 2007). We recently demonstrated
that this stimulus leads to a secretory process characterized
by fusion of eosinophil secretory granules (classical
exocytosis) and extensive release of granule contents

while CCL11 elicits a progressive and more  subtle
release of specific products stored in secretory granules
(piecemeal degranulation; Carmo et al., 2016). For example,
CCL11 stimulation of human eosinophils elicits specific
release of IL- 4 (Bandeira-Melo et al., 2001). Our present
data showed that the differential secretory/immune
responses induced by these two stimuli trigger differential
rates of EV release. Higher numbers of MVs were detected in
eosinophils in response to TNF-a compared to CCL11
stimulation. Thus, MVs released by human eosinophils may
potentially carry different cargos and mediate different
effects on other cells, depending on the
stimulus/pathological condition. We can speculate that
eosinophil MVs might be acting as potential mediators of
immune responses. The release of them at inflammatory
sites in tissues and/or in biological fluids, including
peripheral blood, may enable in situ and/or long-distance
transfer of bioactive molecules such as cytokines. These
molecules may influence target cells by activating cell
receptors with vital roles in inflammation. In fact, the
implication of MVs in inflammation has been documented.
For example, the presence of interleukin- 1@ was detected
in MVs shedding from the plasma membrane of activates
monocytes (MacKenzie et al, 2001). However, the
identification of molecular cargos within these eosinophil-
released MVs awaits further investigation to get insights
into their functional roles.

Taken together, our findings identify, for the first time, that
human eosinophils secrete MVs during physiological
conditions and that the release of these vesicles is increased
in response to both CCL11 and TNF-a. Given the potential
of EVs as mediators of immune responses, our results open
new venues to understand how these vesicles function to
regulate eosinophil- mediated immunity and if they can be
used as biomarkers for eosinophil-associated disorders.
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ABSTRACT

Eosinophil activation leads to secretion of presynthe-
sized, granule-stored mediators that determine the
course of allergic, inflammatory, and immunoregulatory
responses. CD63, a member of the transmembrane-4
glycoprotein superfamily (tetraspanins) and present on
the limiting membranes of eosinophil-specific (secre-
tory) granules, is considered a potential surface marker
for eosinophil degranulation. However, the intracellular
secretory trafficking of CD63 in eosinophils and other
leukocytes is not understood. Here, we provide a com-
prehensive investigation of CD63 trafficking at high
resolution within human eosinophils stimulated with in-
flammatory stimuli, CCL11 and tumor necrosis factor a,
which induce distinctly differing secretory processes in
eosinophils: piecemeal degranulation and compound
exocytosis, respectively. By using different transmission
electron microscopy approaches, including an immuno-
nanogold technique, for enhanced detection of CD63 at
subcellular compartments, we identified a major intra-
cellular pool of CD63 that is directly linked to eosinophil
degranulation events. Transmission electron microscopy
quantitative analyses demonstrated that, in response to
stimulation, CD63 is concentrated within granules un-
dergoing secretion by piecemeal degranulation or com-
pound exocytosis and that CD63 tracks with the
movements of vesicles and granules in the cytoplasm.
Although CD63 was observed at the cell surface after
stimulation, immunonanogold electron microscopy
revealed that a strong CD63 pool remains in the cyto-
plasm. It is remarkable that CCL11 and tumor necrosis
factor a triggered increased formation of CD63" large
vesiculotubular carriers (eosinophil sombrero vesicles),

Abbreviations: EM = electron microscopy, EoSV = eosinophil sombrero
vesicle, PFA = paraformaldehyde, PMD = piecemeal degranulation, TEM =
transmission electron microscopy
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supplemental information.
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which fused with granules in the process of secretion,
likely acting in the intracellular translocation of CD63.
Altogether, we identified active, intracellular CD63
trafficking connected to eosinophil granule-derived
secretory pathways. This is important for understanding
the complex secretory activities of eosinophils
underlying immune responses. J. Leukoc. Biol.

100: 391-401; 2016.

Introduction

A key function of immune cells is to secrete a diversity of
cytokines and other mediators that determine the course of
allergic, inflammatory, and immunoregulatory responses. Thus,
it is increasingly important to understand how these mediators
are trafficked and secreted. The intracellular secretory com-
partments and the regulatory machinery that command the
timing, volume, and direction of mediator release are all crucial
to the coordinated delivery of these messengers (reviewed in
Stow et al. [1]).

Eosinophils, leukocytes of the innate immune system, are
able to release numerous mediators from their specific
(secretory) granules, the major granule population in the
cytoplasm of these cells. Hydrolytic enzymes; distinct, cationic
proteins, including major basic protein, eosinophil peroxi-
dase, and the eosinophil-associated RNases: eosinophil-
derived neurotoxin and eosinophilic cationic protein; and -3
dozen cytokines with multiple functional activities are pre-
synthesized and stored within these intracellular granules,
poised for very rapid, stimulus-induced secretion (reviewed in
Spencer et al. [2]). Eosinophil-specific granules, also termed
secondary or crystalline granules, have a unique morphology,
unambiguously identified by TEM and, for this reason, are

1. Correspondence: Laboratory of Cellular Biology, Federal University of Juiz
de Fora, UFJF, RuaJosé Lourengo Kelmer, Juiz de Fora, MG 36036-900,
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both a morphologic hallmark of eosinophils and fundamental
to eosinophil-mediated responses (reviewed in Melo
etal. [3]).

Structural changes of eosinophil-specific granules are revealing
in demonstrating the complex and diverse secretory activities of
this cell. Fusion of a population of specific granules with each
other, thus creating large, open channels for granule cargo
release, characterizes a secretory process termed compound
exocytosis, which is reported during the interaction of eosino-
phils with different parasitic helminths [4]. This pattern of
secretion is also observed during the innate response by
eosinophils to certain environmental fungi [5].

The identification of emptying granules with reduced electron
density and disassembled contents, in the absence of granule
fusions, is a feature of PMD, a secretory process frequently used
by human eosinophils in a diversity of inflammatory and
allergic disorders, suchas asthma [6], nasal polyposis [7], allergic
rhinitis [7, 8], ulcerative colitis [7], Crohn disease [7], atopic
dermatitis [9], gastric carcinoma [10], shigellosis [11], and
cholera [12]. In this form of secretion, human eosinophils
secrete the granule matrix or the core contents or both but
retain their granule containers. PMD results in a cell filled with
partially empty, or fully empty, secretory granules. In contrast to
compound exocytosis, whereby entire granule contents are
extruded in toto, PMD enables extracellular delivery of specific
mediators through transport vesicles, including large vesiculo-
tubular carriers, termed EoSVs, which bud off from the granules
to ferry their contents to the plasma membrane for release
(reviewed in Melo and Weller [13]). In vitro, PMD follows
stimulation with inflammatory mediators, such as the C—C
chemokines CCL11 (eotaxin-1) and CCL5 (RANTES) and
platelet-activating factor [14, 15].

CD63, a member of the transmembrane-4 glycoprotein
superfamily (tetraspanins) (reviewed in Pols and Klumperman
[16]), is present on the limiting, surface membranes of eosinophil-
specific granules [15, 17-19]. CD63 is also found in secretory
granules of other cells from the immune system, such as human
neutrophils and basophils, and constitutes a well- established
component of late endosomal and lysosomal mem- branes [16].

Although CD63 is associated with cell secretion and used as a
surface marker for degranulation in several types of leuko-
cytes [5, 20—-22], the trafficking and function of CD63 in
eosinophils remain to be established. In the present work, we
address the distribution and intracellular trafficking of CD63
within human eosinophils stimulated with inflammatory
stimuli, which are known to induce eosinophil activation and
secretion: CCL11 and TNF-a [23-27]. By using different TEM
approaches, including an immunonanogold technique, for
superior detection of CD63 at subcellular compartments and
membrane microdomains [28], we provide the first character-
ization, to our knowledge, of intracellular, CD63-linked
secretory processes at high resolution in eosinophils from the
innate immune system. We demonstrate that CD63 is concen-
trated on eosinophil granules actively participating in de-
granulation events and in transport carriers and that this
tetraspanin traffics in the eosinophil cytoplasm, chaperoning
both compound exocytosis and PMD.
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MATERIALS AND METHODS

Eosinophil isolation, stimulation, and viability

Granulocytes were isolated from peripheral blood of allergic or healthy
donors. Eosinophils were enriched and purified by negative selection with a
human eosinophil-enrichment cocktail (StemSep, StemCell Technologies,
Tukwila, WA, USA) and the MACS bead procedure (Miltenyi Biotec, Auburn,
CA, USA), as previously described [29], with the exception that hypotonic
RBC lysis was omitted to avoid any potential for RBC lysis to affect eosinophil
function. Eosinophil viability and purity were _99%, as determined by
ethidium bromide (Molecular Probes, Life Technologies, Carlsbad, CA, USA)
incorporation and cytocentrifuged smears stained with HEMA 3 stain kit
(Thermo Fisher Scientific, Waltham, MA, USA), respectively. Experiments
were approved by the Beth Israel Deaconess Medical Center, Committee on
Clinical Investigation, and informed consent was obtained from all subjects.
Purified eosinophils (108 cells/ml) were stimulated with TNF-a (200 ng/ml;
R&D Systems, Minneapolis, MN, USA) or recombinant human CCL11

(100 ng/ml; R&D Systems), in RPMI-1640 medium plus 0.1% ovalbumin
(Sigma-Aldrich, St. Louis, MO, USA) or medium alone at 37°C, for 1 h. At
these concentrations, CCL11 induces PMD [14] and TNF-a induces fusion of
specific granules [30].

Antibody reagents

Mouse anti-human 1gG1 CD63 (clone H5C6, catalog no. 556019) and
irrelevant isotype-control mAbs (BDPharmingen, BDBiosciences, San Diego,
CA, USA) were used for Western blotting (2 mg/ml), fluorescence microscopy
(7.5 mg/ml), and electron microscopy (5 mg/ml) immunodetection studies.
Rabbit anti-human CD63 (0.25 mg/ml) (System Biosciences, Mountain View,
CA, USA) or rabbit anti-human GAPDH (0.2 mg/ml) (Sigma-Aldrich) were
additionally used for Western blotting. Secondary antibodies for Western
blotting were anti-mouse 1gG HRP-conjugated Ab (1:5000, Amersham ECL,
GE Healthcare Life Sciences, Township, NJ, USA) or anti-rabbit 1gG HRP-
conjugated Ab (1:1000, Cell Signaling Technology, Danvers, MA, USA) and,
for immunofluorescence, was an anti-mouse IgG Ab conjugated to Alexa Fluor
488 (1:100; Molecular Probes). The secondary Ab for immuno-EM was an
affinity-purified goat anti-mouse Fab fragment conjugated to 1.4-nm gold
particles (1:100, Nanogold; Nanoprobes, Stony Brook, NY, USA).

Immunofluorescence microscopy

Human eosinophils were resuspended in 0.1% BSA RPMI-1640 medium
(1 3 106 cells/ml) and stimulated, as above, in FBS-coated (coating: 10% FBS-
PBS [0.02 M PBS = 0.15 M NacCl], 2 h at 37°C), 96-well plates (each,

0.2 3 108 cells/well) at 37°C in 5% CO: incubator. Cells were removed to
prewarmed Lab-Tek Il CC chamber slides (Nalge Nunc, Rochester, NY,
USA), incubated for 5 min to adhere to the plate, and fixed with 3.7% PFA
for 10 min at room temperature. Nonpermeabilized cells were incubated
with mouse anti-human CD63 or isotype control Ab overnight at 4°C,
washed, and incubated with secondary Ab at room temperature. Cells
were imaged with a BX62 Olympus upright microscope (Olympus, Tokyo,
Japan), 3100 objective, coupled to a Qlmaging Retiga Exi-cooled digital
camera (Qimaging, Surrey, BC, Canada), and images acquired using IVision
(BioVision Technologies, Exton, PA, USA).

Western blotting

Purified eosinophils (2 3 108 cells/ml) were stimulated for 1 h in the
presence or absence of TNF-a (200 ng/ml) or recombinant human CCL11
(100 ng/ml), and cell lysates (25 3 10%/ml) were prepared in radio-
immunoprecipitation assay buffer (Boston BioProducts, Ashland, MA, USA)
with protease inhibitor cocktail (1:1000; Sigma-Aldrich). Denatured samples
were run on 4—15% Mini-Protean TGX precast gels (Bio-Rad Laboratories,
Hercules, CA, USA), transferred to polyvinylidene difluoride membranes, and
blocked for 1 h with 5% milk/TBST before probing with the primary Abs
overnight at 4°C, followed by secondary Abs for 1 h at room temperature.
Membranes were developed with Super Signal West Femto substrate (Thermo
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Fisher Scientific, Rockford, IL, USA) per the manufacturer’s instructions.
Signal bands were visualized using a camera and Bio-Rad Image Lab Software.

Conventional TEM

For conventional TEM, isolated eosinophils were prepared as before [14, 15].
Cells were fixed in a mixture of freshly prepared aldehydes (1% PFA and
1.25% glutaraldehyde) in 0.1 M sodium cacodylate buffer for 1 h at room
temperature, embedded in 2% agar, and kept at 4°C for further processing.
Agar pellets containing eosinophils were postfixed in 1% osmium tetroxide in
sym-collidine buffer, pH 7.4, for 2 h at room temperature. After washing with
sodium maleate buffer, pH 5.2, pellets were stained en bloc in 2% uranyl
acetate in 0.05 M sodium maleate buffer, pH 6.0, for 2 h at room temperature
and washed in the same buffer used previously before dehydration in graded
ethanols and infiltration and embedding with a propylene oxide-Epon
sequence (Eponate 12 Resin; Ted Pella, Redding, CA, USA). Alternatively,
samples were postfixed in 2% aqueous osmium tetroxide and 1.5% potassium
ferrocyanide in 0.1 M sodium phosphate buffer, pH 6.0 (reduced osmium),
before dehydration and embedding as above. After polymerization at 60°C for
16 h, thin sections were cut using a diamond knife on an ultramicrotome
(Leica Microsystems, Bannockburn, IL, USA). Sections were mounted on
uncoated, 200-mesh, copper grids (Ted Pella) before staining with lead citrate
andviewedwithatransmission electronmicroscope(CM 10; Philips Research,
Eindhoven, The Netherlands) at 60 KV.

Cell preparation for immunonanogold EM

For immuno-EM, purifiedeosinophils wereimmediatelyfixedinfresh 4% PFA
in PBS, pH 7.4 [28]. Cells were fixed for 30 min at room temperature,
washed in PBS, and centrifuged at 1500 g for 1 min. Samples were then
resuspended in molten 2% agar in PBS and quickly recentrifuged. Pellets
were immersed in 30% sucrose in PBS overnight at 4°C, embedded in OCT
compound (Miles Laboratories, Elkhart, IN, USA), and stored in 2180°C
liquid nitrogen for subsequent use.

Pre-embedding immunonanogold EM

As detailed before [15, 31, 32], pre-embedding immunolabeling was
performed before standard EM processing (postfixation, dehydration, in-
filtration, resin embedding, and resin sectioning). All labeling steps were
carried out at room temperature as before [28] as follows: 1) 1 wash in 0.02 M
PBS, pH 7.6, 5 min; 2) immersion in 50 mM glycine in 0.02 M PBS, pH 7.4,
10 min; 3) incubation in a mixture of PBS and BSA (PBS-BSA buffer; 0.02 M
PBS plus 1% BSA) containing 0.1% gelatin (20 min), followed by PBS-BSA
plus 10% normal goat serum (30 min)—(this step is crucial to block
nonspecific Ab binding sites); 4) incubation with primary Ab (1 h); 5)
blocking with PBS-BSA plus normal goat serum (30 min); 6) incubation with
secondary Ab (1 h); 7) washing in PBS-BSA (3 times of 5 min each); 8)
postfixation in 1% glutaraldehyde (10 min); 9) 5 washings in distilled water;
10) incubation with HQ silver enhancement solution in a darkroom according
to the manufacturer’s instructions (Nanoprobes) (10 min) (this last step
enables nucleation of the silver ions around the gold particles, and these ions
precipitate as silver metal, and the particles grow in size, facilitating
observation under TEM); 11) 3 washings in distilled water; 12) immersion in
freshly prepared 5% sodium thiosulfate (5 min); 13) postfixation with 1%
osmium tetroxide in distilled water (10 min); 14) staining with 2% uranyl
acetate in distilled water (5 min); 15) embedding in Eponate (Eponate 12
Resin; Ted Pella); 16) after polymerization at 60°C for 16 h, embedding was
performed by inverting eponate-filled plastic capsules over the slide-attached
tissue sections; and 17) separation of eponate blocks from glass slides by brief
immersion in liquid nitrogen. Thin sections were cut using a diamond knife
on an ultramicrotome (Leica). Sections were mounted on uncoated, 200 -mesh,
copper grids (Ted Pella) before staining with lead citrate and viewing with a
transmission electron microscope (CM 10; Philips) at 60 kV. Two controls were
performed: 1) primary Ab was replaced by an irrelevant Ab, and 2) primary Ab
was omitted. Electron micrographs were randomly taken at different
magnifications to study the entire cell profile and subcellular features.
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Quantitative EM analysis

For quantification studies by conventional TEM (enumeration of the total
number of specific granules undergoing morphologic changes of PMD or
exocytosis in stimulated and unstimulated cells), we randomly took electron
micrographs of cell sections showing the entire eosinophil cell profile and
nucleus. A total of 87 electron micrographs (26 from unstimulated, 28 from
CCL11-stimulated, and 33 from TNF-a—stimulated cells) and 3259 secretory
granules (1090 from unstimulated, 854 from CCL11-stimulated, and 1315
from TNF-a—stimulated eosinophils) were counted; and the numbers of intact
granules, as well as the number of granules undergoing losses of their contents
indicative of PMD (with lucent areas in their cores, matrices, or both, and
reduced electron density and disassembled matrices and cores), or fused
granules were established as before [14].

For immunonanogold EM quantitative studies, electron micrographs
randomly taken from unstimulated and stimulated eosinophils were evalu-
ated, and the numbers of labeled and not labeled secretory granules ( n = 2005
granules, 54 electron micrographs) and EoSVs (n = 1945, 23 electron
micrographs) were counted in each cell section. Additionally, the numbers of
labeled/unlabeled granules were correlated with the numbers of granules
undergoing PMD or exocytosis. For TNF-a—stimulated eosinophils, secretory
granules (n = 460) showing pools of CD63 from 10 cells were additionally
quantitated in 2 areas: peripheral cytoplasm (1.0 mm wide from the plasma
membrane), corresponding to one-third of the cell area; and within the inner
cytoplasm (the contiguous cytoplasmic area deeper in the cell, corresponding
to two-thirds of the cell area). These analyses were done in clear cross-cell
sections exhibiting the entire eosinophil cell profile, intact plasma mem-
branes, and nuclei. Lastly, 175 secretory granules showing pools of CD63 from
CCL11-stimulated or TNF-a—stimulated cells and controls (n = 29 cells)
were analyzed for quantification of the total granule area and area occupied
by the CD63 immunolabeling in each granule.

All quantitative studies were performed using the ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Statistical analyses

One-way or 2-way ANOVA followed by Tukey multiple comparisons test or the
Student’s ¢ test was performed using GraphPad Prism version 6.00 for
Windows (GraphPad Software, La Jolla, CA, USA). Additionally, the normal
distribution analysis (Shapiro-Wilk test) was used to evaluate the total area
of the secretory granules and the area occupied by CD63. Significance was

P, 0.05.

RESULTS

Extracellular labeling of CD63 reveals different

patterns of immunoreactivity

In previous works, we and others demonstrated by immunofiu-
orescence that CD63 is localized on the periphery of the resting
major basic protein—positive secretory granules from human
eosinophils in both intact, permeabilized cells and isolated by
subcellular fractionation [14, 15, 17]. While examining extra-
cellular labeling of CD63 in intact nonpermeabilized human
eosinophils, stimulated or not with degranulation stimuli for 1 h
(CCL11 or TNF-a), we clearly noticed different patterns of
immunoreactivity for CD63 at the cell surface (Fig. 1A-C).
Unstimulated cells showed weak or no fluorescence (Fig. 1A).
CCL11 induced punctate, bright labeling (Fig. 1B), with focal
immunofluorescent spots resembling secretion through PMD
[24, 25], whereas a mostly diffuse fluorescence was observed in
response to TNF-a stimulation (Fig. 1C). Controls in which the
primary Ab was replaced by an irrelevant antibody were negative
(not shown).
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Figure 1. CD63 Immunolabeling in nonpermeabilized human
eosinophils. Although unstimulated cells (A) show absent or weak
fluorescence, a pool of CD63 imaged as green fluorescence is observed
at the surface of cells stimulated with CCL11 (B) or TNF-a (C). Note
that the immunoreactivity pattern is punctate with CCL11 (B) and
mostly diffuse with TNF-a (C). Eosinophils were isolated by negative
selection from the blood of healthy human donors, stimulated with
CCL11 (B) or TNF-a (C) for 1 h, and incubated with mouse anti-
human CD63 or isotype antibody, followed by secondary antibody (anti-
mouse conjugated with Alexa Fluor 488). Control cells were kept in
medium (A). Images are representative of 3 independent experiments.
Scale bar, 2.3 mm (A-C).

Because both CCL11 and TNF-a are robust stimuli that induce
eosinophil secretion [27, 31, 33, 34], the presence of CD63 at the
cell surface indicates that 1) this tetraspanin was mobilized from
intracellular pools to the external cell surface in response to
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stimulation, and 2) the surface expression of CD63, imaged
through distinct patterns of fluorescence, might be associated
with different secretory events.

CCL11 and TNF-a induce distinct secretory processes
in human eosinophils

TEM is the only technique with resolution sufficient to clearly
identify and distinguish between different modes of cell secretion
[13]. To characterize ultrastructural events within secretory
granules that underlie agonist-elicited secretion, freshly isolated
human eosinophils were stimulated with CCL11 or TNF-a or kept
in medium alone for 1 h, immediately fixed while still in
suspension, and prepared for conventional TEM. As expected,
cells stimulated with CCL11 showed a morphologic pattern of
PMD, characterized by cytoplasmic vesiculation and progressive
emptying of the contents from granule cores, surrounding
matrices, or both, in the absence of granule fusions (Fig. 2A), as
previously demonstrated [14]. Moreover, emptying granules with
morphologic features of PMD were always intermingled, in the
same cell section, with resting, nonmobilized granules (Fig. 2A),
a hallmark of PMD [13, 14]. In contrast, TNF-a triggered a
different secretory process—compound exocytosis—character-
ized by fusion of a number of granules with each other, leading

to formation of large channels in the cytoplasm (Fig. 2B-D).
These fused granules had clear losses of their contents

(Fig. 2B-D). Connectivity between fused granules and the plasma
membrane was observed and only the first granule of the channel
was generally fused with the plasma membrane (Fig. 2D). The
occurrence of TNF-a-induced compound exocytosis was also
confirmed in samples prepared for TEM with a step of
postfixation with reduced osmium, which increases granule
membrane contrast, thus highlighting granule-fusion events
(Supplemental Fig. 1).

To quantify the number of granules undergoing PMD or
compound exocytosis, eosinophil sections showing the entire cell
profile and nucleus were evaluated (n = 87), and a total of
3259 granules were analyzed. Eosinophil activation induced
significant increases in the numbers of granules exhibiting
morphologic changes. PMD was the predominant event found in
CCL11-stimulated cells (13.0 6 1.7 granules/cell section,
corresponding to 47.9 6 6.1% of the total number of granules,
means 6 sem, n = 28 cells), whereas TNF-a induced mostly
compound exocytosis (26.7 6 1.9 granules/cell section, corre-
sponding to 65.5 6 1.9%, means 6 sem, n = 33 cells) (Fig. 2E).
PMD was also found, to a lesser degree, in cells stimulated
with TNF-a (Fig. 2E). In unstimulated cells, most granules were
intact (38.1 6 1.8 granules/cell section, corresponding to 90.6 6
1.3% of the total number of granules, means 6 sem, n = 26 cells)
(Fig. 2E).

CD63 is strongly associated with PMD and
compound exocytosis

To address the granule-associated distribution and trafficking of
CD63 within CCL11-stimulated or TNF-a—stimulatedeosinophils,
we next performed ultrastructural labeling of this tetraspanin
with a pre-embedding immunonanogold EM technique for
optimal antigen preservation [28]. First, the numbers of
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Figure 2. Conventional TEM identifies distinct, secretory processes, triggered by CCL11 and TNF-a stimulation. (A) PMD, characterized by
progressive emptying of the secretory granules in the absence of granule fusions, was observed in response to CCL11. In (Ai—Aiii), note, in high
magnification, the disarrangement of the granule cores and matrices. EoSVs, highlighted in pink, are seen around emptying granules. (B and C)
Compound exocytosis, characterized by large channels formed by granule—granule fusions, was the predominant mode of secretion induced by
TNF-a. In (D), granule losses and fusion of the first granule from the channel with the plasma membrane (arrow) are shown. (E) Significant increases
in numbers of emptying or fused granules occurred after stimulation with CCL11 or TNF-a, respectively. Eosinophils were isolated from the
peripheral blood by negative selection, immediately fixed, and processed for conventional TEM. Counts were derived from 3 experiments with 3259
granules counted in 87 electron micrographs randomly taken and showing the entire cell profile and nucleus. Scale bar, 700 nm (A), 315 nm (Ai-Aiii),
860 nm (B), 1.1 mm (C), and 580 nm (D). Data represent means 6 sem ****P  0.0001 vs. control intact granules; *#P , 0.0001 vs. control-emptying

granules; ***P , 0.0001 vs. control-fused granules.

CD63-labeled and not labeled secretory granules were quanti-
tated. In all groups, most specific granules were positive for
CD63 (Fig. 3A).

In unstimulated cells, CD63 was localized primarily on the
cytoplasmic surface of the secretory granules’ limiting mem-

branes, as demonstrated before by our group [15] (Fig. 3B and Bi).

EoSVs were also labeled for CD63 (Fig. 3Bi, arrow).

CCL11 led to strong CD63 labeling of granules undergoing
loss of their contents through PMD (Fig. 4A). These granules had
different degrees of emptying and were uniformly distributed in
the cytoplasm (Fig. 4A). CCL11 induced accumulation of CD63
within emptying granules, and intragranular CD63 pools were
clearly seen (Fig. 4A and Supplementary Fig. 2). Labeling for
CD63 was also observed at transport vesicles around, in contact
with, or even inside, secretory granules, including EoSVs
(Supplemental Fig. 2). A CD63* “tail,” budding from secretory
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granules, likely a budding tubular vesicle, was frequently
observed in thin sections of eosinophils (Supplemental Fig. 2).
The presence of intact granules negative for CD63 close to highly
labeled granules (Fig. 4A and Supplemental Fig. 2) and CD63
labeling at the cell surface (Supplemental Fig. 3) were noted.
Stimulation of eosinophils with TNF-a induced an immuno-
labeling pattern for CD63 markedly different than for CCL11. TNF-
a—triggered compound exocytosis led to a robust labeling of
granules mostly confined at the cell periphery, near the plasma
membrane, whereas granules localized in the inner cytoplasm
were not, or were weakly, labeled for CD63 (Fig. 4B). This
immunolabeling pattern was very consistent, with different cell
sections in the same field showing exactly the same aspect
(Fig. 5). Large clusters of CD63 immunoreactivity were associ-
ated with channels or enlarged chambers formed by granule—
granule fusions (Figs. 4 and 5). These channels/chambers had
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Figure 3. CD63 immunolabeling of secretory granules by immunonano-
gold EM. (A) Quantitative EM analyses revealed that most secretory
granules were positive for CD63 in all groups. Stimulation led to
significant increase in the numbers of CD63-labeled granules compared
to unstimulated cells. (B) A representative electron micrograph of an
unstimulated human eosinophil revealed CD63 labeling on the gran-
ules (Gr) limiting membranes. The boxed area in (B) is shown in
higher magnification in (Bi). A CD63* EoSV is indicated (arrow).
Eosinophils were isolated from the peripheral blood, stimulated or
not with CCL11 or TNF-a and prepared for pre-embedding immunanogold
EM. Counts were derived from, at least, 3 experiments with 2005
granules counted in 54 electron micrographs randomly taken and
showing the entire cell profile and nucleus (N). Scale bars, 800 nm (B);
500 nm (Bi). ****P , 0.0001 vs. control cells.

several residual cores or reduced electron-density, or both,
indicative of content losses (Fig. 5). Interestingly, on granules
localized beneath the plasma membrane, we frequently noticed a
polarization of the CD63 immunolabeling at the granule side
facing the plasma membrane (Fig. 5, arrowheads).

Next, because we noticed a marked difference in the
cytoplasmic distribution of CD63* granules in TNF-a—stimulated
cells, we performed quantitative studies to develop more insight
into CD63 intracellular trafficking. Granules showing pools of
CD63 were counted in the peripheral cytoplasm of eosinophil
cross sections, within a 1.0-mm-wide “belt” from the plasma
membrane, corresponding to one-third of the cell area, as
showed in Fig. 5A (red bars), and within the inner cytoplasm
(the contiguous cytoplasmic area deeper in the cell, corre-
sponding to two-thirds of the cell area). Quantitative EM
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revealed that 75.0 6 4.5% (means 6 sem, n = 460 granules) of
the granules with pools of CD63 were localized at the cell
periphery, whereas just 16.2 6 5.2% (means 6 sem, n = 460
granules) of these organelles were distributed in the inner
cytoplasm (Fig. 5B). Most secretory granules in the inner
cytoplasm (83.7 6 5.2%) showed an absence, or very weak
labeling, for CD63 (Fig. 5B). These quantitative data reinforce
that CD63 traffics in the cytoplasm in concert with the
movement of granules involved in compound exocytosis.

Control cells, from all conditions, in which the primary Ab was
omitted or replaced by an irrelevant Ab were negative
(Supplemental Fig. 4).

CD63 concentrates within granules actively participating
in degranulation events

We next evaluated whether the eosinophil cellular content of
CD63 changed in stimulated, compared with unstimulated,
eosinophils. Western blotting analyses showed high levels of
CD63 within eosinophils in all conditions that were similar in
unstimulated and stimulated cells (Fig. 6A). This result was also
observed with the use of an additional primary anti-CD63 Ab
(data not shown).

Having not found a clear difference in the content of CD63
between unstimulated and stimulated eosinophils, we next
evaluated the level of CD63 labeling on secretory granules. We

CCL11

TNF-a

Figure 4. CD63 is strongly associated with secretory processes within
human eosinophils. (A, B) Secretory granules (Gr) undergoing content
release through PMD (A) or compound exocytosis (B) were intensely
labeled for CD63. Note that although CD63" granules were distributed
in the entire cytoplasm in PMD (A), these organelles were concen-
trated in the peripheral cytoplasm in compound exocytosis (B). In (Ai
and Bi), granules were highlighted in blue using Photoshop software.
Cells were isolated from the peripheral blood, stimulated with CCL11
(A) or TNF-a (B) and prepared for pre-embedding immunanogold
EM. Scale bars, 915 nm (A, Ai), 680 nm (B, Bi).
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Figure 5. Differential distribution of CD63" secretory granules within
human eosinophils after stimulation with TNF-a. (A) A representative
electron micrograph shows several cell sections with cytoplasmic CD63*
granules, mostly confined at the cell periphery, near the plasma
membrane. Arrowheads indicate CD63 polarization on the granule face
toward the plasma membrane. (B) Quantitative analyses of immunola-
beled granules. Eosinophils were isolated from the peripheral blood,
stimulated with TNF-a, and prepared for pre-embeddingimmunonano-
gold EM. A total of 460 granules from 10 sharp, cross-cell sections
exhibiting the entire cell profile, intact plasma membrane, and nucleus
were counted in the peripheral cytoplasm (1.0 mm wide from the
plasma membrane, as indicated by the red bars) and within the inner
cytoplasm (the contiguous cytoplasmic area deeper in the cell). Scale
bar, 1.3 mm. ****p _ 0.0001 vs. CD63" granules at cell inner area;
##Ep - 0.0001 vs. CD632 granules at cell inner area.

evaluated whether granules undergoing degranulation had more
labeling compared with unstimulated (intact) granules. Our EM
protocol uses very small gold particles (1.4 nm in diameter)
covalently conjugated with Fab fragments, which are only one-
third the size of a whole 1gG molecule. These very small probes
improve Ab penetration and provide more quantitative labeling
of antigenic sites [28]. Considering that each Fab9 binds to one
molecule of the antigen, quantification of the number of gold
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Figure 6. CD63 concentrates within granules undergoing active
processes of secretion. (A) Representative CD63 expression in non-
stimulated (NS), CCL11- or TNF-a-stimulated human eosino- phils
evaluated by western blotting (n = 3). L = lane. (B) Representative

images of secretory granules at high resolution within human
eosinophils after stimulation or not. Note that CD63 was

concentrated within stimulated granules while in NS granules (intact)
the labeling was mostly observed at the granule limiting membrane. (C)
The total granule area as well asthe CD63-immunolabeled area
increased in response to stimulation

(*; #*P , 0.05 vs. NS). In (D), the variation of CD63-immunolabeled
area in specific granules is shown in different groups. Eosinophils
were isolated from the peripheral blood, stimulated or not with
CCL11 or TNF-a and prepared for pre-embedding immunanogold
EM. A total of 175 secretory (specific) granules showing pools of
CD63 from CCL11-stimulated or TNF-a—stimulated cells and con-
trols (n = 29 cells) were analyzed for area quantification. Scale bar,
600 nm. Data represent means 6 sem.
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particles/granule would be informative. However, considering
the intense immunolabeling in many secretory granules (Fig. 4),
particle individualization was not always possible. We then
evaluated the total granule area and the CD63-immunolabeled
area in each granule. Our results showed that although the area
labeled for CD63 corresponded to a mean 6 sem of 10.4 6 7.6 nm?
per granule in unstimulated cells, the CD63-labeled area was
70.5 6 37.9 nm? and 65.5 6 25.7 nm? (means 6 sem) per granule
for CCL11 and TNF-a—stimulated cells, respectively (Fig. 6B and
C). Moreover, in scoring the numbers of granules that exhibited
CD63 labeling, in unstimulated cells, almost 100% of granules
had an immunolabeled area , 50 nm?/granule, whereas both
stimuli elicited a markedincrease of intragranular labeling, such that
;60% of granules had a CD63* area .50 nm?/granule (Fig. 6D).
Individual granules exhibited an area up to 300 nm? labeled for
CD63, which corresponds to - 50% of the total granule area (Fig. 6C
and D) in stimulated cells. Of interest, granules undergoing release
of their contents also showed an increase in their total area, that is,
they were enlarged compared with intact granules (Fig. 6C).
Taken together, our data demonstrate that CD63 is highly
associated with secretory events and is concentrated within
granules undergoing active processes of secretion.

Large tubular carriers are involved in
CD63 translocation

In this study, the presence of CD63-labeled EoSVs was noted in
the cytoplasm of both unstimulated (Fig. 3Bi) and stimulated
eosinophils (Supplemental Fig. 2 and Fig. 7A and B). Previous
works from our group clearly showed that these vesicles associate
with secretory granules, transport granule-derived products, and
increase in number in response to cell activation [15, 31], and
then we evaluated whether the numbers of EoSVs changed after
stimulation. Indeed, both stimuli induced significant formation
of EoSVs compared with control cells (Fig. 7C). Not only did

the total numbers of EoSVs increase but also the numbers of
CD63* EoSVs increased after stimulation with both agonists (Fig. 7C).
Interestingly, many EoSVs were seen contacting granules un-
dergoing secretion by PMD, as previously demonstrated [31], as
well as by compound exocytosis (Fig. 7A, B, and D). We further
investigated whether CD63* vesicles had a differential distribu-
tion in the cytoplasm of eosinophils undergoing compound
exocytosis. For this, we quantitated the numbers of CD63* EoSVs
per cytoplasm region, as we did for secretory granules. Re-
markably, most CD63* EoSVs in the cytoplasm of TNF- a—
stimulated cells were localized in the cell periphery (Figs. 7E and
8), in association with more CD63* granules in this region (Figs.
5B and 8). EoSVs labeled for CD63 were clearly fused with these
granules (Figs. 7B and 8). Our data strongly indicate that tubular
vesicles are acting in the translocation of CD63 from and to
intracellular compartments, particularly, secretory granules, in
response to stimulation.

DISCUSSION

The secretory responses of the specific granules of eosinophils,
including their “degranulation,” underlie eosinophil responses to
inflammatory, allergic, and immunoregulatory situations. Here,
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we identified, for the first time, to our knowledge, that a major
intracellular pool of CD63 is directly coupled to degranulation
events of human eosinophils, specifically PMD and compound
exocytosis. We demonstrated that, in response to stimulation,
CD63 is localized within granules undergoing losses of their
contents and that CD63 traffics with both transport vesicles and
granule movements in the cytoplasm. Thus, we recognized active,
intracellular trafficking of CD63 linked to the eosinophil
secretory pathway.

To induce different modes of secretion in eosinophils, we
stimulated the cells with CCL11 or TNF-a, which clearly elicited
morphologic changes characteristic of PMD or compound
exocytosis, respectively (Figs. 2 and 4). Both stimuli are knownto
promote eosinophil activation and release of products stored
within secretory granules [23, 24, 26, 27, 30]. For example, the
proinflammatory cytokine TNF-a proved to be a potent stimulus,
eliciting secretions of 1L-4, IL-6, and INF-g from human
eosinophils [27]. In fact, TNF-a was shown to be essential for
INF-g—induced secretion of Th1l-type chemokines and to
enhance IL-4—induced secretion of Th2-type chemokines by
human eosinophils [26]. CCL11 stimulation of human eosino-
phils led to specific release of IL-4 [24]. Moreover, our group
demonstrated that human eosinophil granules express functional
CCR3 chemokine receptors [18] and secrete eosinophil cationic
protein in response to CCL11 [18, 35].

Stimulation of human eosinophils with CCL11 or TNF-a led
to cell surface up-regulation of CD63 (Fig. 1B and C and
Supplemental Fig. 3). In contrast, Stubbs et al. [36] did not find
CD63 expression at the eosinophil surface after stimulation
with CCL11. This discrepancy with our results might be explained
by the use of different times of stimulation or by the use of
mixed-cell suspensions (eosinophils and neutrophils) instead of
purified eosinophils [36]. On the other hand, our results are in
accord with previous studies using other agonists considered as
inducers of PMD, such as INF-g [17] or platelet-activating factor
[14], which were able to cause up-regulation of CD63 on human
eosinophils [5, 17].

Infact, CD63 has been suggested to be involved with leukocyte
secretory processes. For example, in human eosinophils, CD63
appeared to shift to the cell periphery after stimulation with
INF-g, potentially linking CD63 with PMD and providing initial
evidence for CD63 translocation in the cytoplasm [17]. On the
other hand, a study on histamine release in stimulated human
basophils has associated CD63 expression with the compound
exocytosis form of secretion [21]. However, because these studies
used fluorescence microscopy and precise visualization of
secretory processes is possible only at high resolution by TEM, a
direct link between CD63 and the secretory pathway in leuko-
cytes has remained elusive.

Here, we provided a comprehensive investigation of CD63 at
the EM level. Our study, using an immunonanogold EM
technique that combines both sensitive antigen detection and
detailed information on the cell structure [28], revealed that
CD63 is tightly associated not only with PMD but also with
compound exocytosis. A notable, ultrastructural observation was
that CD63 traffics in the cytoplasm in concert with the movement
of granules involved in compound exocytosis (Figs. 4B and 5).
CD63 may be acting as a secretion facilitator/regulator molecule,

www.jleukbio.org


http://www.jleukbio.org/

N

1509 [ Total number ook
- Il CD63 + >
(Y >
2 g . 2 801
3 ¢ 1004 - o & B g
5 8 -
=
23 e 2 ## " é%
ET so 2°
b &
c ) 204
3 =
=

0 T T T 0-
NS ccn TNF-a NS

25

Carmo et al. CD63 in human eosinophils

507 mm CD63 +

§ 404 [ CD63 - i
E

% 301

P

% 20-

(]

w

S 104

&

can TNF-a Cell i;mer Cell Perliphery

EoSVs contacting emptying granules (PMD)
Bl EoSVs contacting fused granules (compound exocytosis)

El EoSVs alone

Figure 7. Vesicular trafficking of CD63 within human, stimulated eosinophils. (A and B) EoSVs (highlighted in pink) were obser ved in the cytoplasm
surrounding or fused with secretory granules (Gr) within CCL11-stimulated (A) or TNF-a—stimulated cells. (C) Quantitative analyses of EoSV

numbers. Note that, after stimulation, not only did the total number of EoSVs increase but also the number of CD63 * EoSVs. (D) Many EoSVs were

seen contacting granules undergoing secretion. (E) After stimulation with TNF-a, most CD63* EoSVs were observed in the cell periphery.
Eosinophils were isolated from the peripheral blood, stimulated or not with CCL11 or TNF-a and prepared for pre-embedding immunanogold EM.
A total of 23 electron micrographs from unstimulated and stimulated cells were evaluated, and the numbers of labeled and not labeled EoSVs

(n = 1945) were counted in each cell section. NS, not stimulated. *P, 0.05 vs. NS group (total EoSVs number); #P, 0.05 vs. NS group (CD63* EoSVs);
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or it may have a more-direct role in the intracellular transport of
granule-derived products. Further experiments, including dual-
localization studies of CD63 and specific granule-stored products,
will be required to explore this possibility.

One interesting observation from the present study was that
although CD63 was observed at the eosinophil’s cell surface after
stimulation (Fig. 1B and C), a robust pool of CD63 seems to
remain in the cytoplasm, as observed by immunonanogold EM
(Fig. 4). This technique revealed that after 1 h of agonist
stimulation, when a consistent loss of granule content was
detected (Fig. 2), CD63 was still strongly observed in association
with secretory granules (Fig. 4). Thus, we can conclude that a
strong, intracellular pool of CD63 is implicated in the eosinophil
secretory pathway and that most of this internal CD63 is not
completely externalized in response to stimulation. By using flow
cytometry, it was also demonstrated in human eosinophils that
the CD63 expression at the cell surface increased after agonist
stimulation (10 min), although the total intracellular CD63
expression was similar in resting and agonist-stimulated
cells [17].
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Our Western blotting results did not detect a difference in the
CD63 total content when unstimulated and stimulated cells were
compared (Fig. 6A). However, by EM, we observed that
stimulated eosinophils had more CD63* granules (; 20%)

(Fig. 3A). In addition, we demonstrated that CD63 was more-
prominently detectable in granules in the process of secretion.
Of note, our EM analyses were focused on specific granules,
whereas Western blotting quantitated the total CD63 expression,
which can be found in other compartments besides granules.
The many CD63* granules in both unstimulated and stimulated
eosinophils and the Western blotting results indicate that CD63 is
present as a robust, preformed pool in human eosinophils.

Our finding that pools of CD63 traffic between intracellular
compartments raises the question how CD63—a transmembrane
molecule—is transported in the cytoplasm. One possibility is that
secretory granules in the process of content release acquire CD63
from membrane-bound transport carriers. Indeed, a remarkable
finding was the marked increase of CD63* EoSVs in stimulated
cells. Additionally, the cytoplasmic distribution of these vesicles
changed after TNF-a stimulation, increasing in number at the
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Figure 8. CD63 is translocated on EoSVs to or from secretory granules
after stimulation with TNF-a. (A and Ai) A representative electron
micrograph from an entire eosinophil profile shows CD63-labeled
EoSVs (highlighted in pink), mostly at cell periphery, in association
with CD63* secretory granules (Gr). The boxed area in (A) is shown in
higher magnification in (Ai). Eosinophils were isolated from peripheral
blood, stimulated with TNF-a, and prepared for pre-embedding
immunanogold EM. N, nucleus. Scale bar, 950 nm (A), 630 nm (Ai).

cell periphery around fused granules. Thus, it is likely that EoSVs,
which act in the transport of eosinophil granule cargos [37], are
involved in the CD63 mobilization and transfer to secretory
granules after fusion with these organelles, as frequently
observed (Figs. 7B and 8). Accumulation of this tetraspanin
within these organelles may be explained by the presence of
intragranular membranes, which constitute an elaborate tubular
network able to sequester and relocate granule products upon
stimulation of human eosinophils [14]. The presence of CD63*
membranes has been recognized not only within eosinophil
secretory granules [14] but also in other lysosome-related
organelles, such as platelet-a granules [38] and MHC class Il
compartments in dendritic cells [39].

Taken together, our findings demonstrate that an intracellular
CD63 trafficking is consistently connected to the secretory
pathway of human eosinophils and is likely participating in the
processes of release of granule-stored products.
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