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RESUMO

GRUND, L. Z. Influéncia das células T na diferenciagdo e manutencio de células B de memdria
produtoras de anticorpos de longa vida (ASC) induzidas na resposta imune cronica ao veneno de
Thalassophryne nattereri. 2013. 115 f. Tese (Doutorado em Imunologia) — Instituto de Ciéncias
Biomédicas, Universidade de S3o Paulo, Sdo Paulo, 2013.

Recentemente demonstramos que o veneno do peixe pegonhento Thalassophryne nattereri (Niquim)
induz a formagdo de uma resposta imune protetora de longa duragdo caracterizada por células B
produtoras de anticorpos de memadria (Bmem) e de longa vida (ASC — antibody secreting cells). Estas
variam quanto a expressdo de B220 e CD43 (B220M&"CD43Me", B220"e"CDA43'%, B220"°“CD43"e" ou
B220"8CD43"e") e dependem das citocinas IL-5 e IL-17A para diferenciagdo terminal (B220"€) e
manuten¢do no local inflamado. Propusemos neste trabalho investigar a presenca de subtipos de
linfocitos T de memoaria, o papel exercido pela sinalizacdo CD4 e CD28 sobre a diferenciacdo e
manutencao das ASC e posteriormente analisar a relagdo hierdrquica entre os 2 tipos de células B de
memoria. A partir de uma combinacdo de abordagens in vivo e in vitro demonstramos que a
formagdo de ASC (B220™%) em camundongos BALB/c esta relacionada a producdo de fatores de
sobrevivéncia produzidos por mastdcitos, eosinéfilos e neutréfilos bem como por linfécitos T de
memoria efetores (TeM) CD4*CD44*CD40L*Ly6C" produtores de IL-4, IL-5, IL-17A e IFN-y na cavidade
peritoneal inflamada e linfécitos T de meméria central (TcM) CD4*CD44"e" CD40L"8Ly6CP* no bago e
na medula éssea produtores de IL-5 e IL-23. Nossos resultados de transferéncia adotiva de células B
de memdria demonstram que quanto maior a expressao da molécula B220 nas ASC, independente da
origem tecidual, maior é a dependéncia dos sinais gerados por ambas as moléculas CD4 e CD28
expressas nos linfécitos T dos diferentes compartimentos para a sua sobrevivéncia. Ainda, a
sobrevivéncia na medula éssea das ASC no estagio final de diferenciacdo (ASC B220™#) é regulada
positivamente pelos 2 sinais. Podemos concluir que CD28 promove o processo hierdrquico de
diferenciacdo das ASC B220P° para o estagio terminal ASC B220"¢ no bago e, ao contrario, prioriza na
medula éssea as ASC com alta expressdao de B220. Garantindo assim que estas células em estdgio
intermedidrio de expressao de B220 possam, apds contatos subsequentes com o antigeno, entrar em
novos ciclos de diferenciacdo no GC e diversificar a resposta humoral de alta afinidade. Nossos
resultados in vitro confirmam que o veneno conjuntamente com IL-17A induzem a diferenciacdo de
maneira hierdrquica em ASC B220"8 produtoras de 1gG1.

Apoio: FAPESP e CNPq

Palavras-chave: Thalassophryne nattereri. Células B. Células T de memdria. Citocinas.
Anticorpos de alta afinidade. Antigeno cognato. IL-17A.



ABSTRACT

GRUND, L. Z. Influence of T cell on differentiation and maintenance of long-lived antibody-secreting
cells (ASC) induced during chronic immune response to Thalassophryne nattereri venom. 2013. 115
p. Ph. D. thesis (Immunology) — Instituto de Ciéncias Biomédicas, Universidade de S3ao Paulo, Sdo
Paulo, 2013.

Recently we demonstrated that Thalassophryne nattereri (Niquim) fish venom induces the formation
of a protective immune response characterized by memory B cells (Bmem) and the long-lived
antibody-secreting cells (ASC) which vary in the expression of B220 and CD43 (B220Me"CD43Meh,
B220Me"CD43'%, B220'°"CD43Me" or B220"°¢CD43"e") and depend on the IL-5 and IL-17A cytokines to
terminal differentiation (B220"€) and maintained in inflamed tissue. We have proposed in this work
to investigate the presence of memory T lymphocytes subtypes, the role played by CD4 and CD28
signaling on differentiation and maintenance of ASC and subsequently analyze the hierarchical
relationship between the two types of memory B cells. From a combined in vivo and in vitro
approaches, we have demonstrated that formation of ASC (B220"€) on BALB/c mice is related to the
production of survival factors from mast cells, eosinophils and neutrophils as well as from CD4*
CD44* CD4O0L* Ly6C* effector memory T lymphocytes (TeM) producing IL-4, IL-5, IL-17A e IFN-y in
peritoneal cavity and CD4+ CD44"e" CD40L"8 Ly6CP* central memory T lymphocytes (TcM) in spleen
and bone marrow producing IL-5 e IL-23. Our results of adoptive transfer of memory B cells
demonstrate that the larger expression of B220 molecule on ASC, regardless of tissue origin, the
larger is the dependence of the signals generated by both CD4 and CD28 molecules expressed in T
lymphocytes of different compartments for their survival. Furthermore, the survival of bone marrow
ASC on the final stage of differentiation (ASC B220™%®) is positively regulated by 2 signals. We
conclude that CD28 promotes the differentiation of the hierarchical process to ASC B220P* to
terminal stage of ASC B220" on the spleen and, in contrast, prioritizes on the bone marrow the ASC
with high expression of B220. Ensuring then that those cells at an intermediate stage of B220
expression may, after subsequent contacts with the antigen, enter new cycles of GC differentiation
and diversify the high affinity humoral response. Our in vitro results confirm that the venom together
with IL-17A induce a hierarchical manner differentiation on ASC B220"¢ producing IgG1.

Support: FAPESP e CNPq

Keywords: Thalassophryne nattereri. Memory B cells. Memory T cells. Cytokines. High
affinity antibodies. Cognate antigen. IL-17A.
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1 INTRODUGAO

A membdria imunoldgica é um marco da resposta imune adaptativa de vertebrados superiores
e é responsavel pela imunidade de longo prazo contra uma enorme variedade de agentes
infecciosos. A contribuicdo de linfécitos B para a memaria imunoldgica T dependente se da por duas
distintas populagcdes de células que sdo geradas durante a resposta imune primdria no centro
germinativo (germinal center — GC) dos 06rgdos linfoides secundarios: linfocitos B de memoria
(Bmem) e linfécitos B de memdria de longa vida (antibody secreting cells — ASC; CALAME, 2005;
MANZ; THIEL; RADBRUCH, 1997; SHAPIRO-SHELEF; SLIFKA et al., 1998).

Linfécitos B de memdaria proliferam e produzem rapidamente anticorpos 1gG apds novo
contato com o antigeno (HO et al., 1986; SMITH et al., 1996). Essas células expressam tipicamente
IgM, IgG ou IgA de membrana e carregam mutagcdes somaticas dentro da regido variavel da porgdo
CDR (KLEIN; RAJEWSKY; KUPPERS, 1998; RAJEWSKY, 1996; TANGYE et al., 1998) e podem expressar
varios marcadores de superficie como CD19, CD20, CD27 e B220. Embora demonstrem preferéncia
para se localizarem nos sitios de sua formagao elas também recirculam (BAINE; THORBECKE, 1982) e
montam respostas vigorosas para o antigeno original apdés uma segunda exposicdo. No entanto, a
grande maioria dos anticorpos IgG séricos antigeno-especificos é produzida por ASC residentes na
medula éssea (MANZ et al., 1998; McMILLAN et al., 1972) formadas principalmente no GC dos érgaos
linfoides secundarios (DILOSA et al., 1991).

As ASC, embora sejam parte do compartimento B de meméria diferem fenotipicamente das
células B de memdria por ndo apresentarem marcadores de superficie como CD19, MHC de classe I,
CD20 ou B220 e expressam moléculas como CD138 (sindecan-1), CD62L, CD43, CD38 e a molécula
CD93 (CHEVRIER et al., 2009; KALLIES et al., 2004; McHEYZER-WILLIAMS; DRIVER; HEYZER-WILLIAMS,
2001). A medula dssea é descrita como o ambiente favoravel para as ASC (frequéncia de 1%) por
produzir fatores extrinsecos que contribuem para a sua sobrevivéncia como as citocinas IL-6, IL-5,
TNF-o. e a quimiocina CXCL12, APRIL e BAFF, e expressar o ligante da molécula de adesdo CD44
(CASSESE et al., 2003; HOOIJKAAS et al., 1983; INGOLG et al., 2005; MANZ et al., 2005; O'CONNOR et
al., 2004; SCHWALLER et al., 2007; TERSTAPPEN et al., 1990; THOMPSON et al., 2001).

A populacdo de ASC mantém altos titulos de anticorpos de alta afinidade na circulagdo por
longos periodos de tempo. Além de ocuparem nichos limitados na medula éssea também povoam o
baco (SMITH et al., 1997) e locais inflamados (GRUND et al., 2012). ASC sobrevivem por mais de 1
ano em camundongos, e respondem tdo rdpido ao estimulo antigénico quanto a populacdo de
Bmem.

Nas ultimas décadas varios esforcos vem sendo feitos para compreender qual a importancia

evolutiva de se manter duas populagdes de memdria. Os achados demonstram que além das
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diferencas fenotipicas e de localizagdo, as Bmem e as ASC apresentam BCR com diferentes afinidades
(SMITH et al., 1997). Em experimentos com antigenos virais como influenza, HIV e virus West Nile foi
possivel demonstrar que as Bmem apresentam menos mutag¢des nos genes das cadeias pesadas (VH)
do BCR comparadas as ASC (WRAMMERT et al., 2008), porem sdo capazes de reconhecer variagcées
em patégenos mutantes que escapam da neutralizagdo pelos anticorpos pré-existentes produzidos
pelas ASC (PURTHA et al., 2011).

Quanto a sobrevivéncia, acredita-se que Bmem persistem em um estado de repouso na
auséncia do antigeno (KALIA et al., 2006; MARUYAMA; LAM; RAJEWSKY, 2000; VIEIRA; RAJEWSKY,
1990). Porém, alguns autores acreditam que a persisténcia do antigeno, por meses e até anos, na
forma de imunocomplexos na superficie das células dendriticas foliculares (fDC) é um fator essencial
para a manuten¢do das Bmem e a producdo de anticorpos especificos (GRAY, 2002; IMAI;
YAMAKAWA; KASAJIMA, 1998; SLIFKA; AHMED, 1998; TEW et al., 1997).

Acredita-se que o processo de diferenciacdo das ASC obedeca uma sequencia hierdrquica
onde Bmem B220+ CD19+ ddo origem a células B com expressdo intermediaria da molécula B220 e
estas por fim tornam-se células de longa vida, caracterizadas pela baixa expressdo de B220 ou
auséncia deste marcador (McHEYZER-WILLIAMS et al., 2000). A molécula de B220 modula a
transducdo de sinal via BCR e é negativamente regulada a partir do momento que as Bmem
comecam a expressar moléculas de localizagdo como VLA-4, VLA-5, CD9, CD44, CD43, apontando
uma maior necessidade destas células de migracdo e interacdo com o microambiente.

Varios modelos tém sido propostos para explicar a persisténcia de niveis séricos de
anticorpos protetores e a longevidade das ASC como, por exemplo, infecgdo cronica, reexposicao ao
antigeno, reatividade cruzada com outros antigenos ou antigenos proprios, selecdo de células
produtoras de anticorpos de alta afinidade em virtude da apoptose de células com baixa afinidade
(SLIFKA; AHMED, 1998) e recentemente a capacidade dessas células de responderem a sinais
internos e do microambiente (CASSESE et al., 2003; SHAFFER et al., 2000).

Hoje se sabe que a sobrevivéncia das ASC é em parte derivada de fatores intrinsecos como
aumento na resisténcia destas células aos estimulos apoptéticos com a repressdo dos fatores Pax-5-
e Bcl-6 por BLIMP-1 (NERA et al., 2006), aumento na expressdo do gene IRF-4 (fator regulador de
interferon 4), restrito a plasmdcitos originados a partir da selecdo no GC (PERNIS et al., 2002) e ainda
aumento da expressao de Xbp-1 que controla o estresse intracitoplasmatico causado pela secre¢do
de anticorpos (SHAFFER et al., 2000).

Células T CD4* desenvolvem um papel decisivo na regulacdo da resposta imune através da
inducdo de citocinas-chave. Células T CD4* desempenham multiplas funcbes desde a ativacdo de
células do sistema inato de defesa, ativacao de linfécitos B, T citotdxicos, assim como a ativagdo de

células ndo imunes, Também exercem um papel critico na supressdo e controle da resposta imune.
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Células T CD4* podem se diferenciar em diferentes subtipos dependendo do estimulo de citocinas no
microambiente, de fatores de transcricdo e modificacbes epigenéticas. Estudos recentes
identificaram novos subtipos de células T CD4* baseado na classica identificacdo antagonica T-helper
1 (Th1) e T-helper 2 (Th2) descrita por Mosmann e Coffman (1989). Estes novos subtipos incluem:
Th17, follicular helper T cell (Tfh), T-regulador induzido (iTreg), e T regulador tipo 1 (Trl), assim como
T-helper 9 (Th9). Estes diferentes subtipos celulares sdo caracterizados pelo perfil de citocinas
produzidas e distintas funcdes efetoras.

Linfécitos T CD4+ sdo um componente chave da memdria imunoldgica. Na sua auséncia, a
geracdo de Bmem ou ASC de alta afinidade (FRANCUS; FRANCUS; SISKIND, 1991; GERSHON; PAUL,
1971) ou a manutencdo e a expansao secundaria de linfocitos T CD8+ de memaria sdo prejudicados.
A perda selectiva de ASC na medula éssea em animais deficientes nas moléculas CD80/CD86 sugere o
papel essencial da sinalizacdo via CD28 em células estromais dentro do nicho de sobrevivéncia na
medula (SHAPIRO-SHELEF; CALAME, 2005). Ainda a perda da expressdo de CD28 nas ASC pode
acarretar um prejuizo na sua capacidade de sobrevivencia e consequentemente na producao
duradoura de anticorpos (DELOGU et al., 2006).

O peixe Thalassophryne nattereri, conhecido popularmente como niquim, destaca-se entre
0s animais pegonhentos de importancia médica no Brasil pelo nimero de acidentes em banhistas e
pescadores, principalmente nas regides norte e nordeste. Possui um aparelho inoculador de veneno
completo com quatro espinhos canaliculados e pontiagudos que possuem comunicacdo com as
glandulas de veneno. Os acidentes acometem principalmente banhistas e pescadores e ocorrem
guando o peixe é pisado ou tocado, afetando principalmente mdos e pés, o que permite o
rompimento do tegumento da glandula e a liberagdo do veneno pelo canal. Os sintomas decorrentes
do envenenamento (dor, eritema e edema) e as sequelas deixadas pelo acidente (em alguns casos o
guadro clinico avanga para uma necrose de dificil cicatrizacdo) sdo agravados pela inexisténcia de um
tratamento que reverta tais efeitos patoldgicos (ALMEIDA; ROCHA, 1989; AUTO, 1992; FONSECA;
LOPES-FERREIRA, 2000; FACO et al., 2005; HADDAD JR. et al., 2003).

O veneno de T. nattereri e suas toxinas vém sendo amplamente estudados quanto a
diferentes aspectos como: os efeitos toxicos causados nas vitimas humanas (FONSECA; LOPES-
FERREIRA, 2000) e em modelos experimentais (FACO et al., 2003; LOPES-FERREIRA et al., 1998,
LOPES-FERREIRA et al.,, 2001; LOPES-FERREIRA et al., 2002), os aspectos bioquimicos e
farmacoldgicos (LOPES-FERREIRA et al., 2004; MAGALHAES et al., 2005; MAGALHAES et al.,2006), e a
capacidade de inducdo de anticorpos neutralizantes para os principais efeitos téxicos em
camundongos (LIMA et al., 2003; LOPES-FERREIRA et al., 2000; PIRAN-SOARES et al., 2007).

Os trabalhos realizados por nosso grupo na busca por uma terapia eficiente para o

envenenamento causado pelo peixe peconhento T. nattereri demonstraram a importancia de
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anticorpos especificos produzidos em altos e constantes niveis em coelhos ou equinos na
neutralizacdo das atividades toxicas (LOPES-FERREIRA et al., 2000; PIRAN-SOARES et al., 2003) e
comprovaram experimentalmente que animais com altos titulos plasmaticos de anticorpos
especificos apresentam menores respostas de nocicepg¢ao, edema ou necrose quando submetidos a
um segundo contato com o veneno. Além da verificacdo da persisténcia de anticorpos IgG anti-
veneno em camundongos, Piran-Soares e colaboradores (2007) demonstraram que pacientes
acidentados pelo peixe apresentam altos niveis de IgG anti-veneno por até seis meses apds o
acidente.

Os estudos dos mecanismos de a¢do do veneno ou de suas toxinas no sistema imune tiveram
inicio em 2006 e identificaram em camundongos que o veneno induz uma resposta mista, com
diferenciacdo de clones de linfécitos Thl e Th2 identificados pela produgdo de IL-5 e IFN-y por células
esplénicas, além da producdo de anticorpos IgE total e veneno-especifico 1gG1 e IgG2a. Ainda,
observamos que os linfocitos B destes animais apresentavam baixos niveis da molécula CD45R/B220
(GRUND et al., 2006).

A presenca de resposta T dirigida com altos niveis de anticorpos IgG especificos confirmaram
que células B com fun¢des efetoras e/ou de memaria foram geradas e ainda, a produgdo de células B
negativas para a molécula B220 sugeriu a diferenciacdo ASC que pode representar uma fonte
importante de anticorpos protetores e garantir a imunidade de longo prazo.

Estudos adicionais para o melhor entendimento do compartimento de memaria gerada pelo
veneno (GRUND et al., 2012) confirmaram que o veneno de T. nattereri é capaz de desencadear uma
resposta humoral cronica. Até 74 dias da imunizacdo observamos uma aumentada producdo de
anticorpos especificos IgG2a que diminuem apds 120 dias. Ao contrario, os niveis de IgG1 e de IgE
especificos aumentam drasticamente apds 120 dias, comparados aos niveis observados entre 21-74
dias. Estes resultados indicam que a persistente interag¢do das proteinas do veneno com as células do
centro germinativo do baco promovem uma mudanca de direcdo da resposta de Thl para Th2. Neste
estudo também confirmamos uma relacdo hierarquica de desenvolvimento das ASC, uma vez que o
veneno induziu dependente do tempo e do compartimento (peritdnio, bago ou medula dssea) células
com diferentes expressGes de B220 e principalmente no periténio inflamado a diferenciacdo e a
manutencdo de células ASC terminalmente diferenciadas (B220™#). Observamos que a resposta
humoral cronica foi acompanhada por um intenso processo inflamatério no periténio, caracterizado
por mastdcitos, eosindéfilos e principalmente por neutrdfilos.

Ainda neste trabalho foi demonstrado pela primeira vez o importante papel de IL-17A
juntamente com IL-5 na diferenciacdo e na manutenc¢do de ASC com fendtipo B220"8, uma vez que o
tratamento dos animais com anticorpos neutralizadores anti-IL-17A ou anti-IL-5 antes da imunizacdo

e da dose reforgo com o veneno de T. nattereri impediu completamente a diferenciacdo e
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manutencdo de ASC B220"t no local inflamado assim como a producdo de IgE, induzindo a
diferenciacdo de ASC com altos niveis da molécula B220 e a sintese preferencial de IgG2a.

Ainda neste trabalho observamos que a fase de memoaria da resposta humoral induzida pelo
veneno é composta por linfécitos T de memdria efetores (TeM) CD4*CD44"E"CD4QLP*Ly6C* no
periténio produtores de IL-4, IL-5, IL-17A e por linfécitos T de meméria central (TcM) CD4*CD44"eh
CD40L"8Ly6CP** no bago e na medula éssea produtores de IL-5 e IL-23. Em conjunto, observamos que
a resposta humoral cronica induzida pelo veneno apresenta uma modulacdo complexa e é marcada
por diferentes subtipos de linfécitos T produtores de citocinas tipicas o que gera um microambiente

rico em coestimulacdo e mediadores como citocinas.
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2 OBJETIVO

Embora, muitos cenarios tenham sido propostos para explicar a longevidade das Bmem e das
ASC, o papel dos linfdcitos T, das moléculas coestimuladoras assessorias, do antigeno ou de citocinas
no microambiente tém sido pouco abordados e permanece uma boa area para investigacGes. Neste
trabalho nosso objetivo foi investigar a presenca de subtipos de linfécitos T de memdria induzidos na
resposta humoral crénica ao veneno de T. nattereri, assim como a influencia dos sinais gerados por

CD4 ou CD28 na diferenciagcdo e manutengao das ASC em experimentos in vivo e in vitro.
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3 ETAPAS REALIZADAS

3.1 Determinagdo da participagdo de células inatas e de fatores de sobrevivéncia na manutengdo das
ASC induzidas durante a resposta imune crénica ao veneno de T. nattereri

« Determinacdo da presenca de células inatas na cavidade peritoneal de animais BALB/c com
resposta cronica ao veneno (15, 49 e 121 d)

e Avaliacdo da expressdo de receptores e fatores nucleares nas ASC isoladas (CD138+) de
animais com resposta cronica ao veneno (120 d)

3.2 Andlise in vivo da indug¢do pelo veneno de subpopulagdes de linfocitos T de memdria

e Determinacdo da presenca de células T de memdria central (CD4* CD44* Ly6C') ou efetora
(CD4* CD44* CD40L*) no peritdnio, baco e medula dssea de animais BALB/c com resposta
cronica ao veneno

e Identificacdo da producdo de citocinas por estas células T de memdria e de IL-23 no
sobrenadante do lavado da cavidade peritoneal, do baco e da medula éssea

3.3 Verificagdo da necessidade de sinais de CD4 ou CD28 na geragéio das ASC in vivo

o Determinagdo da resposta humoral (IgE, IgG1 e IgG2a veneno-especificos) em camundongos
deficientes em CD ou CD28 com resposta de memoéria (121d)
¢ Anilise de diferentes populacdes de células B de memdria

3.4 Verifica¢do da necessidade de sinais de CD4 ou CD28 na manuteng¢do de ASC usando transferéncia
adotiva de células totais induzidas na resposta crénica ao veneno de T. nattereri

e Avaliacdo da composicao da células totais transferidas e purificagdo dos subtipos de B de
memoaria

e Determinacdo da capacidade de células totais, Bmem ou ASC esplénicas ou medulares
obtidas de animais com resposta crénica ao veneno de manterem a produc¢do de anticorpos
IgG1 e IgG2a veneno-especificos em animais deficientes de CD4 ou CD28

e Determinagdo da capacidade de células totais, Bmem ou ASC esplénicas ou medulares
obtidas de animais com resposta crénica ao veneno de manterem a expansao de subtipos de
ASC nos animais deficientes de CD4 ou CD28

3.5 Verificagdo da capacidade do veneno e o papel das citocinas na indugdo da diferenciacéo

hierdrquica das ASC

e The Hierarchical Process of Differentiation of Long-Lived Antibody-Secreting Cells Is
Dependent on Integrated Signals Derived from Antigen and IL-17A. Lidiane Zito Grund,
Monica Lopes-Ferreira, Carla Lima. Research Article | published 18 Sep 2013 | PLOS ONE
10.1371/journal.pone.0074566.


http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0074566
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0074566
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4 MATERIAIS E METODOS

4.1 Animais

Foram utilizados camundongos BALB/c machos, pesando entre 18 e 22 g fornecidos pelo
Biotério Central do Instituto Butantan e camundongos C57BL/6 selvagens (WT) ou deficientes nos
genes de CD4 (CD4 KO) ou de CD28 (CD28 KO) obtidos do biotério de camundongos isogénicos do
Departamento de Imunologia do ICB/USP. Antes da realizacdo dos experimentos, os animais foram
mantidos em estantes ventiladas em condi¢des controladas de temperatura, umidade e iluminagdo
(ciclo claro/escuro de 12 h), com 4gua e racdo ad libitum. Os experimentos estdo de acordo com os
principios éticos de experimentacdo animal adotados pelo Colégio Brasileiro de Experimentacdo
Animal (COBEA) e aprovados pelas Comissdes de Etica Animal do Instituto Butantan (666/09) e do

Instituto de Ciéncias Biomédicas da Universidade de Sdo Paulo (025).

4.2 Obteng¢do dos peixes e extracéo do veneno

Para a extracdo do veneno foram utilizados peixes da espécie T. nattereri, coletados em
diferentes épocas do ano no estado de Alagoas, no encontro das dguas da Lagoa Mundau com a
Praia de Barra Nova. As coletas dos peixes foram autorizadas pelo Instituto Brasileiro de Meio
Ambiente e de Recursos Naturais Renovaveis (IBAMA, Licenca Permanente para Coleta de Material
Zooldgico N°14.693-1). A extracdo do veneno foi realizada através da compressdo das glandulas na
base dos espinhos forcando a expulsdo do veneno (LOPES-FERREIRA et al., 1998). Logo apds a
extracdo, o veneno foi centrifugado e mantido a —20 °C. A concentracdo de proteina no veneno foi
determinada pelo método colorimétrico de Bradford (1976), usando como padrdo soro albumina
bovina (Sigma, Chemical Company; ST. Louis, MO, USA). Os niveis de endotoxinas foram avaliados
pelo método cromogénico Limulus amoebocyte lysate (Bio-Whittaker) de acordo com as
especificagcdes do fabricante (resultando numa dose total menor que 0,8 pg de LPS). A quantidade de

veneno foi expressa pelo seu contetdo protéico em mg/mL.

4.3 Indugdo de resposta imune de memdria pelo veneno

Camundongos BALB/c, C57BL/6 WT, CD4 KO ou CD28 KO (n = 5) foram imunizados pela via
intraperitonial (i.p.) com o veneno de T. nattereri (10 png) adsorvido em hidréxido de aluminio (1,6
mg) em um volume final de 500 pL de salina estéril por animal. Os animais receberam até quatro

doses de reforgo com a mesma quantidade de veneno sem adjuvante. Animais controle receberam
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apenas o adjuvante no dia 0. Apds 15, 49 ou 121 d da primeira imuniza¢do, os animais foram
sangrados para obtencdo do plasma para analise dos anticorpos e mortos para obtencdo das

suspensodes celulares do peritdnio, do baco e da medula dssea femoral.

4.4 Cultura de células esplénicas

Os bacgos dos animais imunizados ou ndo com o veneno foram retirados de forma estéril e
em seguida submetidos a maceracdo em homogeneizador com meio de cultura RPMI 1640 para
recuperacado da suspensao celular. Este homogenato foi centrifugado a 309,5 g durante 8 min a 4 °C
e submetido a lavagens e hemodlise. O sobrenadante foi desprezado e as células foram ressuspensas
em meio de cultura suplementado (RPMI 1640 suplementado com 10% de soro fetal bovino
inativado — SFB, 2 mM de L-glutamina, 0.1% 2-mercaptoetanol, 0,1 mM de aminoacidos nao-
essenciais, 1 mM de piruvato de sdédio e 0.1% de penicilina/estreptomicina). Os eventuais grumos
foram retirados por sedimentacdo por 5 min no gelo e a viabilidade da suspensao celular obtida pela
contagem em azul de Trypan. Uma parte das células foi marcada com anticorpos especificos para
analise das sub-populacdes por citometria de fluxo e 6 x 10° células/poco foram cultivadas em meio
RPMI suplementado na presenga ou na auséncia de veneno de T. nattereri (10 pug/pogo) por 72 h a
37 °C em atmosfera Umida contendo 5% de CO,. Apds este periodo de tempo, as placas foram
centrifugadas a 309,5 g por 10 min a 4 °C e os sobrenadantes coletados e conservados a —20 °C para

dosagem da citocina IL-23.

4.5 Obtengdo das células da medula dssea

Os corddes medulares dos fémures dos camundongos imunizados ou controle foram
desprendidos das trabéculas dsseas com meio RPMI 1640 com auxilio de agulha (24 % G). As células
foram centrifugadas a 309,5 g por 8 min a 4 °C, o sobrenadante coletado para dosagem da citocina
IL-23 e as células ressuspensas em meio RPMI 1640 suplementado. Apds a lise das hemadcias as
células foram centrifugadas e ressuspensas novamente em PBS + 0.1 % BSA e marcadas com os

diversos anticorpos especificos e analisadas por citometria de fluxo.

4.6 Obtencdo das células da cavidade peritoneal

Para obtencdo das células do peritdnio os animais imunizados e controle foram mortos e
tiveram a cavidade peritoneal lavada com PBS + 10 mM EDTA para obtenc¢do da suspensdo celular

que foi centrifugada a 309,5 g a 4 °C, por 10 min. O sobrenadante foi separado e congelado a —20 °C
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para dosagem da citocina IL-23, enquanto o botdo celular foi ressuspenso em PBS + 0.1% BSA e

marcado com os diversos anticorpos para citometria de fluxo.

4.7 Purificagdo de linfocitos B

As purificagOes celulares foram feitas através do uso de kits com microbeads (MACS; Miltenyi
Biotec.) seguindo as recomenda¢des do fabricante e utilizando o separador automatico
AUTOMACS™ (Miltenyi Biotec.). Para os ensaios de transferéncia adotiva, as ASC foram separadas
utilizando um kit de separacao de plasmodcitos CD138P* formado por duas etapas. Primeiro, células
ndo plasmaticas foram depletadas utilizando um coquetel com anticorpos anti-CD49b e anti-CD45R
biotinilados. 1x108 células foram ressuspensas em 400 pL de tamp3do de separacdo com adicdo de
100 pL do coquetel. Estas foram incubadas por 10 min sob refrigeragdo, ressuspensas e centrifugadas
a 309,5 g por mais 10 min, logo apds o sobrenadante foi descartado e as células ressuspensas em 500
uL de tampao e incubadas por 10 min sob-refrigeracdo com 100 plL de anti-biotina microbeads. Apds
lavagem e centrifugacdo, as células foram resuspensas em 500 pL de tampao. No separador, o
programa usado foi o DEPL0O25 para selecdo negativa. As células negativas ndao aderidas a coluna
foram coletadas e submetidas a segunda etapa de separacdo onde foram entdo ressuspensas em 400
pL de tampao e 100 pL de anti-CD138 microbeads. Estas foram incubadas por 15 min sob
refrigeracdo, ressuspensas e centrifugadas a 309,5 g por 10 min, logo apds o sobrenadante foi
descartado e as células ressuspensas em 500 pL de tampdo. No separador, o programa usado foi o
POSSELD2 para selecdo positiva. As células positivas aderidas a coluna foram coletadas e contadas
em azul de Trypan. A pureza da separacao foi determinada por citometria de fluxo.

Para os ensaios de transferéncia adotiva, as Bmem foram separadas utilizando um kit de
separac3o de células 1gG1 e 1gG2a positivas. Para tanto, 1x10’ células foram ressuspensas em 80 L
de tampado e 20 pL de anti-lgG1 mais 20 L de anti-lgG2a microbeads. Estas células foram incubadas
por 15 min sob refrigeracdo, ressuspensas e centrifugadas a 309,5 g por 10 min, logo apds o
sobrenadante foi descartado e as células ressuspensas em 500 pL de tampdo. No separador, o
programa usado foi o POSSEL para sele¢do positiva. As células positivas aderidas a coluna foram
coletadas e contadas em azul de Trypan. A pureza da separacao foi determinada por citometria de
fluxo.

Para os ensaios de diferenciacdo in vitro, as suspensdes celulares do periténio, do baco e da
medula foram usadas para purificagdo de linfécitos B CD19 positivos utilizando anti-CD19
microbeads. 1 x 107 células foram ressuspensas em 90 pL de tamp3o de separa¢do com adi¢do de 10
uL de anticorpos anti-CD19 (Ly-1) microbead. Estas foram incubadas por 15 min sob refrigeracdo,

ressuspensas e centrifugadas a 309,5 g por 10 min, logo apds o sobrenadante foi descartado e as
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células ressuspensas em 500 pL de tampdo. No separador, o programa usado foi o Possel para
selecdo positiva. As células positivas aderidas a coluna foram coletadas e contadas em azul de

Trypan. A pureza da separacao foi determinada por citometria de fluxo.

4.8 Transferéncia adotiva de células esplénicas e medulares para animais deficientes de CD4 ou CD28

As células totais, Bmem ou as ASC purificadas do bago ou da medula dssea femoral apds 120
d de animais C57BL/6 WT controle ou imunizados com o veneno foram processadas, centrifugadas e
ressuspensas em meio RPMI 1640 suplementado. A viabilidade celular foi aferida com azul de
Trypan. As células vivas foram contadas na cdmera de Neubauer e injetadas endovenosamente (4 x
107 células/animal) em animais virgens C57BL/6 WT, CD4 KO ou CD28 KO. Apds 7 d da transferéncia
os animais recipientes foram desafiados pela inje¢do i.p. com o veneno de T. nattereri (10 ug) e
foram submetidos a sangria exploratdria apds 80 d (HEBEIS et al., 2004), ou mortos para obtengdo
das suspensoes celulares da cavidade peritoneal, do baco e da medula éssea femoral que foram

analisadas quando aos diferentes subtipos de células B de memodria.

4.9 Detec¢do de anticorpos veneno-especificos por ELISA

Para determinacdo de IgG1 e IgG2a, placas de 96 pogos foram recobertas com 3 pg/mL de
veneno que apds incubacgdo, lavagem, bloqueio e lavagem foram adicionadas dos plasmas
previamente diluidos. Em seguida as placas foram adicionadas de anticorpos de deteccdo biotinilados
especificos para IgG1 ou IgG2a que apos incubacdo e lavagem, receberam a adicdo da do conjugado
enzimdtico de estreptoavidina-peroxidase, e finalmente o substrato cromdégeno foi adicionado. A
reacao de cor foi lida em espectrofotdmetro a 490 nm. Curvas-padrdo, utilizando concentragdes
conhecidas de anticorpos murinos purificados foram realizadas para extrapolacdo da densidade
Optica das amostras na curva e, assim, determinac¢do da quantidade destes isétipos nas amostras. O
limite de deteccdo para as duas imunoglobulinas foi de 1,56 pg/mL. Os resultados foram expressos

como a média das concentragdes acrescida do desvio-padrao das amostras de cada grupo.

4.10 PCA para determinacdo de IgE veneno-especifica

A determinagdo de anticorpos anafilaticos IgE especificos foi feita pela reacao de andfilaxia
cutdénea passiva -PCA, segundo as técnicas descritas por Mota e Wong (1969). Para a determinacdo
de anticorpos anafilaticos IgE especificos para o veneno, ratos Wistar previamente depilados no
dorso foram injetados intradermicamente com 100 pL das dilui¢des seriadas dos plasmas obtidos de

camundongos controle ou imunizados com o veneno. Apds 18 h de sensibilizagdo, os animais foram
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desafiados intravenosamente com azul de Evans a 0,25% contendo 100 ug de veneno. Em seguida, a
leitura da reacgdo foi feita 30 min apds o desafio, observando-se o didmetro da reacdo na pele
invertida do animal. Os titulos de IgE foram expressos como a reciproca da maior diluicdo dos
plasmas que resultou em uma reagdo positiva maior que 5 mm de diametro. Todos os testes foram
feitos em triplicata e diferencas entre os titulos de PCA maiores que 2 vezes foram consideradas

significativas (FOX; CHIORAZZI; KATZ, 1976; ISHIZAKA; ADACHI, 1976).

4.11 Quantificagdo de IL-23 por ELISA

Os niveis da citocina IL-23 no sobrenadante do lavado da cavidade peritoneal, do baco ou da
medula dssea femoral foram determinados por ELISA sanduiche. Microplacas (Costar, Cambridge,
MA, USA) foram sensibilizadas por 18 h com o anticorpo monoclonal especifico para IL-23. Apds
lavagem e distribuicdo das amostras foi adicionado o anticorpo especifico conjugado a biotina. Para a
revelacdo da ligacdo, solucdo contendo conjugado enzimdtico de estreptoavidina-peroxidase,
substrato e cromdgeno foi adicionada. A reagao de cor foi lida em espectrofotbmetro a 450 nm.
Curva-padrao utilizando concentra¢des conhecidas da citocina recombinante foi realizada para
quantificacdo das amostras. O limite de deteccdo para IL-23 foi de 39 pg/mL. Os resultados foram

expressos como a média das concentragdes das amostras de cada grupo acrescida do desvio-padrao.

4.12 Cultura para diferencia¢do de ASC a partir de linfocitos B

Linfdcitos B CD19 positivos purificados a partir das suspensdes celulares do peritonio, baco e
medula obtidas apds 48 d de animais controle (virgens) ou imunizados com veneno de T. nattereri
(memdria) foram cultivados em condi¢Ges basicas que favorecem a diferenciagdo em ASC de acordo
com Zhang e colaboradores (2001) usando meio Iscove's Modified Dulbecco’s Medium (IMDM-
Gibco Cell Culture, Invitrogen Corp., Grand Island, NY) suplementado com 10% SFB (Sigma-Aldrich, St,
Lois, MO), L-glutamina, antibidticos (penicilina, gentamicina e streptomicina, Gibco), HEPES
(Invitrogen Corp., Grand Island, NY), pH 7,5. A viabilidade celular da cultura e a proliferagcdo foram
determinadas no primeiro dia para avaliacdo da qualidade técnica empregada e das caracteristicas
das células precursoras e também ao final da cultura. Na primeira etapa da cultura (fase de ativacdo
da célula B: 0 a 4 d) os linfécitos B CD19 positivos purificados foram distribuidas em placas de cultura
de 24 pocos (1,5 x 10° células/mL) e cultivados a 37 °C em atmosfera Umida contendo 5% de CO; na
presenca das citocinas recombinantes basicas de manuteng¢do como IL-2 (50 ng/mL), IL-4 (50 ng/mL)
e IL-10 (50 ng/mL) e do anticorpo anti-CD40 mAb (50 ng/mL). Nesta etapa, o veneno de T. nattereri
(20 pg/mL) ou o ligante de TLR9, CpG (oligodeoxynucleotides - 2,5 pg/mL) também foram
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adicionados. Na segunda fase da cultura de geracdo de plasmablasto (4 a 6 d), as células foram
lavadas e incubadas novamente com meio IMDM suplementado acrescido de citocinas recombinants
basicas de manutencdo como IL-2 (50 ng/mL), IL-10 (50 ng/mL) e IL-6 (50 ng/mL). E as citocinas
recombinantes também foram adicionadas: IL-17A (1 ng/mL), IL-21 (1 ng/mL), IL-23 (1 ng/mL), IL-33
(1 ng/mL), ou a combinagdo delas. Nos 3 ultimos dias da cultura (fase de gera¢do de plasmdcito), as
células foram lavadas e mantidas na presenca de IL-6 (50 ng/mL). Ao final, as células foram
recuperadas e centrifugadas para obtencdo do sobrenadante celular para dosagem de anticorpos

especificos e das células para analise fenotipica.

4.13 Proliferagdo celular por CFSE

Para monitorar a divisdo celular, linfécitos B provenientes do primeiro e ultimo dia de cultura
(1 x 10° células/mL) foram incubados por 10 min a 37 °C com 5 mM CFSE (5- and 6-
carboxyfluorescein diacetate succinimidyl ester; Molecular Probes). A presenca remanescente de
CFSE classifica a populagdo de células proliferativas em grupos de acordo com o nimero de divisGes
celulares. Apds a incubacdo, as células foram lavadas 3 vezes com meio de cultura gelado,
permaneceram 5 min no gelo e foram centrifugadas a 309,5 g por 5 min. As células foram entdo
distribuidas e cultivadas por 4 d a 37 °C em atmosfera Umida contendo 5% de CO; em meio Iscove's
Modified Dulbecco’s Medium (IMDM- Gibco) suplementado com 10% SFB (Sigma-Aldrich), L-
glutamina, antibidticos (penicilina e streptomicina, Gibco), HEPES, pH 7.5 e gentamicina (Invitrogen).
Ao final da cultura, as células foram centrifugadas a 309,5 g por 5 min e ressuspensas em PBS. A
proliferacdo das células foi determinada por citometria de fluxo (488 nm) no FACSCalibur (BD-
Pharmingen, San Diego, CA, USA) e os dados foram analisados com o programa CellQuest Pro (BD-
Pharmingen, San Diego, CA, USA). A marca¢do do CSFE foi combinada com marcador do subtipo

analisado.

4.14 Andlise fenotipica das células por citometria de fluxo

Para avaliar as diferentes populagdes de linfécitos B, a expressdo de moléculas membranosas
ou intracelulares, as células purificadas dos diferentes compartimentos (periténio, bago e medula
Ossea) foram primeiramente neutralizadas com o anticorpo purificado de rato IgG2bk anti-mouse
CD16/CD32 por 30 min a 4 °C. Em seguida foram lavadas com meio RPMI 1640 e centrifugadas a
309,5 g por 10 min a 4 °C. O sobrenadante celular foi desprezado e as células foram ressuspensas em
meio RPMI 1640 e incubadas por 30 min a 4 °C no escuro com 0s seguintes anticorpos (BD

PharMingen, Oxford, UK) marcados com diferentes fluorocromos: controles isotipicos PE rat IgG2ax,
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PE-Cy5 rat IgG2axk, FITC rat IgG2ak e PE rat IgG2bk ou os anticorpos anti-mouse CD4, anti-mouse
CD5, anti-mouse CD11c, anti-mouse CD11b, anti-mouse CD19, anti-mouse CD21, anti-mouse
CD21/CD35, anti-mouse CD23, anti-mouse CD31, anti-mouse CD29, anti-mouse CD34, anti-mouse
CD43, anti-mouse CD44, anti-mouse CD45R/B220, anti-mouse CD69, , anti-mouse CD105, anti-mouse
CD117, anti mouse CD138, anti-mouse CD154 (CD40L), anti-mouse CD185 (CXCR5), anti-mouse
CD125 (TRFK5, IL5R), anti-mouse CD217 (IL17R), anti-mouse CD268 (BAFFR), anti-mouse CD278
(ICOS), anti-mouse CCR3, anti-mouse IgG (especifico para IgG1, 1gG2a, IgG2b e 1gG3,) anti-mouse
Ly6C e anti-mouse Ly6G. Apds nova lavagem e centrifugacdo as células foram ressuspensas em
formaldeido a 1% e deixadas a 4 °C até a leitura.

Para marcacdo intracelular, as células foram fixadas e permeabilizadas por 20 min no gelo
com a solucdo Cytofix/Cytoperm (BD-Pharmingen, San Diego, CA, USA). Em seguida, foram
centrifugadas com a solugdo de lavagem especifica e incubadas por 10 min a 4 °C com anticorpos
anti-mouse Bcl-2, anti-mouse IgG, anti-mouse IL-17A, anti-mouse IFN-y, anti-mouse IL-4 ou anti-
mouse IL-5. Apds incubagdo, essas células foram ressuspensas em formaldeido a 1% e deixadas a 4 °C
até a leitura no citometro de fluxo FACsCalibur de trés cores (BD-Pharmingen, San Diego, CA, USA).
Os eventos (50.000) foram adquiridos e analisados com o programa CellQuest Pro (BD-Pharmingen,
San Diego, CA, USA). As células foram analisadas inicialmente quanto ao tamanho (FSC) e a
granulosidade (SSC) seguido de marcacdo especifica e as células mortas foram dispensadas. Os
resultados foram expressos como a média da porcentagem ou pela intensidade média de

fluorescéncia.

4.15 Avaliagdo da morte celular por Citometria de Fluxo

Para a detecgdo de células mortas tanto por necrose, quanto por apoptose usamos a dupla
marcag¢ao com anexina-V FITC (556420) e iodeto de propideo (Pl, 556463), ambos provenientes da
BD Pharmingen. As células antes ou apds a cultura foram centrifugadas, ressuspensas e incubadas
em 100 plL tampado de ligagdo (10 mM Hepes, 140 mM NacCl, 2,5 mM CaCl2, pH 7,4) por 15 min no
escuro com 10 pL de Pl e 5 pL de anexina-V FITC para em seguida serem analisadas por citometria de

fluxo.

4.16 Morfologia celular

Para montagem das laminas foram utilizados 100 plL das suspensdes celulares apds a cultura

em citoblocos suspensos com laminas de vidro. As laminas foram submetidas a centrifugacdo a 309,5
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g por 10 min utilizando centrifuga Serocito R-01000 e F-000679 e foram coradas com hematoxilina e

eosina (HE) e examinadas ao microscépio dptico.

4.17 Andlise estatistica

As diferencas estatisticas entre os grupos experimentais foram detectadas apds andlise de
variancia (One-Way ANOVA), seguido do teste paramétrico Bonferroni. Todas as andlises estatisticas
foram realizadas no programa Prisma (Graph Pad Software) e as diferencas entre os grupos foram

consideradas significativas para valores de p < 0,05.
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5 RESULTADOS E DISCUSSAO

I Determinagdo da participacdo de células inatas, de distintos linfocitos T de memoria e de fatores
de sobrevivéncia na manuteng¢do das ASC induzidas durante a resposta imune crénica ao veneno de

T. nattereri
5.1 O veneno de T. nattereri promove a permanéncia crénica de células inflamatdrias

No trabalho de mestrado nossos resultados demonstraram que o veneno de T. nattereri foi
capaz de induzir ASC de diferentes fendtipos nos 3 compartimentos de camundongos BALB/c
imunizados com resposta crOnica, porém somente na cavidade peritoneal foi observada a presenca
de células terminalmente diferenciadas, negativas para a molécula B220: B220"°¢CD43'°“CD138"* e
fenbmeno dependente de IL-5 e IL-17A. Neste trabalho, nosso primeiro passo foi avaliar se a
resposta humoral crbénica induzida pelo veneno com a presenca de antigeno retido pelas fDC
esplénicas foi acompanhada de infiltrado celular inflamatério nos diferentes compartimentos:
peritébnio, baco e medula. Para isto, camundongos BALB/c machos foram imunizados com as
proteinas do veneno do T. nattereri nos dias 0 e 7. Apds 14, 48 ou 120 d os animais receberam doses

reforgos de veneno sem adjuvante e foram avaliados nos dias 15, 49 ou 121 (Fig. 1).

Na Figura 24, observamos um intenso infiltrado celular na cavidade peritoneal dos animais
imunizados com o veneno em todos os periodos analisados em relagdo aos animais controle. No
bago dos animais imunizados observamos um grande infiltrado de células que diminuiu com o tempo
de observacao, e, ao contrdrio, na medula dssea somente foi verificado aumento no nimero total de
células no periodo crénico, 121 d. Na Figura 2B, ap6s andlise por citometria de fluxo observamos que
no peritdbnio, o aumentado recrutamento de células em 15 d foi caracterizado pelo influxo de
neutrdfilos e principalmente grande nimero de eosinéfilos. Em 49 d o veneno induziu o influxo de
macroéfagos, eosindfilos e principalmente de neutrdfilos para a cavidade peritoneal. No periodo
cronico (121 d) foi observado um intenso influxo de neutréfilos e mastdcitos e ainda a presenca de

poucos eosinofilos.

Este resultado corrobora os achados que mostram que a capacidade de formacgdo de nichos
alternativos para ASC em tecidos inflamados se deve a formacdo de um microambiente de citocinas e
fatores de sobrevivéncia derivados de células inflamatdrias (CASSESE et al., 2001; ODENDAHL et al.,
2005). Recentemente, Huard e colaboradores (2008) demonstraram que o fator soluvel APRIL
secretado por neutréfilos no tecido linfoide associado a mucosa inflamada sustenta a produgao local

de anticorpos pelas ASC. Lin e colaboradores (2011) demonstraram que as grandes fontes de IL-17A
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em pele normal ou lesdo por psoriase sdo mastdcitos e neutrdfilos e ndo células T, e 0 mecanismo
pelo qual essa citocina é liberada envolve a morte do neutréfilo por necrose (NETosis) com a
formacdo de redes denominadas NET (Neutrophil Extracellular Traps) (DENKERS; DEL RIO;
BENNOUNA, 2003; PUGA, et al., 2011; TANI, et al., 2001). Chu e colaboradores (2011) demonstraram
gue eosinodfilos também sdo uma importante fonte de fatores de sobrevivéncia como APRIL e IL-6

para as ASC e podem ser encontrados em intimo contato com estas células.

Em conjunto podemos dizer que a presenca de células inatas como neutrofilos, eosindéfilos e
mastécitos mantidos cronicamente em resposta ao veneno podem colaborar via a producgdo
localizada de fatores de sobrevivéncia como a IL-17A na manuten¢do de ASC terminalmente

diferenciadas na cavidade peritoneal.



Figura 1. Resposta imune de memodria induzida pelo veneno de Thalassophryne nattereri
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BALB/c machos (n = 5) foram imunizados (i.p.) com o veneno de T. nattereri adsorvido em adjuvante
nos dias 0 e 7. Nos dias 14, 48 e 120 os animais receberam a mesma quantidade de veneno sem
adjuvante. Animais controle receberam apenas o adjuvante no dia 0. Nos dias 15, 49 e 121, os animais
foram mortos para obtencdo das suspensdes celulares da cavidade peritoneal, do baco e da medula
ossea femoral para identificacdo dos diferentes subtipos de células nesses compartimentos. Para
analise dos fatores de sobrevivéncia os animais foram mortos no dia 120 e as suspensoes celulares
foram coletadas e submetidas a separacdo usando autoMACS.



Figura 2. O veneno de T. nattereri mantém o infiltrado de células por longos periodos nos 3

compartimentos
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Nos dias 15, 49 e 121 apds a imunizag@o, os animais foram mortos para obtencdo das suspensoes
celulares da cavidade peritoneal, do baco e da medula 6ssea femoral que foram processadas para
contagem total (A) dos leucdcitos com Azul de tripan em camera de Neubauer e diferencial (B) por
citometria de fluxo: neutréfilos (Ly6GMe" CD11bPos), macréfagos (Ly6Gne8 CD11bPos Ly6CPs), eosindfilos
(CD4"=2 CCR37%) e mastocitos (CD1177°5). Cada barra representa a média do grupo acrescida do
desvio-padrao. *p < 0,05 em relacdo a células de animais controle.
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5.2 O veneno de T. nattereri mantém a expressdo cronica de IL5R nas ASC peritoneais e de Bcl-2 nas

ASC dos 3 compartimentos

Como uma forma direta de avaliar a acdo dos fatores de sobrevivéncia produzidos pelas
células inatas ou T de memdria em nosso modelo, bem como a regulacdo intrinseca de genes
antiapoptéticos na longevidade das ASC, analisamos in vivo a presenca dos receptores de IL-5, de IL-

17, e de BAFF, assim como a proteina antiapoptética Bcl-2.

Para isto, camundongos BALB/c machos foram imunizados com as proteinas do veneno de T.
nattereri no dia 0. Apds 7 d, os animais receberam dose refor¢o de veneno sem adjuvante e no dia
120 foram mortos para obtencdo de células B da cavidade peritoneal, do bagco e da medula dssea
femoral (Fig. 1). ASC foram isoladas em duas etapas. Células plasmaticas foram diretamente
marcadas com o anticorpo anti-CD138 acoplado a microbeads e isoladas por selecdo positiva
utilizando o separador automatico auto-MACS e analisadas por citometria de fluxo a fim de
determinar a pureza da separacdo e andlise intracelular ou membranosa das proteinas celulares em

ASC CD138°* IgGP (Fig. 3).

Na Figura 4A observamos que o veneno ndo foi capaz de induzir aumento significativo na
expressao do receptor de BAFF nas ASC, quando comparado as células do grupo controle, em
nenhum dos compartimentos analisados. Um estudo recente demonstra que os neutréfilos podem
influenciar resposta imune humoral interagindo de forma direta com DC e células B através das NET,
promovendo mudanca de isétipo de imunoglobulina, hipermutacdo somatica e a producdo de
anticorpos pela ativacdao de células B da zona marginal por mecanismos que envolvem ndo apenas
BAFF, mas também APRIL e IL-21 (PUGA et al., 2011). Além disso, trabalhos mostram que células
recém-diferenciadas a partir de células B de memdria convencionais ndo requerem BAFF como sinal

de sobrevivéncia (BENSON et al., 2008).

Recentemente demonstramos a necessidade in vivo da IL-17A e IL-5 e sua sinalizagdo na
diferenciagdo e manutencdo de ASC B220"% na cavidade peritoneal de animais com resposta ao
veneno (GRUND et al.,2012). Na Figura 4B observamos que o veneno nao foi capaz de induzir
aumento significativo na expressdo do receptor de IL-17 nas ASC, quando comparado as células do
grupo controle, em nenhum dos compartimentos analisados. A literatura indica que a expressao
aumentada deste receptor é mais encontrada em populagées granulociticas Gr-1 positivas ou
macréfagos F4/80 positivos da medula dssea (TAN et al., 2006; TOY et al.,2006;) e sua expressdo na
superficie é diminuida rapidamente apods a ligagdo de IL-17A (LINDEMANN et al., 2008).
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Na Figura 4C observamos que as ASC peritoneais de animais imunizados com o veneno
apresentaram um aumento de 4 vezes na expressdao do receptor de IL-5 quando comparada tanto
com as ASC dos animais controle quanto com as ASC esplénicas ou medulares de animais
imunizados. Na Figura 4D observamos um aumento na expressdao da proteina Bcl-2 nas ASC
provenientes de animais imunizados com o veneno em todos os compartimentos, evidenciando que
a maior longevidade destas células in vivo pode ser atribuida a uma regulagdo intrinseca de genes
antiapoptéticos. A citocina IL-5, inicialmente identificada pela participacdo em respostas alérgicas é
atualmente conhecida por sua habilidade em suportar o crescimento, a diferenciacio e
principalmente a proliferacdo de células B, super-regulando a expressdao do gene Blimp-1 e a
producdo de IgM, 1gG1 e IgE por células normais e tumorais (KIKUCHI el al., 1995; SWAIN et al., 1988;
TAKATSU, 1998; TAKATSU; KOURO; NAGAI, 2009), e a diferenciacdo de plasmocitos (KNODEL et al.,
2001; MESSIKA et al., 1998).

Estes resultados sugerem uma correlagao positiva entre os sinais derivados do receptor de IL-
5 e a ativagdo da molécula antiapoptética Bcl-2 na sobrevivéncia de ASC em nichos inflamados por
longos periodos, e revelam que a sobrevivéncia das ASC nos nichos esplénico ou medular mediada

por Bcl-2 independe da sinalizacdo derivada deste receptor assim como de BAFFR ou IL-17AR.



Figura 3. Purificacdo de ASC CD138 positivas de animais com resposta crnica ao veneno de T.

nattereri
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Células da cavidade peritoneal, do baco e da medula dssea femoral obtidas apds 120 d de animais
BALB/c machos (n = 5) com resposta imune crénica ao veneno ou de animais controle foram utilizadas
para a purificacdo de ASC CD138 positivas utilizando o separador automatico Auto-MACS. Para a
separagao negativa 1 x 107 células foram incubadas com um coquetel de anticorpos anti-CD45R e anti-
CD49b biotinilados e beads anti-biotina para exclusdo de células ndo plasmaticas. Na selecdo positiva)
células negativas foram novamente incubadas com beads anti-CD138 para purificacdo das ASC. A
pureza das células ASC CD138 positivas foi confirmada pela marcacdo com anticorpos anti-
CD45R/B220 e anti-CD138.
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Figura 4. ASC induzidas in vivo pelo veneno de T. nattereri expressam aumentados niveis de IL-5R e
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ASC CD138ros|gGPos purificadas da cavidade peritoneal (dot plot representativo), do baco e da medula
ossea femoral de animais com resposta cronica ao veneno ou de animais controle foram analisadas
quanto a expressao de (A) BAFFR, (B) IL-17R, (C) IL-5R ou (D) Bcl-2. As células foram marcadas com
anticorpos anti-IL-5R, anti- IL-17R, anti-BAFFR ou anti-Bcl-2 (intracelular) e a intensidade média de
fluorescéncia (MFI) foi analisada por citometria de fluxo. Cada barra representa valores de MFI
acrescidos do desvio-padrdo. *p < 0,05 em relacdo a células de animais controle.
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5.3 A fase crénica da resposta humoral induzida pelo veneno é caracterizada por linfécitos T de

memodria efetores no periténio e por linfocitos T de memdria central na medula dssea

A ideia de que as células T CD4 sdo criticas para a formacdo de respostas primarias de células
B, particularmente a antigenos protéicos, por sua habilidade em produzir citocinas (como fatores de
mudanca de isétipo IL-4 e IFN-y) e interagir no GC através de suas moléculas de superficie (CD40,
ICOS) ja estd bem caracterizada (FAZILLEAU et al., 2009). No entanto ndo estd claro se as células T
CD4 de memoria CD44"e" e seus subtipos s3o necessarios para a longevidade de células B de

memoboria.

O subtipo T de memoria central (central memory T cells- TcM) mantém a habilidade de
permanecer nos tecidos linféides secunddrios como os linfonodos e expressam CD62L (L-selectina)
gue interage com PNAd (peripheral node addressin) e com a integrina a.2. Expressam também CCR7
gue interage com CCL19 ou CCL21 (MASOPUST et al., 2001; REINHARDT et al., 2001; SALLUSTO et al.,
1999;). As respostas secundarias sdo mediadas por linfécitos TcM que originalmente vivem na
medula dssea (FEUERER et al., 2004) e sdo capazes de patrulhar as zonas T dos tecidos linféides

secundarios onde podem rapidamente proliferar em resposta aos antigenos apresentados por DC.

A segunda populac¢do de linfocitos T de memdria, denominada T de memdria efetor (effector
memory T cells — TeM) é formada por células circulantes que examinam as barreiras teciduais e agem
contra os patégenos apds o seu reconhecimento produzindo citocinas como IL-4 e IFN-y. A expressdo
da glicoproteina Ly6C nos linfdcitos T regula a aderéncia endotelial e o extravasamento assim como a
molécula coestimuladora CD40L regula positivamente a diferenciacdo de linfocitos B. Estas moléculas

sdo importantes marcadores dos linfocitos T de meméria efetores.

Observamos na Figura 5A e 5B que o veneno induziu nos linfécitos T de memdria
CD4*CD44"e" na cavidade peritoneal dos animais imunizados altos niveis de CD40L e de Ly6C durante
todo o periodo da resposta. No bago, os linfécitos T de memdria CD4*CD44"e" expressaram CD40L
apenas no inicio da resposta (15 d) e Ly6C por até 49 d. J4 os linfécitos T de memdria CD4*CD44"e" do
compartimento medular que ndo expressaram CD40L expressaram niveis altos da molécula Ly6C a

partir de 49 d, que se mantiveram elevados na fase crénica da resposta.

Nossos dados corroboram os achados de Tokoyoda e colaboradores (2009) que
demonstraram que linfocitos T CD4 de memdria especificos para os antigenos KLH, OVA ou NP-KLH
expressam altos niveis de Ly6C e residem preferencialmente na medula 6ssea, enquanto poucos

linfécitos T CD4 de memodria esplénicos expressam esse marcador. Os autores sugerem que células
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TCD4 de memdria sdo mobilizadas quando reativadas e deixam a medula dssea. Este trabalho mostra
também de forma bastante elegante que a interagdo entre as células TCD4 de membdria e as células B
ocorre no baco e ndo na medula dssea, e a rapida cinética e a alta freqiiéncia de citocinas apds a
reexposicdo é acompanhada de alta expressdao de CD40L (CD154) formando intera¢des ideais na

ajuda as células B.

Com base na observagdo de que linfocitos T de memodria efetor (TeM) sdo grandes
produtores de citocinas quando comparados aos linfocitos T de memaria central (TcM) ou as células
T virgens (APPAY et al., 2002; DUTTON; BRADLEY; SWAIN, 2008; WHERRY et al., 2003), investigamos a
produgdo intracelular de citocinas pelos linfécitos T de meméria CD4*CD44"e" 15 d apds imunizagdo
nos diferentes compartimentos (Fig. 6). Nossos resultados mostram que linfocitos T de memoria
CD4*CD44"e" peritoneais produziram 3 vezes mais IL-4, IL-5, IL-17A e IFN-y que células de animais
controle. No baco, os linfécitos T de memdria CD4*CD44"e" produziram quase 2 vezes mais IL-5 que
nos animais controle, e os linfécitos de memadria medulares produziram quase 2 vezes IL-4 e IL-5 em

relagdo ao grupo-controle (Fig. 6A).

IL-23, uma citocina da familia Th17, formada pelas subunidades p19 e p40 (OPPMANN et al.,
2000) ativa STAT3 e preferencialmente age em linfocitos T CD4+ de memdria, induzindo
diferenciacdo para Th17 e producdo das citocinas IL-17 e IL-22 (AGGARWAL et al., 2003; ZHENG et al.,
2007). Recentemente, trabalhos vém demonstrando a importancia da resposta imune Th1l7
polarizada e a producgdo de IL-23 na erradicagdo e controle de tumores, apresentando-se como
candidatos adjuvantes nas vacinas antitumorais para aumentar a fungao de linfécitos T de memdria
efetores (MURANSKI et al., 2008, OVERWIJK et al., 2006). Logo nosso proximo passo foi investigar a
producdo de IL-23 pelas células peritoneais, esplénicas e medulares dos animais imunizados com o
veneno. Os resultados da Figura 6B mostram que somente as células medulares foram capazes de

produzir IL-23 durante a resposta cronica (121 d).

Estes resultados em conjunto demonstram que a resposta humoral de memodria induzida
pelo veneno com a presenga de ASC terminalmente diferenciadas (B220") esta relacionada a
produgao de fatores de sobrevivéncia por eosindfilos e principalmente por mastdcitos e neutréfilos
nos tecidos inflamados. Ainda, a fase de memodria da resposta humoral induzida pelo veneno é
caracterizada por linfécitos T de memodria efetores (TeM) CD4*CD44"€"CD40LP*Ly6CP no peritdnio
produtores de IL-4, IL-5, IL-17A e IFN-y e por linfécitos T de memédria central (TcM) CD4*CD44"e"
CD40L"8Ly6C"** na medula 6ssea produtores de IL-4, IL-5 e IL-23. A producdo de fatores de
sobrevivéncia pelas células inatas e das citocinas IL-5 e IL-17A também por linfécitos TeM ativados

(CD40LP**) garantem a manutengao das ASC B220™& no peritonio, e as citocinas IL-5 e IL-23
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promovem na medula dssea um nicho ideal para retenc¢do de linfécitos TcM em estado de repouso
(CDA4OL"™®). Apods a reexposicdo ao antigeno, linfocitos TcM residentes na medula éssea podem ser
mobilizados rapidamente para os linfonodos ou baco onde poderdo ser ativados e auxiliardo as ASC

na producgdo de anticorpos (Apéndice A).
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Figura 5. Linfdcitos T de memodria central e efetor populam o peritonio por longos periodos
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Nos dias 15, 49 e 121, os animais foram mortos para obtengdo das suspensdes celulares da cavidade
peritoneal, do baco (dot plot representativo), e da medula éssea femoral que foram processadas,
contadas e marcadas com anticorpos especificos e analisadas por citometria de fluxo. Linfécitos T de
memoria CD4pPos CD44r% foram analisados quanto a expressao de CD4OL (A) ou Ly6C (B) (MFI). Cada
barra representa a média de intensidade de florescéncia acrescida do desvio-padrdo. *p < 0,05 em
relacdo a células de animais controle.



Figura 6. Producdo de citocinas por linfécitos T CD4 de memdria na resposta crdnica ao veneno
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Apos a imunizagdo os animais foram mortos para obtencdo das suspensGes celulares da cavidade
peritoneal, do bago (dot plot representativo), e da medula dssea femoral que foram processadas,
contadas e marcadas com anticorpos especificos e analisadas por citometria de fluxo. No dia 15
linfocitos T de memadria CD4Pos CD44r°s foram analisados quanto a expressao intracitoplasmatica de
citocinas por citometria de fluxo (MFI) (A). Nos dias 15, 49 e 121 a presenca de IL-23 no sobrenadante
da suspensdo peritoneal, medular ou da cultura do bago foi determinada por ELISA (B). O limite de
deteccéo foi de 39 pg/mL. As barras representam a média do grupo acrescida do desvio-padrdo. *p <
0,05 em relacdo a células de animais controle.
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Il Verificagdo da necessidade dos sinais derivados de CD4 ou CD28 na geragdo das ASC in vivo
5.4 A produgdo crénica de anticorpos especificos é dependente dos sinais gerados por CD4 e CD28

A importancia de linfécitos T de memdria e o papel relativo dos subtipos TcM e TeM na
protecdo apds a reexposi¢ao a um patdgeno parece ser dependente da localizacdo da infec¢do, se ela
é sistémica, seqliestrada em tecidos parenquimatosos ou mucosos, e da habilidade das células T de
memaria migrarem para o linfonodo proximal e responder ao antigeno. E sabido que as necessidades
para desencadeamento das respostas de memdria sdo menos rigorosas que para a indugdo da

resposta primaria.

O recrutamento dos co-receptores CD4 ou CD8 para os complexos TCR/MHC classe Il ou |
induz sinais distintos que permitem que o linfocito se comprometa com um programa de maturacao.
Os sinais gerados pelo engajamento de CD4 ao TCR parecem ser mais fortes (BASSON et al., 1998;
HERNANDEZ-HOYOS et al., 2000; IWATA et al., 1996; LEGNAME et al., 2000) e mais duradouros
(SINGER, 2002) que os sinais gerados por CD8. Sinais derivados de TCR/CD28 sdo suficientes para
iniciar a progressdo do ciclo celular (G1-S) e produzir moléculas antiapoptéticas. A sinalizagdo TCR
induz a produgdo de IL-2 enquanto a sinalizagdo CD28 ativa a cascata PI3K, e ambos os sinais
promovem a proliferacdo e a diferenciacdo dos linfdcitos. Ainda, os sinais gerados por CD4 e CD28
cooperam para induzir a autofosforilacdo da proteina quinase LcK (Src-related kinases), a qual é
essencial para a ativacdo do linfocito T. A ligagdo de CD4 a molécula de MHC Il induz o recrutamento
de LcK para a interface do linfécito T-APC ou do linfécito T-B e a ligacdo de CD28 as moléculas de

CD80/CD86 sustenta a ativacdo de LcK (HOLDORF et al., 2002).

Para investigar a participacdo da sinalizacdo CD4 e CD28 na indugdo de resposta humoral de
memoria pelo veneno de T. nattereri camundongos C57BL/6 WT, CD4 KO ou CD28 KO foram
imunizados conforme descrito na Figura 7. A importancia das células T na ativacao de células B pode
ser avaliada pela medida do acumulo de anticorpos no sobrenadante da suspensdo celular em
experimentos in vitro ou no plasma de animais imunizados (EDDAHRI et al., 2009). Avaliamos a

resposta humoral no periodo crénica da resposta de memoria (121 d apds a primeira imunizagdo).

Nossos resultados mostram que o veneno é capaz de induzir em camundongos WT uma
resposta imune humoral mista, com producdo de altos niveis de anticorpos especificos 1gG1 (Fig. 8A)
e IgE anafilatica (Fig. 8C), assim como niveis moderados de IgG2a (Fig. 8B). Anticorpos especificos
IgG1 e IgG2a também foram detectados em camundongos CD4 ou CD28 KO imunizados com veneno,

porém em niveis muito inferiores se comparados a producdo destes anticorpos nos camundongos


http://www.sciencedirect.com/science/article/pii/S1074761303001766#BIB7
http://www.sciencedirect.com/science/article/pii/S1074761303001766#BIB17
http://www.sciencedirect.com/science/article/pii/S1074761303001766#BIB20
http://www.sciencedirect.com/science/article/pii/S1074761303001766#BIB24
http://www.sciencedirect.com/science/article/pii/S1074761303001766#BIB34
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WT. Por outro lado, camundongos CD4 ou CD28 KO nao foram capazes de produzir anticorpos IgE
anafilaticos apds a imunizagcdo com o veneno. Estes resultados sugerem que os sinais derivados de
CD4 ou de CD28 contribuem para a magnitude da resposta humoral (IgG1 e IgG2a) de memoria
induzida pelo veneno e que a producdo de IgE especifica é totalmente controlada pelos sinais

derivados de CD4 e CD28.

Ainda, nossos resultados estdo de acordo com a literatura que mostra que camundongos
deficientes em CD4 ou CD28 apresentam dificuldade de formacdo de GC e ndo fazem de forma plena
a mudanca de isétipos de IgG (LENSCHOW et al., 1996). Linfécitos T de camundongos deficientes em
CD28 produzem quantidades normais de IFN-y, mas tem uma grande redugdo na quantidade de IL-4
e IL-5 produzidas (RULIFSON et al., 1997). Em outro estudo, camundongos CD28 KO exibem uma
grande redugdo na producdo de IL-4, IgE, e IgG1 em resposta a estimulagdo com anti-IgD, embora a
resposta para antigenos de H. polygyrus seja normal (GAUSE et al., 1997; ROZANSKI et al., 2011),

indicando a dependéncia da sinalizacdo de CD28 na resposta Th2 polarizada.



Figura 7. Participagdo da sinalizag¢do in vivo de CD4 ou CD28 na geracdo da resposta humoral

cronica induzida pelo veneno
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Camundongos C57BL/6 normais (WT) ou deficientes em CD4 ou CD28 (KO) machos foram imunizados
(i.p.) com o veneno de T. nattereri adsorvido em adjuvante. Apds 14 ou 120 d, os animais receberam
doses reforgo de veneno sem adjuvante. Os animais foram sangrados pelo plexo oftalmico e mortos
no dia 121 para obtencdo das suspensdes celulares da cavidade peritoneal, do baco e da medula
ossea femoral e posterior identificagdo dos diferentes subtipos de células B nesses compartimentos.
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Figura 8. A producdo cronica de anticorpos especificos é dependente de CD4 e de CD28
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Os animais foram sangrados no dia 121 para obtencdo do plasma para analise por ELISA dos niveis de
anticorpos-especificos 1IgG1 (A) e 1gG2a (B) por ELISA. Anticorpos IgE especificos foram determinados
por PCA (C). Os titulos de PCA representam a reciproca da maior diluicdo do pool de plasmas que
apresentaram uma reacdo cutdnea positiva com didmetro >5 mm. As barras representam a média de
diferentes amostras acrescida do desvio-padrdo. A linha pontilhada representa a média da producgdo
de anticorpos no plasma de animais controle ndo imunizados. *p < 0,05 em relacdo ao WT imunizado
com veneno.
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5.5 A geracdo de linfocitos B de memdria na medula éssea e ASC B220"° no bago é dependente dos

sinais gerados por CD4 e CD28

Ha descri¢des elucidativas na literatura que mostram que animais deficientes da sinalizacado
do co-receptor CD28 expressam niveis baixos ou ausentes da molécula coestimuladora OX-40 e isso
esta frequentemente associado a alteragdes em receptores de quimiocinas envolvidos na formagdo
de GC e a correta migracdo de linfécitos T para este centro, bem como a baixa produgdo de IL-4,
importante para a manutengdo de linfocitos B (WALKER et al., 1999). Neste mesmo trabalho, os
autores demonstraram que animais deficientes para CD28 também apresentam defeito na
organizacao de fDC esplénicas o que contribui para a ma formagdo de GC e a resposta inadequada de
formacdo de células B de memodria e ASC. InteracGes entre CD28 (expresso em linfécitos T,
mastdcitos, células NK e em plasmdcitos mas ndo em linfocitos B em estagios recentes de
maturagdo) com as moléculas B7-1 (CD80) e B7-2 (CD86) sdo necessarias para a formagdo do GC, mas
ainda nado estd claro se elas simplesmente suportam a ativacdo de linfécitos T CD4 virgens durante o
inicio da resposta por células dendriticas (DC) ou se controlam diretamente a ativacdo de TfH, ou se
ainda influenciam diretamente a diferenciacdo de linfécitos B foliculares. Nossa préxima etapa foi
avaliar papel intrinseco das moléculas CD4 ou CD28 no compartimento de células B de meméria

gerado pelo veneno.

A fase cronica da resposta humoral de meméria induzida pelo veneno em animais C57BL/6
WT foi caracterizada pelo aumento na porcentagem de células Bmem (CD19P°B220"€"g"**) no bago
(Fig. 9B) e na medula éssea (Fig. 9C), com niveis inferiores aos do controle na cavidade peritoneal
(Fig. 9A). No peritonio dos animais deficientes, observamos que CD4 e CD28 regulam negativamente
estas células e, ao contrario, ambas as moléculas regulam positivamente as Bmem na medula dssea.
No baco a presenca de células Bmem ndo sofreu regulacdo por estes sinais. Assim, podemos dizer
que a sinalizacdo via CD4/CD28 regula a saida de células Bmem do periténio inflamado e induz a

permanéncia destas células na medula dssea.

Na Figura 10A observamos no periténio que o veneno promoveu nos camundongos WT a
diferenciacdo de ASC (CD43P*CD138P%) somente do subtipo B220"e", e que os sinais derivados de
CD4 ou CD28 foram importantes para a manutencdo destas células neste compartimento. Ao
contrario dos nossos dados com a linhagem BALB/c, observamos que na linhagem C57BL/6 o veneno
n3o induziu ASC com os fenétipos B220"% ou B220"8 no periténio e que ainda assim, observamos
que os sinais derivados de CD4 ou CD28 s3do necessarios para a saida destas células deste

compartimento.
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No bago (Fig. 10B) observamos que o veneno induziu os 3 subtipos de ASC, principalmente
do subtipo B220" que foi controlado positivamente por ambas as moléculas neste compartimento.
J4 os subtipos positivos (B220"&" e B220'°% ) foram regulados negativamente pela molécula CD28. Isto
demonstra que ambos os sinais sdo necessarios para a manutengdo das ASC B220" enquanto CD28

regula a magnitude das ASC positivas no baco.

Quanto as ASC medulares, observamos na Figura 10C que o veneno induziu aumento na
porcentagem de células com os fendtipos B220"e", B220'°" e em menor propor¢do de B220"E, A
manutenc3o das ASC positivas (B220"&" e B220"°%) depende de ambos os sinais, e os animais CD28 KO
apresentam uma maior frequéncia de ASC B220"*® neste compartimento, demonstrando uma

regulacdao negativa de CD28 na resposta.

Em resumo, podemos dizer que a geracdo de Bmem na medula dssea e preferencialmente a
diferenciagdo do subtipo de ASC B220"°® no compartimento esplénico de animais da linhagem
C57BL/6 sdo dependentes das interagdes cognatas bidirecionais entre as moléculas CD4 e CD28 e
seus ligantes nos GC. Ainda, os sinais gerados pelas moléculas CD4 e CD28 cooperam para a saida das
Bmem e das ASC B220"" e B220"¢ do peritdnio, para a diferenciacdo das Bmem e das ASC positivas
(B220Me" e B220"°") na medula dssea; das ASC B220"&" no peritdnio e das ASC B220"*8 no baco. Ainda,
CD28 por regulacdo negativa age mantendo a magnitude das ASC positivas no bago e das ASC B220"#

na medula dssea.

CD28 é uma molécula predominantemente expressa em linfécitos T e também em células
plasmaticas, como as ASC e sua e expressao é regulada por Pax5 (KOZBOR et al., 1987; ROBILLARD et
al., 1998; KORNBLUTH, 1995; LEE et al., 1990). A sequencia de eventos intracelulares apds a ligagdo
do receptor nas ASC desencadeia a sinalizagdo PI3K/Akt que transduz a super-regulacdo do gene Bcl-
xL induzindo sobrevivéncia (TU; GARDNER; LICHTENSTEIN, 2000), mantém sustentada a ativagdo
NFkB (MITSIADES et al., 2002). Nossos dados corroboram os dados recentes de Njau e colaboradores
(2012) que além de mostraram a importancia de CD28 na producgdo de IgG1l, também observaram
gue os animais CD28 KO apresentaram uma alta frequéncia de células ASC B220"™& no bagco em
relagdo aos animais WT com alta frequéncia de fatores de sobrevivéncia como BCMA, TACI e BAFFR.
Isto demonstra que CD28 sinaliza inibindo a expressdo de sinais de sobrevivéncia nas ASC B220"¢ e
gera menor sobrevida destas células. Porém, nossos resultados apresentados da resposta cronica ao
veneno em animais deficientes ainda ndo responde claramente se os sinais de CD4 ou de CD28 sdo

importantes na sobrevivéncia das ASC, somente mostram a importdncia na geracdo destas células.



Figura 9. A geragdo in vivo de Bmem é positivamente regulada por CD4 e CD28 na medula dssea, e

CD28 regula a saida do peritonio
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Os lavados da cavidade peritoneal (A), do bago (dot plot representativo), (B) e da medula dssea
femoral (€) dos camundongos WT ou camundongos CD4 KO ou CD28 KO foram coletados apos 121
dias da imunizacdo com o veneno de T. nattereri para obtencdo da suspensdo celular que foi
processada para marcacdo das células com os anticorpos especificos para moléculas de superficie e
analise por citometria de fluxo. Células B de memdria (Bmem) foram identificadas como células
duplamente positiva para B220 e Ig. Os niUmeros representam a média das porcentagens de células
positivas acrescida do desvio-padrdo. A linha pontilhada representa a média das porcentagens obtidas
de células de animais controle ndo imunizados. *p < 0,05 em relacdo ao WT imunizado com veneno.
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Figura 10. A expressdo da molécula CD45R/B220 nas ASC determina a dependéncia dos sinais de

CD4 e CD28 para a manutenc¢do na medula dssea
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Células da cavidade peritoneal, do baco e da medula dssea femoral dos camundongos C57BL/6 WT
ou CD4 KO e CD28 KO foram coletadas apds 121 d da imunizacdo e marcadas com os anticorpos
especificos para moléculas CD45R/B220, CD43 e CD138 e analise por citometria de fluxo. Os nimeros
representam a média das porcentagens de células positivas acrescida do desvio-padrdo. A linha
pontilhada representa a média das porcentagens obtida de células de animais controle nao
imunizados. *p < 0,05 em relagdo ao WT imunizado com veneno.
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Il Verificacdo da necessidade de CD4 ou CD28 na manutengdo de ASC usando transferéncia adotiva

de células totais induzidas na resposta crénica ao veneno de T. nattereri

5.6 Quanto maior a expressdo da molécula B220 nas ASC maior é a dependéncia para a sobrevivéncia

dos sinais gerados por ambas as moléculas CD4 e CD28

Tendo em vista que nossos resultados mostram que a geragao de linfécitos Bmem na medula
Ossea e do subtipo de ASC B220"™ no compartimento esplénico é dependente das interagdes
cognatas bidirecionais entre as moléculas CD4 e CD28 e seus ligantes nos centros germinativos nosso
proximo passo foi confirmar se estas interagdes bidirecionais entre as moléculas formadoras do
complexo TCR participam na manutencdo da sobrevivéncia das ASC. Para isto utilizamos o total de
células dos bagos ou das medulas dsseas obtidos de animais C57BL/6 WT com resposta cronica ao
veneno de T. nattereri e as transferimos adotivamente para animais virgens WT ou deficientes em
CD4 ou CD28. Estes animais receberam apds 7 dias uma dose de veneno e foram deixados por até 80
dias para serem analisados quanto a necessidade destas moléculas na permanéncia das células B de

memoria (Figura 11).

Inicialmente observamos na Figura 12 que as células totais derivadas do baco ou da medula
6ssea quando transferidas para animais WT produziram altos niveis de anticorpos IgG1 veneno-
especificos (Fig. 12A e 12B) e niveis moderados de IgG2a (Fig. 12C e 12D). Este perfil isotipico com
razdo Th2/Th1 observado apds a transferéncia se assemelha ao perfil observado nos animais WT que
foram imunizados diretamente com o veneno (Fig. 8). Com relagdo ao papel das moléculas CD4 e
CD28 na manutencdo da producdo de anticorpos especificos pelas células B transferidas podemos
observar que as células derivadas do bago quando transferidas ndo necessitaram de sinais derivados
de CD4 ou CD28 para manterem a producdo de IgG1, porém precisaram de sinais derivados de CD4
para a manutencdao da producdo de lgG2a. Ao contrdrio, as células derivadas da medula éssea
guando transferidas requereram sinais derivados de CD4 para manterem a produg¢do de IgGl e
dispensaram ambas os sinais para a continuada producdo de IgG2a. Podemos dizer que a
manutencgdo por longos periodos da produgdo de anticorpos por células B veneno-especificos requer

a sinaliza¢do derivada do contato com linfécitos T CD4 positivos.

Verificamos em seguida se as células B de memodria obtidas do baco ou da medula de animais
WT com resposta cronica ao veneno quando transferidas para animais virgens conseguiriam manter-
se vivas por longos periodos (80 d apds a transferéncia) e se a sobrevida dos distintos subtipos de
ASC seria influenciada pelas moléculas CD4 ou CD28 expressas em células dos diferentes

compartimentos (peritonio, bago e medula dssea).
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Nas Figuras 13A e 13B observamos que as células derivadas do bago e da medula quando
transferidas para animais WT permanecem vivas no peritdnio nos fenétipos ASC B220"&" e B220',
sem no entanto se manterem no fendtipo ASC B220™E. Nos animais deficientes observamos que as
células derivadas do baco quando transferidas necessitam de sinais de CD4 e CD28 para
sobreviverem no fendtipo B220"&"; necessitam de sinais gerados de CD28 para sobreviverem no
fendtipo B220"°% e CD4 participa regulando negativamente a sobrevida das ASC B220"¢. J4 as células
derivadas da medula éssea quando transferidas necessitam de sinais gerados de CD4 e CD28 para
sobreviverem nos fenétipos B220"e" e B220°" e a auséncia de ASC B220"e independe da regulagdo

destas moléculas.

Nas Figuras 13C e 13D observamos que as células derivadas do baco e da medula dssea
quando transferidas para animais WT permanecem vivas no baco nos fenétipos ASC B220"&" e
B220"". Nos animais deficientes observamos que as células derivadas do baco e da medula éssea
guando transferidas necessitam de ambos os sinais para sobreviverem expressando a molécula B220.
Ainda observamos que o diminuido nimero das ASC B220"® vindas do baco e da medula é regulado

negativamente por CD4.

Nas Figuras 13E e 13F observamos que as células derivadas do baco quando transferidas para
animais WT permanecem vivas na medula éssea nos fendtipos ASC B220"&" e B220"°%; ja as células
derivadas da medula dssea quando transferidas para animais WT permanecem vivas nos fenétipos
ASC B220Me", B220"°“ e B220"¢ (esta ultima em maior quantidade). Nos animais deficientes
observamos que a sobrevida das ASC B220"e" derivadas do baco depende de sinais gerados de CD4 e
CD28; e que a sobrevida das ASC B220"°" é regulada negativamente por ambos os sinais. A auséncia
das ASC B220"™¢ se deve ao efeito negativo da molécula CD28. J4 a sobrevivéncia das ASC derivadas

da medula dssea nos trés fenétipos requer sinais gerados de CD4 e CD28.

Ainda devemos ressaltar que somente o pool de células vindas da medula éssea de animais
WT imunizados consegue gerar ASC terminalmente diferenciadas (ASC B220"8), sugerindo que o
veneno in vivo na presenca das moléculas CD4 e CD28 possibilitou a existéncia neste pool celular de

certas caracteristicas que sustentam a longevidade das ASC.

Em conjunto, estes resultados demonstram que quanto maior a expressao da molécula B220
nas ASC, independente da origem tecidual, maior é a dependéncia dos sinais gerados por ambas as
moléculas CD4 e CD28 expressas nos linfécitos T dos diferentes compartimentos para a sua
sobrevivéncia. Ainda, a sobrevivéncia na medula dssea das ASC no estagio final de diferenciacdo (ASC

B220"#) é regulada positivamente pelos 2 sinais. Estes resultados reforgam nossos dados publicados
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gue mostram que em nichos como o bago e principalmente o periténio inflamado, as células
terminalmente diferenciadas ASC B220"8 dispensam os sinais derivados do contato direto com
linfécitos T, sendo sensiveis a ajuda de sinais soliveis como citocinas (IL-17A); e na medula dssea
estas células requerem o contato direto de linfécitos (Tcm) para a sobrevivéncia (GRUND et al.,

2012).

Vale ressaltar que estes achados estdo num contexto de transferéncia adotiva de células
totais, ou seja, a populacao de ASC B220P°, ASC B220"¢ e Bmem contidas no pool celular do baco ou
da medula foram transferidas conjuntamente com outros subtipos celulares. Para responder quais as
caracteristicas peculiares de cada pool celular (baco ou medula) geradas pelo veneno in vivo

realizamos uma fenotipagem celular.

Pelos resultados expressos na Figura 14A demonstramos que a preparacdo esplénica dos
animais WT imunizados diferem dos animais controle por apresentarem além de Bmem (13,79% x
9.94%), ASC B220P° (14,25% x 10.0%), ASC B220™# (1,01% x 0,28%) uma maior porcentagem de: Blb
(15,05% x 11,53%), B2f (12,23% x 8,87%) e neutrdfilos (3,47% x 2,48%).

A preparacdo medular (Fig 14B) dos animais WT imunizados com o veneno apresentaram
aumento significativo de Bmem (7,44% x 5,28%), ASC B220P° (11,29% x 8,40%), e ASC B220"8 (1,45%
X 0,27%), assim como também de: TcM (12,66% x 9,78%), TeM (1,35% x 0,83%), células dendriticas
convencionais (cDC, 11,16% x 7,17%) e eosindfilos (4,27% x 3,76%).

O que estes dados nos sugerem é que a presencga e as interagdes de cDC, eosindfilos e de
linfécitos T de memadria no microambiente medular do animal doador imunizado com o veneno de T.
nattereri podem ter sido decisivas para a geragao das ASC B220"# terminalmente diferenciadas, ao

contrario do compartimento esplénico que gerou somente ASC positivas.

Em geral, as células B requerem intera¢cdes cognatas com células T no GC dos foliculos
linfoides para gerarem anticorpos protetores. No entanto, evidencias demonstram que as células B
recebem ativagdo adicional de células dendriticas foliculares produtoras de BAFF, APRIL, acido
retinoico e metabdlito de vitamina A (CASOLA et al., 2004). Células T foliculares via mecanismos que
envolvem membros da familia do TNF, CD40L, ICOS e citocinas como IFN-y, IL-4, IL-21 e IL-10
induzem aumento da sobrevida de células B de alta afinidade que se diferenciam em ASC (CHOI et
al., 2011; KERFOOT et al.,, 2011; KING et al.,, 2009; OZAKI et al.,2002). Além disso, Tokoyoda e
colaboradores (2009) demonstraram que células T de memdria, particularmente as TcM que
expressam altos niveis de Ly6C, sdo mobilizadas quando reativadas pelo antigeno proliferando e se

diferenciando em células efetoras que interagem com células B nos érgdos linfoides secundarios
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promovendo amplificacdo da afinidade da resposta humoral. Além disso, tem sido descrito (CHU et
al., 2011; CHU; BEREK, 2012) que eosindfilos medulares prolongam a sobrevivéncia de ASC pela
producdo de APRIL, IL-6, IL-4, IL-10 e TNF-a.

Estes resultados demonstram que as proteinas do veneno de T. nattereri in vivo sdo capazes
de induzir o desenvolvendo do compartimento de células B de memdria a partir de processo
hierarquico no GC; estas células recirculam e alcangam a cavidade peritoneal inflamada (ASC B220P%)
e a medula dssea (Bmem e ASC B220P%), nichos onde sobreviverdo por longos periodos de maneira
dependente de CD4 e de CD28. Especificamente, as ASC B220"¢ diferenciadas no GC sdo mantidas
em niveis baixos no nicho medular pela acdo negativa de CD28. Porem quando as células B do
compartimento de memoéria (Bmem, ASC B220P° e ASC B220"*8) sdo mantidas por longos periodos na
medula em intimo contato com cDC, eosindfilos e linfécitos T de meméria elas podem recircular
novamente apdés um novo contato com o antigeno e voltar a repopular a medula na forma

terminalmente diferenciada onde serdo mantidas de maneira dependente de sinais de CD4 e CD28.

Podemos concluir que CD28 promove o processo hierdrquico de diferenciacdo das ASC
B220P° para o estagio terminal ASC B220"¢ no baco e, ao contrario, prioriza na medula as ASC com
alta expressdo de B220. Garantindo assim que estas células em estdgio intermediario de expressao
de B220 possam apds contatos subsequentes com o antigeno entrarem em novos ciclos de

diferenciacdo no GC e diversificar a resposta humoral de alta afinidade.



Figura 11. Transferéncia de células totais e verificagdo da participacdo da sinalizacdo CD4 e CD28

na diferenciacdo e manutencio de ASC
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Camundongos C57BL/6 WT machos foram imunizados (i.p.) com o veneno de T. nattereri adsorvido
em adjuvante. Apds 14 e 120 d, os animais receberam veneno sem adjuvante. Os animais foram
mortos ap6s 121 d da imunizagdo para obtencdo das suspensdes celulares total do baco e da medula
ossea femoral e posterior transferéncia intravenosa para animais virgens WT, CD4 KO ou CD28 KO (4 x
107 cel/mL). Apds 7 d da transferéncia, estes animais receberam um desafio com veneno de T.
nattereri e as analises foram realizadas apds 80 d. No ultimo dia de estudo, os animais foram
sangrados para obtencdo do plasma e posterior dosagem de imunoglobulinas e foram mortos para
obtencé@o das suspensbes celulares da cavidade peritoneal, do baco e da medula éssea femoral e
analise de ASC por citometria .
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Figura 12. Células B induzidas in vivo no bago e na medula 6ssea em resposta crénica ao veneno

necessitam de CD4 para manterem a producgdo de anticorpos
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Suspensdes celulares esplénicas ou medulares totais obtidas apdés 121 d da imunizagdo com o veneno
em camundongos WT foram transferidas para animais WT ou CD4 KO ou CD28 KO. Apds 80 d, os
animais foram sangrados para obtenc@o do plasma para dosagem por ELISA de anticorpos-especificos
lgG1 (A-B) ou IgG2a (C-D). As barras representam a média de diferentes amostras acrescida do
desvio-padrdo. A linha pontilhada representa a média da producdo de anticorpos no plasma de
animais controle ndo imunizados. *p < 0,05 em relacdo ao WT imunizado com veneno.



Figura 13. Células B induzidas in vivo na medula 6ssea em resposta crénica ao veneno se

diferenciam em ASC negativas na medula dssea onde requerem os sinais de CD4 e CD28
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Suspensdes celulares esplénicas ou medulares totais obtidas apds 121 d da imunizagdo com o veneno
em camundongos WT foram transferidas para animais WT ou CD4 KO ou CD28 KO. Apds 80 d, os
animais foram mortos para coleta da suspensao celular da cavidade peritoneal, baco e medula dssea
que foi processada para marcacao das células com os anticorpos anti-CD43 FITC, anti-CD45R/B220
PECy5, anti-CD138 PE e analisadas por citometria de fluxo. As barras representam o numero absoluto
de células positivas acrescida do desvio-padréo. A linha pontilhada representa a média do nimero
absoluto de células animais controle ndo imunizados. *p < 0,05 em relacdo ao WT imunizado com

veneno.
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Figura 14. Composigdo das células transferidas
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Antes da transferéncia intravenosa para animais virgens WT, CD4 ou CD28 KO uma aliquota da
suspensao celular do bago (A) ou da medula éssea femoral (B) dos animais imunizados foi processada
para contagem dos leucdcitos com Azul de tripan em camera de Neubauer e marcadas com
anticorpos especificos para fenotipagem de linfécitos B dos subtipos Bla (CD45R/B220'°% CD5P% ),
B1lb (CD45R/B220'" CD5"™2 ), B2 da zona marginal (CD45R/B220Me" CD21r°s CD23"¢¢), B2 folicular
(CD45R/B220"e" CD21"e8 CD23P°s), Bmem (CD45R/B220P°s CD197%¢ |gGPos) e ASC (CD45R/B220ros/neg
CD43ros CD138r9%); linfocitos T dos subtipos T ativado (CD4P°s CD69P%s), T folicular (CD4P°s ICOSPos
CXCR5P%s), T de memoria central (CD4Pos CD44Meh Ly6CPos) e T de memdria efetor (CD4Pos CD44Mieh
CD40LPs); outros subtipos celulares incluindo células dendriticas convencionais (CD11bP°s CD11cPos
MHCIIPos) e foliculares (CD11bPos CD11cPs CD21/CD35P%%), macrofagos (Ly6Gne8 CD11brPos Ly6CPs),
neutréfilos (Ly6Ghe" CD11brPos), eosindfilos (CD4"e8 CCR3P%), mastdcitos (CD4"ee CD117°°%) , células
endoteliais (CD31P° CD11b"eg), células estroma-mesenquimais (CD105P° CD29°%) e analisadas por
citometria de fluxo. *p < 0,05 em relagdo ao WT ndo imunizado com o veneno.
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IV Confirmacdo do papel intrinseco das moléculas CD4 ou CD28 no compartimento de células B de

memodria gerado pelo veneno
5.7 ASC B220P* requerem a participa¢céo de CD4 para sobreviverem no periténio e no baco

Nossos resultados de transferéncia adotiva de células totais anteriormente apresentados
mostram que quando as células B do compartimento de memadria (Bmem, ASC B220P% e ASC B220"8)
sdo mantidas por longos periodos na medula em intimo contato com cDC, eosindfilos e linfécitos T
de memédria elas podem recircular novamente apds um novo contato com o antigeno e voltar a
repopular a medula na forma terminalmente diferenciada onde serdo mantidas de maneira

dependente de sinais de CD4 e CD28.

Tendo em vista a complexidade das populagdes esplénicas e medulares transferidas (Fig. 14),
nossa proxima etapa foi avaliar a dependéncia das moléculas CD4 e CD28 na sobrevivéncia de ASC
CD138P% ou das Bmem IgGP® purificadas do pool celular, excluindo assim a interferéncia dos fatores
dos microambientes como células ou moléculas solliveis produzidas por elas. Para isto, as
suspensdes celulares do baco ou da medula de animais C57BL/6 WT imunizados com o veneno foram
coletadas apds 121 d e as ASC foram purificadas usando anticorpos anti-CD138 acoplados a beads
magnéticas e as células Bmem foram purificadas usando anticorpos anti-IgG1 e IgG2a acoplados a
beads magnéticas. Estas células foram transferidas adotivamente para animais virgens WT ou
deficientes em CD4 e CD28 (Fig. 15). A pureza das populacGes isoladas foi determinada por

citometria de fluxo e esta representada na Figura 16.

Observamos na Figura 17 que as ASC CD138"°* derivadas do baco ou da medula dssea quando
transferidas para animais WT produziram anticorpos veneno-especifico das sub-classes IgG1 (Fig. 17A
e 17B) e somente as ASC CD138P° derivadas do bago transferidas para WT produziram baixos niveis
de IgG2a (Fig. 17C) em contraste as ASC derivadas da medula dssea (Fig. 17D). Com relacdo a
regulacdo das moléculas CD4 e CD28 na manutencdo da producdo de anticorpos especificos pelas
ASC transferidas podemos observar que as células derivadas do bago ou da medula dssea quando
transferidas foram incapazes de produzir anticorpos na auséncia de CD4 ou de CD28, demonstrando

a dependéncia destas moléculas.

Na Figura 18A, 18C e 18E observamos que as ASC derivadas do baco quando transferidas
para animais WT permanecem vivas nos trés compartimentos no fenétipo B220"°". Nos animais
deficientes observamos que a auséncia de CD4 induz diminuicdo do numero destas células no

periténio e no baco, mostrando que sao reguladas positivamente por CD4; e que a auséncia de CD28
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gera um aumento no nimero de ASC B220"% nos 3 compartimentos, o que demonstra uma

regulacdao negativa.

Quando ASC CD138P° medulares foram transferidas para animais WT observamos na Figura
18B uma sobrevivéncia de ASC no periténio no fenétipo B220"e" e B220°" e na medula poucas ASC
no fendtipo B220" (Fig. 18F). A auséncia de CD4 gerou uma diminuicdo de células no periténio e a
auséncia de CD28 induziu um aumento nos 3 compartimentos. Nenhuma ASC foi encontrada no baco

dos animais WT transferidos com células medulares (Fig. 18D).



Figura 15 . Transferéncia de células Bmem ou ASC purificadas e verificacdo da participagdo da

sinalizacdo CD4 e CD28
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Camundongos C57BL/6 WT machos foram imunizados (i.p.) com o veneno de T. nattereri adsorvido
em adjuvante. Apds 14 e 120 d, os animais receberam a mesma quantidade de veneno sem
adjuvante. Os animais foram mortos 121 d apés a imunizacao para obtengdo das suspensoes celulares
do baco e da medula éssea femoral, purificacdo de células Bmem ou de ASC através de beads
magnéticas (AutoMACS) e posterior transferéncia intravenosa para animais virgens WT, CD4 KO ou
CD28 KO (4 x 107 cel/mL). Apds 7 d da transferéncia, estes animais receberam um desafio com veneno
de T. nattereri e as analises foram realizadas apds 80 dias. No Ultimo dia de estudo, os animais foram
sangrados para obtencdo do plasma e posterior dosagem de imunoglobulinas e foram mortos para
obtencdo das suspensdes celulares da cavidade peritoneal, do baco e da medula dssea femoral e

analise de ASC por citometria .



Figura 16. Purificacdo de células Bmem IgG1/lgG2a-positivas ou ASC CD138-positivas de animais

com resposta cronica ao veneno de T. nattereri para transferéncia adotiva
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Células do bago e da medula dssea femoral obtidas apds 121 d de animais C57BL/6 WT machos (n = 5)
com resposta imune crénica ao veneno foram utilizadas para a purificacdo celular utilizando beads
magnéticas e o separador automatico Auto-MACS. Para separagdo positiva de Bmem (A), 1 x 107
células foram incubadas com um coquetel de beads anti-lgG1 e anti-lgG2a. A separagédo de ASC (B)
consistiu em duas etapas. Para a 12 etapa (separagao negativa) 1 x 107 células foram incubadas com
um coquetel de anticorpos anti-CD45R e anti-CD49b biotinilados e beads anti-biotina para exclusao de
células ndo plasmaticas. Na 22 etapa (selecdo positiva), células negativas foram novamente incubadas
com beads anti-CD138 para purificacdo das ASC. A pureza das células Bmem foi confirmada pela
marcacdo com anticorpos anti-IgG e anti-CD19 e a pureza da ASC foi confirmada pela marcacdo com
anticorpos anti-CD45R/B220 e anti-CD138.
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Figura 17. ASC previamente diferenciadas in vivo necessitam de sinais de CD4 e CD28 para

manterem a producdo de anticorpos especificos
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ASC esplénicas ou medulares obtidas apés 121 d da imunizacdo com o veneno em camundongos WT
foram transferidas para animais WT ou CD4 KO ou CD28 KO. Apés 80 d, os animais foram sangrados
para obtencgdo do plasma para dosagem por ELISA de anticorpos-especificos IgG1 (A-B) ou IgG2a (C-
D). As barras representam a média de diferentes amostras acrescida do desvio-padrdo. A linha
pontilhada representa a média da producdo de anticorpos no plasma de animais controle nado
imunizados. *p < 0,05 em relacdo ao WT imunizado com veneno.



Figura 18. ASC previamente diferenciadas in vivo sobrevivem no peritdnio e no baco expressando a

molécula CD45R/B220 de maneira dependente de CD4
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ASC esplénicas ou medulares obtidas apds 121 d da imunizagdo com o veneno em camundongos WT
foram transferidas para animais WT ou CD4 KO ou CD28 KO. Apds 80 d, os animais foram mortos para
coleta da suspenséao celular da cavidade peritoneal que foi processada para marcacédo das células com
os anticorpos anti-CD43 FITC, anti-CD45R/B220 PECy5, anti-CD138 PE e analisadas por citometria de
fluxo. As barras representam o nimero absoluto de células positivas acrescida do desvio-padrdo. A
linha pontilhada representa a média do numero absoluto de células animais controle ndo imunizados.
*p < 0,05 em relacdo ao WT imunizado com veneno.
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5.8 Células Bmem se diferenciam em ASC B220°* que necessitam dos sinais de CD4 para

sobreviverem

Nossos dados anteriores mostram que a transferéncia de ASC CD138P% purificadas do baco
ou da medula de animais imunizados com o veneno somente gerou a sobrevivéncia de ASC B220°* e,
ao contrdrio, ndo levou a sobrevivéncia das ASC com fendtipo negativo (ASC B220"€) que podem ter

sido suprimidas no baco e na medula pela acdo negativa da molécula CD28.

Para finalizar, avaliamos a capacidade da transferéncia adotiva de Bmem IgGP* para animais
WT na producdo de anticorpos veneno-especifico. Observamos na Figura 19 que as Bmem IgGP*
purificadas do baco ou da medula dssea quando transferidas para animais WT produziram anticorpos
IgG1 veneno-especifico (Fig. 19A e 19B) e niveis moderados de IgG2a (Fig. 19C e 19D). Este perfil
isotipico com razdo Th2/Th1 é tipico da resposta ao veneno de T. nattereri (Fig. 8). A transferéncia
adotiva para animais deficientes promoveu uma falha na produgdo de ambos os anticorpos
mostrando novamente a dependéncia dos sinais de CD4 ou CD28 para se manterem produtoras de

IgG1 e IgG2a.

Avaliamos ainda se a transferéncia adotiva de Bmem IgGP® para animais WT suportaria a
diferenciacdo em distintos subtipos de ASC e se a manutencdo destas células seria influenciada pelas
moléculas CD4 ou CD28. Na Figura 20A e 20B observamos que as células Bmem IgGP* purificadas do
baco e da medula quando transferidas se diferenciaram em ASC B220"&" e B220'°" no periténio onde
sofreram influéncia positiva dos sinais de CD4 para sobreviverem, uma vez que os animais CD4 KO
apresentaram numero de células inferiores aos dos animais controle (linha pontilhada). A
transferéncia adotiva de Bmem IgGP* purificadas do bago ndo gerou ASC no bago (Fig. 20C), local de
expressiva regulacdo negativa da molécula CD28. Ao contrario, as células purificadas da medula (Fig.
20D) se mantiveram neste compartimento também no fendtipo positivo. Animais CD4 KO
apresentaram intensa diminuicdo destas ASC B220P° e os animais CD28 KO tiveram uma exacerbado
aumento em seu numero, demonstrando uma regulagao positiva induzida por CD4 e uma regulagao
negativa induzida por CD28 na manutencdo da sobrevida. Na Figura 20E e 20F observamos que as
células Bmem IgGP derivadas do bago ou da medula éssea quando transferidas se diferenciam em

ASC B220'" na medula onde foram reguladas positivamente por CD4 e negativamente por CD28.

Em conjunto, nossos dados comprovam que o veneno in vivo modula o compartimento de
células B de memodria induzindo a diferenciagcdo das Bmem IgGP* em ASC num processo hierarquico,

porem neste modelo de transferéncia adotiva de células purificadas as ASC ndo sobrevivem no
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ultimo estagio de diferenciacdo (B220"€). Comprovamos também que CD28 exerce um forte efeito

negativo regulando a manutencdo da sobrevivéncia destas células.

Podemos concluir que a geracdo de ASC e a diferencia¢do terminal no fendtipo B220" se da
exclusivamente no GC e requer os sinais oriundos de CD4 e CD28. Porém o microambiente medular
rico em cDC, linfdcitos T de memdria e eosindfilos e seus produtos pode substituir o nicho esplénico
suportando a diferenciacdo de ASC B220"t. Finalmente, a manutencdo da sobrevida das ASC é
regulada positivamente por CD4 e negativamente por CD28. Esses achados além de reforcarem o
papel de CD4 e CD28 no controle da formagdo de GC e da troca de classe de imunoglobulina
(LENSCHOW et al., 1996) também demonstram um papel essencial na modulagdo da magnitude da
resposta humoral fornecendo sinais adicionais estimuladores ou inibitérios para a manutencdo da

longevidade das células de meméria produtoras de anticorpos.
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Figura 19. Bmem induzidas pelo estimulo do veneno in vivo necessitam dos sinais de CD4 e CD28

para manterem a producéo de anticorpos especificos
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Bmem esplénicas e medulares obtidas apds 121 d da imunizacdo com o veneno em camundongos WT
foram transferidas para animais WT ou CD4 KO ou CD28 KO. Apods 80 d, os animais foram sangrados
para obtengdo do plasma para dosagem por ELISA de anticorpos-especificos IgG1 (A-B) ou IgG2a (C-
D). As barras representam a meédia de diferentes amostras acrescida do desvio-padrdo. A linha
pontilhada representa a média da producdo de anticorpos no plasma de animais controle ndo
imunizados. *p < 0,05 em relagdo ao WT imunizado com veneno.
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Figura 20. Bmem induzidas pelo estimulo do veneno in vivo se diferenciam em ASC positivas e

populam os 3 compartimentos de maneira dependente de CD4
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Bmem esplénicas ou medulares obtidas apds 121 d da imunizagdo com o veneno em camundongos
WT foram transferidas para animais WT ou CD4 KO ou CD28 KO. Apds 80 d, os animais foram mortos
para coleta da suspensdo celular da cavidade peritoneal que foi processada para marcagao das células
com os anticorpos anti-CD43 FITC, anti-CD45R/B220 PECy5, anti-CD138 PE e analisadas por citometria
de fluxo. As barras representam o numero absoluto de células positivas acrescida do desvio-padréo. A
linha pontilhada representa a média do nimero absoluto de células animais controle ndo imunizados.
*p < 0,05 em relacdo ao WT imunizado com veneno.
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V Verificagdo da capacidade do veneno e o papel das citocinas na indugdo da diferenciagdo

hierdrquica das ASC

5.9 O processo hierdrquico de diferenciacdo de ASC depende de sinais integrados derivados do

antigeno e de IL-17A (Apéndice B).
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6 CONCLUSAO

Este trabalho contribuiu para a expansdo do entendimento dos fatores envolvidos na
diferenciacao e principalmente na manutencao da sobrevida das células produtoras de anticorpos de
longa vida (ASC). Utilizando experimentos in vivo e in vitro com animais BALB/c ou C57BL/6 com
resposta imune cronica ao veneno de T. nattereri demonstramos que as ASC requerem mediante a
sua localizagdo (tecido inflamado, baco ou medula) ou a expressdo da molécula B220 diferentes tipos
de sinais cognatos (de células inatas, de linfocitos T de memadria e da sinalizagdo CD4 ou CD28) ou
soltveis (IL-17A e IL-23) para a sua diferenciagao terminal, sobrevivéncia e amplificagdo da produgao

de anticorpos especificos de memdaria.
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Prolonged survival of long-lived antibody-secreting cells in the BM has been implicated as a key compo-
nent of long-term humoral immunity. The current study was designed to uncover the extrinsic signals
required for the generation and maintenance of ASC in several niches (peritoneum, spleen and bone-mar-
row). Our results show that protein mixture of the Thalassophryne nattereri venom induced a chronic Th2
humoral response that is characterized by splenic hyperplasia with GC formation and venom retention by
follicular DCs. Retention of Bla in the BM were observed. In the late phase (120 d) of chronic venom-
response the largest pool of ASC into the peritoneal cavity consisted of B220"°CD43"" phenotype;
the largest pool of ASC into spleen was constituted by B220 positive cells (B220"8" and B220'°%), whereas
the largest pool of ASC into in the BM was constituted by the B220M8"CD43'°" phenotype; and finally,
terminally differentiated cells (B220"°¢CD43"#") were only maintained in the inflamed peritoneal cavity
in late phase. After 120 d a sustained production of cytokines (KC, IL-5, TNF-a, IL-6, IL-17A and IL-23) and
leukocytes recruitment (eosinophils, mast cells, and neutrophils) were induced. IL-5- and IL-17A-produc-
ing CD4+ CD44+ CD40L+ Ly6C+ effector memory T cells were also observed in peritoneal cavity. Finally,
treatment of venom-mice with anti-IL-5- and anti-IL17A-neutralizing mAbs abolished the synthesis of
specific IgE, without modifying the splenic hyperplasia or GC formation. In addition, IL-5 and IL-17A neg-
atively regulated the expansion of Bla in peritoneal cavity and BM, and promoted the differentiation of
these cells in spleen. And more, IL-5 and IL-17A are sufficient for the generation of ASC B220"*¢ in the
peritoneal cavity and negatively regulate the number of ASC B220P°, confirming that the hierarchical

process of ASC differentiation triggered by venom needs the signal derived from IL-5 and IL-17A.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Immunological memory is a hallmark of acquired immunity.
The contribution of B cells for the memory Abs response is based
on different population of cells: memory B cells and long-lived
antibody-secreting cells - ASC. Memory B cells undergo rapid clo-
nal expansion and differentiation to mount high affinity Ab
responses upon exposure to antigens. ASC are terminally differen-
tiated and continue secreting Abs without antigenic stimulation in
the bone marrow (BM) that provides a special microenvironment
for their longevity [1-5].

Both memory B cells and ASC can be generated during the first
immune response from innate-like B cells as B1 and conventional B
(B2) which differ in development, surface marker expression, tis-
sue localization, and function. Peritoneal B1 cells are comprised
of two different populations, Bla is CD5P%, long-lived and

* Corresponding author. Address: Special Laboratory of Applied Toxinology,
Butantan Institute, Av. Vital Brazil, 1500, Butantan, 05503-009 S3o Paulo, Brazil.
Tel.: +55 11 3726 1024; fax: +55 11 3676 1392.

E-mail address: carlalima@butantan.gov.br (C. Lima).
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responsible for the production of low affinity and polyreactive
IgM referred to as natural antibodies. Upon Ag encounter, they
quickly migrate to lymphoid organs (e.g., the spleen) to become
Ab-producing cells [6].

Numerous changes are associated with ASC differentiation
which distinguished then from memory conventional B cells,
including the loss of surface IgM, B220, CD19, and MHC class II,
the production of secretory IgM, and the upregulation of the spe-
cific marker as CD43, CD138 (syndecan-1) and CD93 [7-9]. ASC ex-
press adhesion molecules like VLA-4, VLA-5, CD9, CD44 [8-10] and
chemokines receptors as CXCR3 and CXCR4 [10-12], which could
be involved in homing and selective survival in particular tissues
or niches, mainly in the BM followed by spleen and sites of
inflammation.

The intrinsic genetic program that drives the differentiation of
ASC is becoming clear. ASC differentiation is largely controlled by
the transcriptional repressor B lymphocyte-induced maturation
protein-1 (Blimp-1) that neutralizes Pax5- and Bcl6-mediated
repression, thus enabling the expression of the plasma cell - spe-
cific gene program, in collaboration with other essential regulators
such as IFN regulatory factor (IRF) 4 and X-box-binding protein-1
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(XBP-1) [13]. Extrinsic factors such as IL-5, IL-6, SDF-1a, TNFa, and
a proliferation-inducing ligand (APRIL, also known as TNFSF13)
have been associated with the survival of ASC [14,15]. Results from
Cassese et al. [16] strongly support the concept that ASC survival
depends on niches in which a combination of specific signals,
including IL-5, IL-6, stromal cell-derived factor-1a, TNF-o, and
ligand for CD44, provides an environment required to mediate
plasma cell longevity. Thus, the understanding of the mechanisms
by which ASC are generated and maintained is of fundamental
interest to reveal the basis of immunological memory.

The help that T cells provide to B cells allows the production of
memory B cells and ASC. The Th17 lineage develops in a pathway
independent from Th1 and Th2 differentiation [17,18]. A hallmark
of Th17 cells is the production of IL-17a-f, the proinflammatory
cytokines. These cytokines bind to multimeric IL-17 receptors
comprised of two IL-17RA subunits and one IL-17RC subunit [19].
Work has focused attention on the pathogenic function of the
IL-17A in several organ-specific autoimmune and chronic inflam-
matory diseases as SLE [20] and in particular, IL-17 has been
reported as the central cytokine involved in the spontaneous
development of germinal center (GC) B cell-derived autoantibodies
in autoimmune BXD2 mice [21]. However, the involvement of IL-
17A in the ASC differentiation and maintenance is still largely
unknown.

Thalassophryne nattereri fish envenomation is commonly re-
ported among fishermen and bathers in the Brazilian North and
Northeast coast, estimated at hundreds of accidents per year
[22]. Using a mouse model, we have reveal the mechanism of ac-
tions of venom and its toxin families, and recently we shown that
low doses of T. nattereri venom mixed to alum for optimal condi-
tions of T cell activation elicited a strong and sustained (for more
than 6 months) active memory response with high levels of spe-
cific IgG1 and IgG2a, and total IgE, accompanied by a striking IL-
5 production and a decreased B220 expression in splenic B cells
[23]. Therefore, this model provides an interesting scenario for
studying the signals allowing survival and differentiation of the
memory B cells.

Thus in this work, we have used venom proteins of T. nattereri
Brazilian fish to establish a model in which germinal center de-
rived B cells and high affinity specific antibodies were permanently
generated and to study the extrinsic signals required for the gener-
ation and maintenance of ASC in several niches (peritoneum,
spleen and bone-marrow) as well as the signaling pathways that
they engage.

2. Material and methods
2.1. Mice

Male BALB/c mice (5-6 weeks old) were obtained from a colony
at the Butantan Institute, S3o Paulo, Brazil. Animals were housed in
a laminar flow holding unit (Gelman Sciences, Sydney, Australia) in
autoclaved cages on autoclaved bedding, in an air-conditioned
room in a 12 h light/dark cycle. Irradiated food and acidified water
were provided ad libitum. All procedures involving animals were in
accordance with the guidelines provided by the Brazilian College of
Animal Experimentation (666/09 and 25/84/02).

2.2. Induction of memory immune response and treatment of mice
with neutralizing antibody

T. nattereri fish venom was obtained from fresh captured spec-
imens at the Northeastern coast of Brazil (IBAMA 16221-1) in dif-
ferent months of the year according to Lopes-Ferreira et al. [24].
Endotoxin content was evaluated (resulting in a total dose

<0.8 pg/ml LPS) with QCL-1000 chromogenic Limulus amoebocyte
lysate assay (Bio-Whittaker) according to the manufacturer’s
instructions. Groups of five mice were immunized with intraperi-
toneal injections of 10 pg of T. nattereri venom adsorbed in Al(OH)3
on day 0 and boosted on day 14 with the same dose of venom. Ani-
mals injected only with AI(OH)s were considered as control mice.
All groups of animals (venom or control) were bled and killed at
days 21, 28, 48, 74 and 120. In some experiments mice were in-
jected i.v with 5 pg of neutralizing anti-IL-5 and anti-IL-17A mAbs
(R&D Systems Europe Ltd.) or control rat IgG mAb (GL113) 30 min
before venom injection at days 0 and 14. Mice were killed at 28 and
74 d after the first immunization. For determination of leukocyte
recruitment into peritoneal cavity and T cell analysis mice were
immunized on day O with 10 pg of venom adsorbed in alum and
boosted on days 14, 20, 47 and 119 with 10 pg of venom and killed
at days 15, 21, 48 and 120 to detection of effector and memory
CD4+ T cells.

2.3. Cell isolation

At time points indicated (21, 28, 48, 74, and 120 d) after venom
immunization, animals were killed by CO, asphyxiation, and peri-
toneal cells were recovered by peritoneal flushing using 5 ml of
ice-cold sterile PBS plus 0.1% EDTA (ethylenediaminetetraacetic
acid). BM cells were isolated from femur bones and after centrifu-
gation; the supernatant from both cell suspensions was collected
for cytokine, chemokine, and FACS analysis. Spleens were removed
aseptically and single-cell suspensions were prepared for FACS
analysis and in vitro re-stimulation. Cells were cultured at
2 x 106 cells/ml in RPMI 1640 medium supplemented with 2 mM
L-glutamine, 100IU/ml penicillin, 100 pg/ml streptomycin,
25 mM HEPES buffer, and 10% heat-inactivated FCS (all from Life
Technologies, Paisley, UK). Cells were cultured with 10 pg/ml of
T. nattereri venom for 72 h, and the supernatants from parallel trip-
licate cultures were stored at —70 °C until analysis of cytokine con-
centrations by ELISA.

2.4. Flow cytometry analysis

For surface staining single-cell suspensions (1 x 10%) were trea-
ted with 3% mouse serum of naive mice to saturate Fc receptors
followed by the staining by fluorescence conjugated Abs: Rat
IgG2ak PE-anti-mouse CD5, Goat IgG2bk PE-anti-mouse Ig (specific
for IgG1, IgG2a, 1gG2b and IgG3), Rat IgG2ak PerCP-Cy5-anti-
mouse CD45R/B220, Rat IgG2ak FITC-anti-mouse CD43, Rat IgG2ak
PE-anti-mouse CD138, Rat IgG2bk FITC-anti-mouse CD4, Rat
IgG2ak BIOTIN anti-mouse, second antibody goat PE anti-rat, Rat
[gG2bk FITC-anti-mouse Ly6C, Goat IgG2bk PE-anti-mouse CD154
(CD40L), Rat IgG2bk PE-anti-mouse Ly6G, Rat IgG2ak FITC-anti-
mouse CD117, Rabbit IgG2ak anti-mouse CCR3, goat FITC anti-rab-
bit for 30 min on ice. Cells were washed three times in PBS 1% BSA.
For intracellular staining, cells were stimulated with 20 ng/ml
acetate phorbol myristate, 1 uM iomycin (Sigma) e Golgi-stop
solution (BD Biosciences) for 6 h. Cells were washed, fixed and per-
meabilized with Cytofix/Cytoperm solution (BD Biociences) and
stained with Rat PerCP-Cy5 anti-mouse IL-17A, Rat PerCP-Cy5
anti-mouse IFN-y, Rat PerCP-Cy5 anti- mouse IL-4 and Rat PerCP-
Cy5 anti-mouse IL-5. Cells were washed three times in PBS 1%
BSA. Negative controls were used to set the flow cytometer photo-
multiplier tube voltages, and single-color positive controls were
used to adjust instrument compensation settings. Cells were exam-
ined for viability by flow cytometry using forward/side scatter
characteristics or dead cells were excluded by LIVE/DEAD fixable
dead cell stain. Data from stained samples were acquired using a
FACSCalibur flow cytometer equipped with CellQuest software
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(BD Biosciences) and were analyzed using CellQuest Software (Bec-
ton-Dickinson, San Jose, CA).

2.5. Determination of cytokine and chemokine by ELISA

Cytokines and chemokines were measured in supernatant of
peritoneal and BM flushing and splenic cell culture by a specific
two-site ELISA using antibody pairs purchased from Pharmingen
(BD, San Diego, CA, USA). Binding of biotinylated monoclonal anti-
bodies was detected using streptoavidin-horseradish peroxidase
complex and TMB (3,3',5,5-tetramethylbenzidine) substrate
solution containing hydrogen peroxide. Results are expressed as
picograms per milliliter in reference to commercially available
standards. Detection limits were 7.8 pg/ml for IL-18, TNFa, IL-6,
IL-5, IL-17A, IFN-y and IL-10; for IL-23 was 39 pg/ml and for che-
mokine KC was 15.6 pg/ml. The results were expressed as the
mean values and standard deviations from five animals.

2.6. Titration of total IgE and specific IgG1 and IgG2a by ELISA

Blood samples were obtained by the puncture of the right
ventricle of immunized mice. ELISA for detection of Abs was
performed as described [25]. Plasma was tested for IgG1 or IgG2a
Abs using venom-coated 96-well plates and biotinylated goat
anti-mouse IgG1 or IgG2a antiserum. The reactions were devel-
oped with streptavidin-horseradish peroxidase complex (Sigma),
O-phenylenediamine (OPD) and H,0, and the plates were read at
490 nm on an automated ELISA reader (Spectramax, Molecular
Devices). The results were expressed as the mean + SEM absor-
bance. An IgE-specific ELISA was used to quantitate total IgE Ab
levels in plasma using matched Ab pairs (553413 Pharmingen
and 1130-08 Southern Biotech.), according to the manufacturer’s
instructions. Samples were quantified by comparison with a stan-
dard curve of IgE (0313ID, Pharmingen).

2.7. Passive cutaneous anaphylaxis (PCA)

For determination of the anaphylactic activity of IgE, PCA reac-
tions were performed in rats using non-inactivated plasma, accord-
ing to Mota and Wong [26]. After 18 h they were challenged i.v.
with 100 pg of venom +0.25% of Evans blue solution. All tests were
made in triplicate and PCA titers were expressed as the reciprocal
of the highest dilution that gave a lesion of >5 mm in diameter. The
detection threshold of the technique was established at 1:5
dilutions.

2.8. Determination of peritoneal influx of cells

Groups of five mice were immunized i.p. with 10 pg of T. natter-
eri venom adsorbed in Al(OH); on day 0 and boosted on day 14
with the same dose of venom. Animals injected only with Al(OH)s3
were considered as control group. At 120 d after the first immuni-
zation, animals were killed by CO, inhalation and peritoneal cells
were obtained by peritoneal flushing with 5 ml of sterile PBS/EDTA
10 mM. For the recovery of cellular contents, lavage fluid was
centrifuged at 378g for 10 min and the cell pellet was resuspended
in cold PBS/BSA 0.1% for leukocyte cell counts. Using a hemocytom-
eter and cytocentrifuge, slides were prepared, air dried, fixed in
methanol, and stained (Wright-Giemsa, Scientific Products,
Chicago, IL). For differential cell counts, 300 leukocytes were enu-
merated and identified as macrophages, neutrophils, eosinophils or
mast cells based on staining and morphologic characteristics using
a light microscope (Nikon Eclipse E200). Representative photomi-
crographs of each group were acquired digitally using an Axio Im-
ager A1 microscope (Carl Zeiss, Germany) with an AxioCam ICc1
digital camera (Carl Zeiss, Germany).

2.9. Histology and immunohistochemistry analysis of splenic sections

Spleens from control or venom-mice were collected and fixed
(10% buffered formalin). The fragments were then dehydrated,
cleared and embedded in paraffin. Serial sagittal sections of the
whole spleen were made (3-4 um thick), stained with hematoxi-
lin/eosin (H&E) to evaluate general morphology. Immunohisto-
chemistry was performed using mAbs against the membrane Ig
(Goat IgG2bk PE-anti-mouse Ig specific for IgG1, IgG2a, 1gG2b
and IgG3 - Southern Biotech) or polyclonal antibodies against T.
nattereri venom obtained from pre-immunized mice. Endogenous
peroxidase was inhibited with 3% H,0, in PBS for 10 min at room
temperature. Antibody binding in tissue sections for venom deter-
mination was visualized with a biotinylated secondary antibody
(goat anti-mouse), streptavidin and biotinylated horseradish per-
oxidase complex (StreptABComplex/HPE) and diaminobenzidine
(DAB) as chromogen. Sections were counterstained with hematox-
ilin/eosin. Negative control slides were processed in parallel with
each batch of staining or normal serum. All slides were examined
with light microscopy (Axio Imager A1, Carl Zeiss, Germany) cali-
brated with a reference micrometer slide. For each group of five
mice, four stained spleen sections from each mouse were analyzed
and it was performed three separate experiments.

2.10. Statistical analysis

All values were expressed as mean + SEM. Parametric data were
evaluated using an analysis of variance, followed by the Bonferroni
test. Non-parametric data were assessed using the Mann-Whitney
test. Differences were considered statistically significant at
p <0.05. Experiments were repeated at least three times.

3. Results
3.1. Venom induces a chronic Th2 antibody response

BALB/c mice with high susceptibility to the development of
Th2-type immune response were immunized with proteins of
T. nattereri venom in the presence of adjuvant. After a venom boos-
ter without adjuvant, they were left for a period of at least 7 d and
up to 106 d in the absence of further antigenic stimulation for the
induction of a chronic response in accordance with McHeyzer-Wil-
liams et al. [27] (Fig. 1A). First, we focus our investigation on the
analysis of antibody memory response as a way to directly mea-
sure the activity of memory B cells, ex vivo (Fig. 1B) and the results
show a high production of venom-specific IgG1 and IgG2a accom-
panied by high levels of total and specific IgE antibodies compared
with control-mice. Until 74 d we observed an increase in the pro-
duction of IgG2a that decrease at 120 d. In contrast, the levels of
IgG1, total as well as specific IgE dramatically increase at 120d
compared with 21-74 d. These results indicate that the chronic
interaction of venom proteins with host promotes a shift from
Th1 for Th2 in the late phase of antibody responses.

Besides the ability to produce specific antibodies, another as-
pect that is discussed on the formation of immunological memory
is the change in the spleen architecture, a lymphoid organ consid-
ered a center of lymphocyte proliferation and high-affinity anti-
body production. Here we observed that spleens of venom-mice
appeared enlarged in size, and splenomegaly was accompanied
by an increased number of splenocytes (Fig. 1C). We observed that
typical B cells areas in lymphoid follicles of control-mice (Fig. 1D)
were modified in spleen of venom-mice with chronic immune re-
sponse at 120d, showing an increased expansion of GC, largest
and most populous than in control-mice (Fig. 1E). In addition, a sig-
nificant enhancement of IgP® B cells was seen in the regions of GC
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of these venom-mice until 120 d (Fig. 1G) as compared to regions
of the GC of control-mice (Fig. 1F).

Together these results show that the protein mixture of the ve-
nom of T. nattereri induced a chronic humoral immune response
with a predominant production of IgG2a antibodies that decline
after 74 d privileging the production of IgE antibodies. The venom
induced the development of splenic hyperplasia with GC formation
and proliferation of positive Ig B lymphocytes.

3.2. Bone marrow maintenance of Bla cells induced by venom

Although B1 cells are classified as B cells responding to T cell-
independent Ags, adaptive response and T cells can influence many
aspects of B1 cell activation and differentiation [28-30]. Next, we
analyzed Bla cells (B220/CD45R!°“CD5P%) using antibodies
against B220 (anti-B cell isoform of CD45R) and CD5 in a negative
CD4 cells gate. The results present in Fig. 2 show that there was an
expansion of peritoneal Bla cells between 28 and 48 d (2.46% and
3.05%, respectively — Fig. 2A) that returned to control levels after
74 d. An elevated number of these cells were seen in spleen at
21, 28 and 74 d (9.72%, 8.48% and 5.45%, respectively - Fig. 2B);
we can observe an almost disappearance of Bla cells in spleen at
48 d and 120 d. Although few B1a cells were observed in BM of ve-
nom-mice compared with control-mice, this environment sus-
tained the chronic maintenance of Bla cells until 120 d (Fig. 2C).

Thus, these results demonstrate that venom induced the emer-
gence of Bla in the BM and spleen, followed by the mobilization
into the peritoneal cavity and retention in the BM.

3.3. Venom antigens promote the final differentiation of ASC in
inflamed tissue

The cellular differentiation of B memory cells into ASC has not
been completely elucidated, but a hierarchical model of differenti-
ation has been proposed: activated B cells progressively acquire
increasing levels of CD138 and decreasing levels of CD45R/B220
to finally arrive at B220"*® ASC phenotype, which are either
CD138™ or CD138"&" [9,31]. CD43 (leukosialin or sialophorin) is
a cell surface sialoglycoprotein implicated in cell adhesion and pro-
liferation whose tightly regulated expression in B lymphocytes is
likely important for their normal development and/or function [10].

In Fig. 3A we observed that the expression of B220 and CD43
divides this population into four subsets that persist at different
levels into all compartments. In peritoneal cavity venom induced
the formation of B220Me"CD43Msh  B220MeCD43ow,  and
B220"°8CD43MeP In spleen: B220MshCD43Meh B220°wWCD43Mieh
and B220"°¢CD43"e"; and finally in the BM: B220"&"CD43Mieh
B220"8"CD43'°%, and B220"°€CD43Me,

In Fig. 3B, analyzing the expression of syndecan-1 - CD138 (his-
togram) in gated cells of the four subsets we show that venom in-
duced into the peritoneal cavity until 120 d the differentiation and
maintenance of B220"ECD43MehCD138PO, B220"ish
CD43'°%CD138P%, and a bigger percentage of B220"°8CD43-
highC138P%5, Also, B220"e"CD43"ehCD138P% positive cells were
observed at 21 d; B220"&"CD431°"CD138P% positive cells were
detected at 21 d and 48 d; and B220™*¢CD43""CD138P° were de-
tected at 21d and 74 d.

(A) . 5.0
Peritoneum *
§ * 7
C
ontrol @ 55
s
: I
R
SEsinl | T
Cont 21d 28d 48d 74d 120d
(B) Spleen 154
®
€ 10 W
0
‘f_“ *
m 54
B
* *
04 — —
Cont 21d 28d 48d 74d 120d
Bone marrow 5-
(C)

Control

Venom

% B1a B cells
N

CD45R/B220

CD5

*
D )
14 - *
104 0- — lim

Cont 21d 28d 48d 74d 120d

Fig. 2. Accumulation of B1a cells subset. Determination of Bla by flow cytometry using B220 co-staining with CD5 in total cells of peritoneal cavity (A), spleen (B) and BM (C)
from immunized or control mice at various time points after immunization. Percentages of cells indicate for each bar represent the mean + SEM value from determinations
from pooled compartments each from five individual mice and three independent experiments. “p < 0.05 compared to control-mice.
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Fig. 3. Venom promotes the differentiation of ASC subtypes. The expression of B220 and CD43 divides the ASC population into 4 subsets that persist at different levels into all
compartments. In peritoneal cavity (Fig. 3A) venom induced the formation of B220"€"CD43"e" B220Me"CD43'°%, and B220"°¢CD43"e". In spleen (Fig. 3B): B220Me"CD43Meh,
B220'°“CD43"e" and B220"8CD43M¢"; and finally in the BM (Fig. 3C): B220"E"CD43Meh, B220MENCD43/°%, and B220"°¢CD43"e", Representative expression of high levels of CD138 in
gated cells from population of peritoneal cavity (D), spleen (E) and BM (F) were determined. Mean + SEM of three independent experiments is shown. “p < 0.05 compared to control-mice.

In spleen, B220"e"CD43"e"CD138P% and B220'°“CD43"8"CD  phase of venom response (120d), but B220"°¢CD43M8"CD138P°s
138P% appeared at 21 d until 28 d and were maintained in chronic were only detected at 48 d and 74 d after immunization (Fig. 3C).
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In the BM (Fig. 3D) B220M&"CD43Ms"CD138P°° and B220"e"
CD43'°"CD138P° were maintained in chronic phase of venom re-
sponse (120 d), but B220"°¢CD43"e"CD138P° were only observed
until 48 d.

Together, these results show that: (1) all compartments were
constituted by B220Me"CD43"eM and B220"8CD43Me", but the sub-
populations B220M&"CD43'°" and B220'°“CD43"e" were only ob-
served in peritoneal cavity, and spleen, respectively; (2) in the
late phase (120 d) of chronic venom-response the largest pool of
ASC into the peritoneal cavity consist of B220"8CD43"8" pheno-
type; the largest pool of ASC into spleen was constituted by B220
positive cells (B220M2" and B220'°"), whereas the largest pool of
ASC into in the BM was constituted by the B220"8"CD43'°" pheno-
type; (3) and finally, terminally differentiated cells (B220"¢CD43-
high) were only maintained in the inflamed peritoneal cavity in late
phase of chronic immune response induced by venom (120 d).

3.4. Inflammatory as well T-derived cytokines are responsible for ASC
maintenance

A current concept of ASC homeostasis suggests that survival of
individual cells depends on specific signals like cytokines produced
in a limited number of ecological niches and, most of them present
in the BM, but also in inflamed tissues. The active mediators in-
duced by the venom until 120 d in the peritoneal cavity were KC
(Fig. 4A) and IL-5 (Fig. 4E), and produced by splenic cells were
TNF-o (Fig. 5C), IL-6 (Fig. 5D), IL-5 (Fig. 5E), IL-17A (Fig. 5F), and
IFN-y (Fig. 5H). In the BM, only IL-23 was produced at 120d
(Fig. 6H).

Also, it was observed in peritoneal cavity the production of IL-
1B until 48 d (Fig. 4B), and TNF-a, until 28 d (Fig. 4C); the produc-
tion of IL-17A was observed only at days 48 and 74 (Fig. 4F); and
the production of IFN-y in this compartment was only observed
at 21 d (Fig. 4H). Splenic cells produced KC only at 28 d (Fig. 5A);
IL-1B8 was produced until 48d (Fig. 5B); and IL-10 until 74d
(Fig. 5G). Finally, in the BM venom induced the production of KC
until 28 d (Fig. 6A); IL-1B (Fig. 6B) and TNF-a (Fig. 6C) until 48 d;
IL-5 was induced until 74 d (Fig. 6E), and IL-17A and IL-10 were de-
tected only at 48 d (Fig. 6G).

Together the results from Figs. 3 and 4-6 suggest that the com-
bination of described positive regulators as KC, IL-5, and TNF-a,
and also IL-17A and IL-23 with negative regulators as IFN-y and
IL-10 could regulate the differentiation and the movement of cells
into and across the compartments analyzed. Also, the maintenance
of terminally differentiated cells (B220"°8CD43"&") only in the in-
flamed peritoneal cavity in late phase of chronic immune response
induced by venom could be related with the persistent production
of time KC, IL-5, TNF-a, IL-6, and IL-17A and IL-23.

Next we hypothesized that the resultant high level of peritoneal
KC and IL-5, and possibly systemic IL-6, TNF-a, and IL-17A could
contribute to leukocyte production and mobilization in the BM
and high peripheral cell numbers in venom-mice. We confirm this
hypothesis with the demonstration that chronic humoral immune
response induced by T. nattereri venom is accompanied by a persis-
tent inflammatory reaction in the peritoneal cavity compared with
control animals (Fig. 7A). At 21 d an influx of neutrophils and an
exuberant influx of eosinophils to the peritoneal cavity of ve-
nom-mice were observed. At 48 d, venom induced an increase in
the number of neutrophils and a decrease in the number of eosin-
ophils recruited, but induced the influx of macrophages. The late
phase of memory response (120 d) induced by venom was charac-
terized by a persistent Th2-mediated inflammation, with the influx
of eosinophils, and mainly mast cells and neutrophils. At 120 d,
control animals show no inflammatory cells in the peritoneal
cavity.

The most popular and well characterized hypothesis of long-
term antibody production is that memory B cells are stimulated
by persisting antigen that is retained in the form of antigen-anti-
body complexes on the surface of follicular dendritic cells - fDC
[32]. We next asked whether splenic cells of immunized mice re-
tained venom antigens. For this, we used specific serum produced
by previously venom-immunized mice according to Piran-Soares
et al. [33]. Immunohistochemistry analysis indicated that venom
proteins were detected in the clear zone of GC at days 21-48
(Fig. 7C-E) compared with control-mice (Fig. 7B). At 74 d
(Fig. 7F) and 120 d (Fig. 7G) after immunization, few amounts of
venom were seen retained by splenic cells, indicative of residual
antigen elimination from the cellular environment.

Taken together, these results demonstrate that the persistence
of venom antigens retained in fDCs of the spleen and the active
inflammation in peritoneal cavity generated the chronic produc-
tion of extrinsic factors capable to support the differentiation and
survival of ASC.

3.5. Peritoneum provides survival signals to sustain ASC differentiation

The idea that CD4 memory T cells (CD44"CD62L"°®) can provide
accelerated help for antibody responses is well established. To de-
fine the location of antigen-specific memory CD4+ T cells gener-
ated in a chronic response induced by venom, we have analyzed
memory CD4+ T cells expressing Ly6C and CD40L markers. Our re-
sults in Fig. 8A show that the venom induced a formation of mem-
ory CD4+ CD44+ T cells expressing high levels of both Ly6C (top
panel) and CD40L (bottom panel) in peritoneal cavity until 120 d.
In spleen persistent formation of CD4+ CD44+ T cells expressing
Ly6C was also observed until 49 d. In this compartment, CD4+
CD44+ T cells expressing CD40L were also seen in an early period
after immunization (15 d). Finally, in BM, only CD4+ CD44+ T cells
expressing high levels of Ly6C were detected at 49 d and 120 d. To-
gether, these results show that the late phase of chronic response
(120 d) induced by the venom is characterized by the presence
of memory CD4+ CD44+ T cells expressing high levels of both
Ly6C and CD40L in inflamed tissue and memory CD4+ CD44+ T
cells expressing Ly6C in the BM.

In Fig. 8B we confirm the activation status of memory CD4 T
cells by the demonstration of the intracellular content of cytokines
14 d after immunization. In peritoneal cavity an elevated develop-
ment of IL-17A-, IL-5-, IL-4-, and IFN-y-producing CD4+ CD44+
memory T cells were observed compared to control-mice (an in-
crease of 3.3-fold, 3.02-fold, 2.86-fold, and 3.28-fold, respectively).
Also, in spleen venom induced the development of IL-5-producing
CD4+ CD44+ T cells 1.68-fold compared to control-mice), and IL-4-
and IL-5-producing CD4+ CD44+ T cells in BM (1.64-fold and 1.5-
fold, respectively). This result identifies memory CD4+ CD44+ T
cells clones as a source of critical cytokines involved in Th2 shift
during the late phase of venom memory response.

Together, our results suggest that venom induced a Th2-medi-
ated inflammation in inflamed tissue with infiltration of eosino-
phils, mast cells, neutrophils, and CD4+ CD44+ CD40L+ Ly6C+
effector memory T cells. In addition, these results confirm the par-
ticipation of memory CD4 T cells in the sustained production of
survival factors as IL-5 in all compartments and IL-17A only in in-
flamed peritoneal cavity.

3.6. IL-5 and IL-17A cytokines positively regulate the production of
specific-IgE

We show that the resultant high level of peritoneal KC and IL-5,
and possibly systemic IL-5, IL-6, TNF-o, and IL-17A and bone-
marrow production of IL-23 could contribute to regulation of ASC
differentiation and maintenance. ASC survival is largely controlled



342 L.Z. Grund et al./Cytokine 59 (2012) 335-351

2000 +

1500
1000 ~

*
x* X,
III*
o) O I

KC (pg/mL)

500 -

Cont 21d 28d 48d 74d 120d

G

800 1

600 -
400 A

oﬁlliém

TNF-o (pg/mL)

200 A

Cont 21d 28d 48d 74d 120d

m

1000 ~

*
* *
750 - *
sk
500 -
250 A i
o) B3

Cont 21d 28d 48d 74d 120d

IL-5 (pg/mL)

G

IL-10 (pg/mL)
- - N
o n o
o o o

a
o
1

Sy 1.

Cont 21d 28d 48d 74d 120d

(B)

2000 7

1500 -
1000 A

*'k
O;ﬁ Iiﬁ

IL-1-B(pg/mL)

500 A

Cont 21d 28d 48d 74d 120d

IL-6 (pg/mL)

ODiIi

Cont 21d 28d 48d 74d 120d

05..'%%

Cont 21d 28d 48d 74d 120d

—_—

F)

N
[¢)]
)

IL-17A (pg/mL)
- - N
)] o (&) o

—_—

H)

400 - *
300 -

200 1

IFNY (pg/mL)

-

o

o
1

= ——— e—— c—— oo

o
L

Cont 21d 28d 48d 74d 120d

Fig. 4. Inflammatory mediators as well T-derived cytokines produced by peritoneal cavity cells. The levels of KC (A), IL-1 (B), TNF-a (C), IL-6 (D), and IL-5 (E), IL-17A (F), IL-10
(G) and IFN-vy (H) were determined by ELISA in the supernatant of peritoneal cavity of mice. *p < 0.05 compared to control-mice.

by extrinsic factors such as interleukin IL-5, IL-6, SDF-1¢, and TNFa
[16], but the direct or indirect influence of IL-5 and IL-17A in the
in vivo differentiation or maintenance of ASC is not known.

Next, we examined the ability of neutralizing mAbs against
both cytokines to modulate specific Ab responses generated by
T. nattereri venom (Fig. 9A). Mice treated with anti-IL-5 or anti-
IL-17A produced at 28 d after immunization diminished levels of
specific-IgG1 and undetectable amounts of specific-IgG2a com-
pared with mice inject with venom plus isotype control. However,
74 d after immunization, IgG1 and IgG2a antibody levels were
equally high in anti-IL-17A treated-mice, and elevated levels of
IgG2a were observed in anti-IL-5 treated-mice, but in contrast a

diminished level of specific-IgG1 was observed in these mice
(Fig. 9B). These results show that the production of specific-IgG1
response against venom is controlled only by IL-5. We show that
the elevated total IgE levels observed in venom-mice were abol-
ished after anti-IL-5 treatment at 28 d, but not after anti-IL-17A
neutralization. Both treatments did not affect total IgE production
in later period (74 d) and moreover, the absence of both cytokines
virtually abolished the production of specific-IgE antibodies
(Fig. 9B), suggesting that IL-5 and IL-17A is crucial for the main-
taining of specific-IgE secreting cell functions.

Overall, these results suggest that IL-5 and IL-17A regulate the
production of specific-Igk, without modifying the production of
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Fig. 5. Mediators produced by splenic cells. The levels of KC (A), IL-1B (B), TNF-a (C), IL-6 (D), and IL-5 (E), IL-17A (F), IL-10 (G) and IFN-vy (H) were determined by ELISA in the

supernatant of in vitro re-stimulated splenic cells. “p < 0.05 compared to control-mice.

specific-IgG2a or the total production of IgE. Also, IL-5 seems to be
important for the chronic production of IgG1.

Nevertheless the treatment with neutralizing antibodies was
not able to reverse the splenomegaly (Fig. 9C) or the GC formation
(Fig. 9D), the absence of these cytokines during the immunization
period of time induced a decrease in total number of splenocytes in
74 d compared with both animals injected only with venom or
with venom plus control antibody GL113 (Fig. 9C). In addition,
the blockade of IL-17A impairs partially the increase of IgP°* B cells
induced by the venom (lower panel, Fig. 9E).

Thus, although IL-5 and IL-17A regulate the synthesis of IgE
antibodies, both cytokines do not modify the splenic hyperplasia
or the formations of GC provoked by the venom; and also posi-
tively regulate the proliferation of splenocytes.

3.7. IL-5 and IL-17A regulate the maintenance of Bla in spleen

In the Fig. 10A, we observed that the treatment of venom-mice
with blocking antibodies induced an expansion in the number of
Bla in the peritoneal cavity and in the BM at days 28 and 74,
suggesting a negative regulation of both cytokines in peripheral
compartments as inflamed peritoneal cavity and BM. But in con-
trast, the splenic Bla population induced by the venom decreased
dramatically after both treatments, suggesting a positive regula-
tion of both cytokines in Bla in a secondary lymphoid organ as
spleen.

Thus, IL-5 and IL-17A negatively regulate the expansion of Bla
in the peritoneal cavity and in BM, and in contrast, they control the
differentiation of these cells in spleen.
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3.8. IL-17A positively regulates the generation of terminally
differentiated ASC B220™¢ in inflamed tissue

The selection of allergen-specific B cells into ASC compartment
is a critical step in the immune deregulation that leads to the pro-
duction of IgE in allergic diseases [34]. We show that IL-5 and II-
17A positively control the production of specific IgE in venom-mice.

Next we examined the ability of neutralizing mAbs against both
cytokines to modulate the differentiation of ASC (Fig. 10B). We also
show that the treatment of venom-immunized mice with both
blocking antibodies resulted in almost complete depletion of ASC
with the phenotype B220"8CD43"8" in peritoneal cavity at 74 d.
Also, both treatments promoted augmented percentage of ASC
with B220"€"CD43"e" phenotype. The normal percentage of the
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subpopulation B220M8"CD43°% was not modified by neutralizing
antibodies.

In the spleen, both blocking neutralizing antibodies promoted a
higher percentage of ASC B220™&"CD43Me" (28 and 74 d) and
B220'°%CD43"Me" (74 d), however, they reduced the percentage of
ASC with B220'°%CD43"&" phenotype at 28 d and B220"¢®
CD43"e"phenotype at 74 d.

Concerning to ASC in the BM, treatment with both anti-IL-5 and
anti-IL-17A mAbs promoted an increase in ASC B220Me"CD43Migh ¢
28 d, and in contrast, treatment with both blocking antibodies re-
sulted in almost complete depletion of ASC with the phenotype
B220"°¢CD43"e" in BM at this time. Furthermore, anti-IL-5 mAbs
treatment induced at days 28 and 74 d an increased percentage
of ASC B220M&"CD43'%, These experiments indicate that IL-5 and
IL-17A signals are sufficient for the generation of ASC with the
B220"°¢ phenotype, controlling negatively the rate of survival of
ASC with high B220 expression.

Thus, IL-5 and IL-17A are sufficient for the generation of ASC
B220"°¢ in the peritoneal cavity and negatively regulates the num-
ber of ASC B220P°%, confirming that the hierarchical process of ASC
differentiation triggered by venom needs the signal derived from
IL-5 and IL-17A.

4. Discussion

The aim of this study was to investigate the impact of IL-5 and
IL-17A on the development and maintenance of subtype of mem-
ory B cells in chronic humoral Th2 immune response. To this
end, we used chronic immunized mice with T. nattereri venom pro-
teins that were left for a period of 120 d in the absence of further
antigenic stimulation. In order to distinguish the differential sub-
types of memory B cells, the expression of B220 and CD43 markers
was evaluated in these cells in several niches (peritoneum, spleen



346 L.Z. Grund et al./Cytokine 59 (2012) 335-351

Ly6C
A
- Sizlml
( A) T CD4 memory
Ly6C -
A CD40L
v = D Control
8 ® = VIN
. P
m $1
CD44 gl - _MJ
=1 B Canaauvcn .
ol - ' 7
S B>
CD40L
300~ *
©
Q *
>
4 200
A
™
S = :
5=
N 1004
<
o
(3
0_
300-
+
5' *
S
O __ 2001
3L 8
&=
(T} 100+
+
<
[a]
o D
0_

r D oD D * D oD A > D oD RO
SR SR SR

Peritoneum Spleen Bone Marrow
4_
(B) . 3 peritoneum
" ] spleen

bone marrow

fold increase

IL-4 IL-5 IL-17A IFN-y

Fig. 8. Memory CD4 T cells were induced in response to T. nattereri venom. Representative dot plots showing 3-color staining for memory T cell identification: gated double
positive CD4*CD44"" cells were identified by the co-expression of Ly6C (Fig. 8A, top) or CD40L (Fig. 8A, bottom) in total of peritoneal cavity, spleen and BM from immunized
or control-mice at various time point after challenge. MFI were obtained via by flow cytometry and each bar represents the mean + SEM value from determinations from
pooled compartments each from five individual mice and three independent experiments. (B) In peritoneal cavity, spleen and BM of immunized or control-mice at 15 d,
CD4*CD44"Me" T cells were analyzed for intracellular cytokines content using mAbs against IL-4, IL-5, IL-17A, and IFN-y. The production of memory T cell-derived cytokines
was calculated as fold increase induced by venom over the control group. “p < 0.05 compared to control mice.



L.Z. Grund et al./Cytokine 59 (2012) 335-351 347

(A)

G

Ven + Ven +
N F 250- Venom 4 IL-5 anti IL17A
2 * = =
.“;" 200+ C =
anti-IL-5 3 _ 28d =
Treatment  gp¢i. 24 1504 f # =
IL17A 2 X ok x * = =
* 2 <= 100 = "3
Immunizati;L Analysis g 50+ 74d H —;
GEEEEE mEREsEEEEEEEEEEREREes 0- IIH|\III‘IHI|HII‘IIH|I\II‘IIH|HII‘III; :
| 1 1 [ ‘ cm 2 3 4
1 1 1 1 Day 28 Day 74 bbb
Days 0 14 28 74 3 venom I ven + anti IL-5 HM ven + anti IL17A
= 2000
S —~
E )
£ £ 1500
go
= = 1000 Venom
=
£
S o plus
6 § 500 anti-
=) ILS
- 0
T 20000
§7
E g 15000
E g 10000 Venom
= g plus
£ .
s & 5000 anti-
8> IL17A
2 0
2000
)
£ 1500
=)
£
w 1000
>
® 500
]
0
LS LEF \\}9 3
NN & Venom
xS Q"{b 3 plus
X .
€ & € & anti-IL5
Day 28 Day 74
o . 2560 7
[ S
2 640
: -
2 S 160 Venom
o plus
=g 40 “ " anti-
52 10 T IL17A
w5 *
e .. .
2> ] [y |
Day 74

Fig. 9. IL-5 and IL-17A cytokines positively regulate the production of specific-IgE. BALB/c mice were injected with neutralizing anti-IL-5 or anti-IL-17A mAbs or matched
isotype control 30 min before venom injection at days 0 and 14 (A). Plasma samples and spleen were isolated at 28 and 74 d after immunization. The isotypes of venom-
specific IgG and total or specific IgE present in the plasma of treated animals were determined by ELISA or PCA, respectively (B). The treatment with neutralizing antibodies
was not able to reverse the splenomegaly (C) or the germinal centers formation (D), but decreased the total number of splenocytes in 74 d compared with both animals
injected only with venom or with venom plus control antibody GL113 (C). The blockade of IL-17A impairs partially the increase of IgP°* B cells induced by the venom (bottom,
E). “p <0.05 compared to control-mice, # p < 0.05 compared to untreated venom-mice.



348

(A)

% B1a B cells

(B)

£
3 3
S <
S o
':O\
[}]
o
[
[]
o
& 3
<
R
3
o
£
©
= 9
2 g
2

L.Z. Grund et al./Cytokine 59 (2012) 335-351

Peritoneum Spleen Bone Marrow
60+ # # 10+ * 80- fﬁ
* - ® gl #
— l) *
404 3 64 * E %01 #oO#
# # m m * *
* * S 4 # # o 407
20+ D I ) x # # o
X 2 * * = 204
= 0 o O - N B
Day 28 Day 74 Day 28 Day 74 Day 28 Day 74
venom C—/ ven +anti IL-5 A ven + anti IL17A
B220high CD4 3high 091 38* B220hish CD43'°w CD138* B220nes CD43hish CD138*
204 204
501 - f f
40 154 (5
Q. Q.
(7N "
30 < 104 < 0
¥ Q!
201 . # 4 5 5 .
104 * * # #
0- -- D . L . 0_ — — — —— e 0_ /— /3 oEmm e
Day 28 Day 74 Day 28 Day 74
Day 28 Day 74 & & & &
B220hish CD43hish CD138* B220'ov CD43hish CD138* B220nes CD43hish CD138*
ﬁ # #
20 .y 80 R 67 .
15 s 601 ]+
g o 84 i
10 20+ *
#od S 507 # ;
* * ° # * * 2 x % %
| R
Day 28 Day 74 Day 28 Day 74 Day 28 Day 74
B220hish CD43Mish CD138* B220hish CD43°wCD138* B220res CD43MghCD138*
#
35
10.0 q 50-
# 30- * #
# o+ * 404
751 y o 2
@ 20, Q304 x
50 2 154 ; 204
251 - 9 101
D 5 # #
007 . 0- — == — — 0- B =m —_— == =
Day 28 Day 74
Day 28 Day 74 Day 28 Day 74 i g

C— venom

== ven + anti [L-5 === yon + anti [L17A

Fig. 10. IL-5 and IL-17A positively regulate the maintenance of terminally differentiated ASC B220"*® in inflamed tissue. Mice were injected with neutralizing anti-IL-5, anti-
IL-17A or GL113 control mAbs 30 min before venom injection at days 0 and 14. Modulation of B1a cells by neutralizing antibodies treatment (A). Treatment with both
blocking mAbs resulted in almost complete depletion of ASC with the phenotype B220"°® in peritoneal cavity and negatively regulated the differentiation of ASC with the
phenotype B220P° in all compartments (B). “p < 0.05 compared to control-mice, # p < 0.05 compared to untreated venom-mice.



L.Z. Grund et al./Cytokine 59 (2012) 335-351 349

and BM); and extrinsic survival factors as cytokines produced by
CD4 memory T cells and venom depot were also determined. Final-
ly, venom-immunized mice were treated before the immunization
processes with anti-IL-5- and anti-IL17A neutralizing antibodies
and the Abs production and differentiation of the subtypes of
ASC were investigated.

Two key transcriptional regulators, Blimp-1 and XBP-1, have
been shown to be necessary for the terminal differentiation of B
cells into long-lived antibody-secreting cells [6]. Little is known
about signals that induce Blimp-1 and XBP-1 although it has been
shown that the expression of Blimp-1 is induced by IL-5 [35]. IL-5
specifically binds to IL-5Ra and induces the recruitment of fc to IL-
5R, and at least three different signaling pathways including JAK2/
STAT5 pathway, Btk pathway, and Ras/ERK pathway are activated.
IL-5 critically regulates homeostatic proliferation and survival of
B1 cells and the natural antibody production by these cells, and en-
hances the AID and Blimp-1 expression in activated B2 cells lead-
ing to induce p to y1 class switch recombination and terminal
differentiation to IgM- and IgG1-secreting plasma cells, respec-
tively [36].

Since the demonstration the role of IL-23 in autoimmunity, it
was discovered that Th17 subset has been linked to the pathogen-
esis of many inflammatory diseases, including arthritis, experi-
mental autoimmune encephalitis, inflammatory bowel disease
and airway inflammation [20,37,38]. The differentiation of this
subtype of Th cell is dependent on IL-6-STAT3 activation of the
transcriptional regulator retinoic acid receptor-related orphan
receptor-yt (RORYt); and these cells produce IL-17A, IL-17F, IL-21
and IL-22 and are highly responsive to IL-1 receptor 1 (IL-1R1)
and IL-23R signaling [17,39]. IL-17 has been reported as the central
cytokine involved in the spontaneous development of germinal
center B cell-derived autoantibodies in autoimmune BXD2 mice;
and promotes the prolonged retention of murine B cells in the
GC [21].

Nevertheless such data established a link between IL-5 and IL-
17 and B cells, the direct or indirect influence of IL-17 as well as
IL-5 in the in vivo differentiation or maintenance of subtype of
ASC is not known.

Several models have been proposed to account for the heteroge-
neity in memory B cell populations [3,10,27]. In contrast to models
of memory induced by acute infection with live pathogens that
have impaired long-term memory development, in this study, we
have used venom proteins of T. nattereri Brazilian fish to establish
a model in which germinal center derived B cells and high affinity
specific antibodies were permanently generated. In particular,
memory response to venom induced a chronic expansion of Bla
cells in BM, while retains venom proteins by splenic cells and
maintains in the peritoneal cavity a Th2-mediated inflammation
with infiltration of eosinophils, mast cells, neutrophils and IL-
17A-producing CD4+ CD44+ CD40L+ Ly6C+ effector memory T cells
(TeM).

Furthermore, we have provided evidence that IL-17A as well as
IL-5 produced in a context of chronic inflammatory response
against venom proteins directly influence the production of spe-
cific IgE antibodies and the maintenance of Bla cells in the BM
from the spleen. Both cytokines negatively regulate the mainte-
nance of ASC B220P% in different sites of response. A striking find-
ing in the current study was that IL-5 and IL-17A are critical for the
differentiation and maintenance of ASC with B220"® phenotype in
inflamed peritoneal cavity.

Some authors believe that the persistence of antigen, for
months or even years, in the form of immune complexes on the
surface fDC is an essential factor for the maintenance of memory
B cells and production of specific antibodies [32,40,41]. However,
even though antigen occupancy is apparently not required for
the maintenance of memory B cells as reported by Maruyama

et al. [42], our data here do not exclude the possibility that a BCR
signal is required for the maintenance of memory B cells and ASC
induced by the venom. Presumably these signals are similar to that
needed for the survival of naive B cells [43].

It is also conceivable that the B1a cells are required to initiate
T-independent B cell differentiation and Ig production. These cells
emigrate from the peritoneal cavity into spleen where they
complete their differentiation program and switch from IgM to
IgA/IgG-secreting B cells [44]. Furthermore, Zhong et al. [45] de-
scribed that B1 cells induced T cells to express IL-17 and IFN-vy to
a much greater extent than observed with either B2 cells. Our data
showed here support the view that Bla cells emigrate from the
peritoneal cavity into spleen, where they are regulated by IL-5
and IL-17A to become ASC.

Mitsdoerffer et al. [46] have shown that Th17 cells are able to
promote class switching to IgG1, IgG2a, IgG2b, and IgG3. Finally
B1a cells encounter a survival niche into BM, where they may con-
tribute to activate IL-17A-producing CD4+ CD44+ Ly6C+ central
memory T cells (TcM) present in this compartment.

Class switched IgG1+ GC memory B cells were present in equiv-
alent percentage during all time in anti-IL-5- and anti-IL-17A-trea-
ted venom-mice compared with non-treated venom-mice (data
not shown) as well the treatments did not reverse the splenomeg-
aly or the GC formation (Fig. 9), further highlighting that signals
delivered via IL-5R and IL-17R are not required for GC mainte-
nance. Consistent with this we observed an elevated relative num-
ber of ASC with both phenotypes (B220M8"!°% and in lesser extent
B220"8) in 74 d postimmunization in spleens obtained from anti-
IL-5- and anti-IL-17A-treated mice, indicating that in the splenic
niche, IL-5R and IL-17R signaling is not required for final differen-
tiation into terminally-differentiated end stage cells with negative
expression of B220.

In addition, our studies define that signals delivered via the IL-
5R/IL-17R may directly support the differentiation of ASC B220"¢
outside the GC, into a rich microenvironment necessary for long-
lasting survival as chronic inflamed tissues. This is supported by
data demonstrating that the treatment of venom-immunized mice
with anti-IL-5 and anti-IL-17A mAbs promotes the complete deple-
tion of ASC B220"°¢ in peritoneal cavity. Also in untreated venom-
immunized mice we found that the presence of Th2 inflammation
with neutrophil, eosinophil and mast cells migrated to KC, IL-4 and
IL-5 chemokine gradient may be responsible for the attraction and
maintenance of IL-17A-producing effector memory CD4+ Th17
cells, which control the direct differentiation of ASC B220"°S.
Future studies will need to characterize the direct action of
IL-17A and IL-5 in differentiation of ASC from memory B cells,
and if the different subsets of ASC induced by T. nattereri venom
possess differential functional subspecialties.

In addition, our results depicted here support a view [47] that
the physical co-localization in the inflamed peritoneal cavity of
leukocytes which induce the generation of BAFF/APRIL and possi-
ble COX,-derived lipidic mediators regulate the activation and dif-
ferentiation of ASC B220"°%, Corroborating this view, it is also
demonstrated that non-haematopoietic cells as epithelial or endo-
thelial cells in inflamed peritoneal cavity contribute to ASC survival
by the production of BAFF and APRIL [15,48].

The population expansion and survival of Th17 cells depend on
IL-23 [49]. Interestingly, our data show a positive correlation of
the BM production of IL-23 and memory Th17 differentiation pro-
cess. Presumably, IL-23 in BM participates in the activating of
CD4+ CD44+ Ly6C+ central memory T cells into effector memory
cells expressing CD40L (CD154) that may be mobilized from BM into
the inflamed tissue, an ideal niche for interaction with B cells [50-
53], amplifying the processes of differentiation and survival of ASC.

Antigen-specific IgE is the central event in the pathogenesis of
chronic atopic disorders (in atopic dermatitis, followed by atopic
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asthma, perennial allergic rhinitis, and seasonal allergic rhinitis)
and is dependent on Th2 cytokines. It is also important to discuss
that our study showed that specific IgE responses to venom were
ablated in anti-IL-5- and anti-IL-17-treated-mice, suggesting that
(i) IL-17A as well as IL-4 and IL-13 are key regulators of switching
to IgE, and (ii) combined therapies with anti-IL-5- and anti-IL-17-
monoclonal antibodies could be implemented. Moreover, our find-
ings demonstrate that (iii) IL-17A is not involving in the IgG1
switch, in contrast to partial dependence of IgG1 on IL-5. Our study
produced results which corroborate the provocative findings of
Milovanovic et al. [54], showing that IL-17A has an important func-
tional implication in IgE production. Furthermore, they demon-
strated that blocking IL-17A affected only IgE and not IgG, IgM,
or IgA production in peripheral blood mononuclear cells (PBMCs)
from an atopic donor. Finally, our results enable us to propose a
mechanism in which IL-5 and IL-17A produced by CD4+ CD44+
CD40L+ Ly6C+ effector memory T cells induce memory B-cell IgE
class switching and differentiation into ASC.

Collectively, the observation described here that the production
of survival factors for the innate cells as neutrophils, eosinophils
and mast cells, and cytokines as IL-5 and IL-17A for activated effec-
tor memory T cells (CD40LP%) guarantees the survival of the ASC
B220"¢ in the inflamed peritoneal cavity. IL-23 promotes in the
BM an ideal niche for retention of TcM in rest state (CD40L"*#) that
demonstrate fast capacity of mobilization for the inflamed tissue
where they are activated and will help ASC in survival. Thus, we
proposed that in our model, IL-5 and IL-17A is required for the dif-
ferentiation and maintenance of ASC with B220"® phenotype in in-
flamed tissue as peritoneal cavity, regulating the down-expression
of B220 molecules in these cells (see Scheme 1).

5. Conclusion

In conclusion, by using venom proteins of T. nattereri Brazilian
fish we have highlighted the importance of extrinsic mediators

as cytokines in Th2 chronic response development, demonstrating
that IL-5 and IL-17A are crucial for the maintaining of specific-IgE
secreting cell functions. We demonstrated that IL-5 and IL-17A ex-
ert positive regulation in Bla cells in a secondary lymphoid organ
as spleen and are crucial for the maintenance of specific-IgE pro-
duction. We found that IL-5 and IL-17A are required for the differ-
entiation and maintenance of ASC with B220"®® phenotype in
inflamed peritoneal cavity, whereas neutralizing anti-IL-5- and
anti-IL-17A antibodies abolish this subpopulation. Thus, IL-5 and
IL-17A are sufficient for the generation of ASC B220"°® in the peri-
toneal cavity and negatively regulate the number of ASC B220P%,
confirming that the hierarchical process of ASC differentiation trig-
gered by venom needs the signal derived from IL-5/IL-5R and IL-
17A/IL-17R.
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Abstract

Switched CD19-positive memory B cells purified from mice with chronic immune response against Thalassophryne
nattereri venom proteins were cultured with venom or cytokines. Our results confirm the existence of a hierarchic
process of differentiation: activated memory B cells progressively acquire increasing levels of CD138 and decreasing
levels of CD45R/B220 to finally arrive at ASC with B220"¢ phenotype, which are 1gG1-secreting cells. Only Bmem
from peritoneal cavity or bone marrow of VTn immunized mice presented the capacity to generate ASC functionally
active. IL-17A or IL-21/IL-23/IL-33 improves the ability of venom to induce intracellular IgG of peritoneal derived-ASC.
Cognate stimulation with venom and IL-17A is sufficient to down-regulate the expression of CD45R/B220. BAFF-R is
up-regulated in splenic or medullar derived-ASC stimulated by venom, CpG or cytokines. Only splenic derived-ASC
up-regulate Bcl-2 expression after CpG or the combination of IL-21/IL-23/IL-33 stimulation. Finally, the activation of
ASC for IgG1 secretion is triggered by venom proteins in peritoneal cavity and by IL-17A in medullar niche. These
results show the importance of the integration of signals downstream of BCR and IL17-A receptors in modulating
ASC differentiation, focusing in the microenvironment niche of their generation.
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Introduction

Immunological memory is typically established following
immunization or infections, and is central to the survival of the
host. This immunity is engendered by cellular (CD4 and CD8 T
cells) and humoral (B cells) immune compartments. Two B cell
populations are responsible for sustaining the humoral immune
memory: memory B cells (Bmem) and the long-lived antibody-
secreting cells (ASC) [1,2,3].

The non-proliferating ASC secrete high affinity antigen-
specific antibodies (Abs) for protracted periods of time [1,4],
are capable of homing to bone marrow (BM) via CXCR4/
CXCL12-mediated chemokine signaling or inflamed tissue and
differ from Bmem in many respects. ASC up-regulate Blimp-1,
XBP-1, IRF4 that cause i) cessation of cell cycle; ii) decrease
signaling from the B cell-receptor (BCR) and communication
with T cells; iii) inhibition of isotype switching and somatic
hypermutation; iv) down-regulation of CXCRS5; v) induction of
copious immunoglobulin (Ig) synthesis and secretion; vi) down-
regulation of typical B cell markers, including major
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histocompatibility (MHC) class I, B220/CD45, CD19, CD21,
CD22, and surface lg; vii) and increase of syndecan-1 (CD138)
[5,6].

Conventional models suggest that long-term Ab responses
are maintained by the continuous proliferation and
differentiation of Bmem into ASC. Despite some studies
carefully mapping out the mechanisms mediating the survival
of Bmem, Hikida et al. [7] report that phospholipase C (PLC)-y2
is required for efficient formation of germinal center (GC) and
Bmem. However, it was described that BAFF and APRIL are
not required for the survival [8]. Also it is not clear whether
antigen reencounter results in the activation of antigen-
responding Bmem or if intrinsic changes modulate their
differentiation into ASC following appropriate stimulation [9]. It
has been proposed that long-lasting B cell-mediated immunity
is sustained by recurrent antigen exposure and in the absence
of cognate antigen, inflammatory stimuli associated with
adaptive immune responses like cytokines, Toll-like receptor
(TLR) agonists or T cell help drive the activation of Bmem in an
non-specific manner in vivo [10,11]. Signals influencing the
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decision between memory maintenance and plasmacytic
differentiation are not fully understood at present.

Recently, using venom proteins of Thalassophryne nattereri
(VTn) Brazilian fish we establish a model in which GC derived-
B cells and high-affinity specific Abs were permanently
generated [12]. Therefore, this model provides an interesting
scenario for studying the signals allowing survival and
differentiation of the memory B cell compartment. In particular,
humoral memory response to venom was characterized by a
predominant production of IgG2a Abs that decline after 74 d
privileging the production of IgE Abs later (120 d). A chronic
expansion of B1a cells in BM induced by the venom was also
observed, splenic cells retained venom proteins and in the
peritoneal cavity a Th2-mediated inflammation with infiltration
of eosinophils, mast cells, neutrophils and IL-17A-producing
CD4+ CD44+ CD40L+ Ly6C+ effector memory T cells (TeM)
were maintained. The venom promoted the differentiation of
Bmem and subtypes of ASC that were characterized by the
expression of B220 and CD43 molecules (B220 "s"CD43hish,
B220 hehCD43lw, B220 '°wCD43M" or B220 ne9CD43Mdn),
indicating a hierarchical process of differentiation [13].

Furthermore, we have provided in vivo evidence that IL-17A
as well as IL-5 produced in a context of chronic inflammatory
response against venom proteins directly influence the
production of specific IgE Abs and the maintenance of B1a
cells in the BM from the spleen. Both cytokines negatively
regulate the maintenance of ASC B220r in different sites of
response. A striking finding in this study was that IL-5 and
IL-17A are critical for the differentiation and maintenance of
ASC B2209 phenotype in inflamed peritoneal cavity [13].

Here in this study, we proposed to confirm the capacity of
memory B cells generated by venom proteins to undergo
terminal differentiation in response to different immunological
signals as re-exposition of antigen or non-specific and
bystander mediators as cytokines.

Material and Methods

Venom

Thalassophryne nattereri fish venom was obtained from
fresh captured specimens in different months of the year
according to Lopes-Ferreira et al. [14] at the Mundau Lake in
Alagoas, state of Brazil with a trawl net from the muddy bottom
of lake. No protected specimens were captured and fish were
transported to Immunoregulation Unit of Butantan Institute. All
necessary permits (capture, conservation and venom c) were
obtained for the described field Studies (Instituto Brasileiro do
Meio Ambiente e dos Recursos Naturais Renovaveis - IBAMA
Permit Number: 16221-1). Venom was immediately extracted
from the openings at the tip of the spines by applying pressure
at their bases. After that fish were anesthetized with 2-
phenoxyethanol prior to sacrifice by decapitation.

After centrifugation, venom was pooled and stored at -80 °C
before use. The venom protein concentration was determined
by the Bradford [15] colorimetric method using bovine serum
albumin as the standard (Sigma Chemical Company; ST.
Louis, MO, USA). Endotoxin content was evaluated (resulting
in a total dose < 0.8 pg/mL LPS) with QCL-1000 chromogenic
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Limulus amoebocyte lysate assay (Bio-Whittaker) according to
the manufacturer’s instructions.

Mice

Male BALB/c mice (5-6 weeks old) were obtained from a
colony at the Butantan Institute, Sdo Paulo, Brazil. Mice were
housed in a laminar flow holding unit (Gelman Sciences,
Sydney, Australia) in autoclaved cages on autoclaved bedding,
in an air-conditioned room in a 12 h light/dark cycle. Irradiated
food and acidified water were provided ad libitum. This study
was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the
Brazilian College of Animal Experimentation. The protocol was
approved by the Committee on the Ethics of Animal
Experiments of the Butantan Institute (Permit Number: 666/09)
and of University of Sdo Paulo (Permit Number: 25/84/02). All
surgery was performed under sodium pentobarbital anesthesia,
and all efforts were made to minimize suffering.

Induction of memory immune response by venom
Groups of 5 mice were immunized with intraperitoneal (i.p.)
injections of 10 pg of Thalassophryne nattereri fish venom on
days 0 and 14. The first immunization was give in 1.6 mg of
aluminium hydroxide (AI(OH);) as adjuvant and the booster in
the absence of adjuvant. Mice injected only with Al(OH), were
considered as control-group. After 48 d, mice were killed by
injection of lethal dose of sodium pentobarbital anesthesia for
obtaining peritoneal, spleen and BM cell suspensions.

Peritoneum, splenic and bone marrow cell isolation

Cell suspensions from control or immunized mice were
obtained at 48 d after the first immunization. Peritoneal cells
were recovered by peritoneal lavage using 5 mL of ice-cold
sterile phosphate-buffered saline (PBS) plus 0.1% EDTA
(ethylenediaminetetraacetic acid). Spleens were dissociated
into single cell suspensions by mechanical disruption in Cell
Strainer (BD Falcon). Bone marrow cells were obtained by
flushing femurs of mice. Erythrocytes in spleens and BM were
lysed with 0.14 M NH,CI and 17 mM Tris-HCI (pH 7.4). After
lyses, cell concentration was adjusted to 10 x 10°® cell/mL in
RPMI containing 10% heat-inactivated FCS.

CD19-positive memory B cell purification

B cells were purified from either control- or VTh-immunized
BALB/c (48 d) mice using Magnetic Activated Cell Sorting
(MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). A
single-cell leukocyte suspensions from freshly isolated spleen,
bone marrow, and the peritoneal cavity were prepared using
RPMI containing 10% heat-inactivated FCS. Erythrocytes were
removed from the single cell suspensions by lysis. Briefly, total
cells (1 x 107) were incubated with 10 pL of anti-CD19 (Ly-1)
MicroBeads (Miltenyi Biotec) according to the manufacturer’s
instructions for positive selection. After immobilization of all
these cells with a magnet, untouched cells were discharged
and CD19-positive B cells were collected and identified. Purity
of Bmem cells identified as CD19* was 95% and confirmed by
flow cytometry.
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CD19-positive memory B cell culture

All cultures were performed in Iscove modified Dulbecco
medium (Invitrogen) and 10% fetal calf serum. Purified CD19-
positive B cells from peritoneum, spleen and BM were plated at
1.5 x 105mL and cultured in basic conditions that favors B
differentiation according to Jourdan et al. [16]. In the first step
of activation (0-4 d) B cells were cultured in the presence of
soluble anti-CD40 mAB (50 ng/mL) and recombinant cytokines
as IL-2, IL-4 and IL-10 (all at 50 ng/mL). In respective cultures
group, 2.5 pg/mL of CpG-ODN (oligodeoxynucleotide 24,
Sigma-Aldrich) or T. nattereri venom (20 ug/mL) were added.
After 4 d of culture, plasmablast were harvested, washed, and
cultured with IL-2, IL-10 and IL-6 (all at 50 ng/mL) or with
various combinations of recombinant cytokines as IL-17A,
IL-21, IL-23 and IL-33 (all at 1 ng/mL). At 7 d of culture, cells
were washed and cultured with recombinant IL-6 (50 ng/mL) for
2 d for plasma cell generation.

Detection of apoptosis or necrosis

Apoptotic and necrotic cells were analyzed with an FITC-
Annexin V (fluorescein isothiocyanate FITC)-conjugated or PI
using flow cytometry. Cells were harvested and resuspended in
100 pL binding buffer. Subsequently, cells were incubated with
5 pL of FITC-Annexin V and 10 uL of PI for 15 min in the dark.
The intensity of fluorescence of stained cells was acquired
using a BD FACSCalibur flow cytometer and data were
analyzed with CellQuest software (BD Biosciences,
Mississauga, ON, Canada).

Labeling with CFSE

For monitoring cell division, B cells in the first day and in the
last day of culture (1 x 108 cell/mL) were incubated for 10 min
at 37 °C with 5 mM CFSE (5- and 6-carboxyfluorescein
diacetate succinimidyl ester, Molecular Probes). After being
washed extensively, cells were resuspended in culture medium
and cell proliferation was measured on day 4 by flow cytometry
on a FACSCalibur and data were analyzed with CellQuest
software (BD Biosciences). A combination of CFSE and
PerCP-Cy5-anti-mouse CD45R/B220 or PE-anti-mouse CD138
was used to determine B cell differentiation status before and
after culture.

Hematoxilin/eosin staining

The CD19-positive B cell pellets before and after culture
were resuspended in PBS containing 0.1% newborn calf serum
(Sigma) and slides were performed using a hemocytometer
and cytocentrifuge. Slides were air dried, fixed in methanol,
and stained (Wright-Giemsa, Scientific Products, Chicago, IL).
After wash in H,0O they were mounted for observation with light
microscopy at a magnification of x40 (Axio Imager A1; Carl
Zeiss).

Flow Cytometry Analysis

For surface staining single-cell suspensions (1 x 10°) were
treated with 3% mouse serum of naive mice to saturate Fc
receptors followed by the staining by fluorescence conjugated
Abs: Rat IlgG2ak PE-anti-mouse CD138, Rat IgG2ak PerCP-
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Cy5-anti-mouse CD45R/B220, Rat IgG2ak FITC-anti-mouse
CD19 and Rat IgG2bk FITC-anti-mouse BAFF-R for 30 min in
ice. Cells were washed three times in PBS 1% BSA. For
intracellular ~ staining, cells were washed, fixed and
permeabilized with Cytofix/Cytoperm solution (BD Biosciences)
and stained with Rat IgG2ak PerCP-Cy5-anti-mouse Bcl-2 and
Rat 1gG2bk FITC-anti-mouse IgG. Cells were washed three
times in PBS 1% BSA. Negative-controls were used to set the
flow cytometer photomultiplier tube voltages, and single-color
positive controls were used to adjust instrument compensation
settings. Cells were examined for viability by flow cytometry
using side/forward scatter characteristics or 7-AAD exclusion.
Data from stained samples were acquired using a four-color
FACSCalibur flow cytometer equipped with CellQuest software
(BD Biosciences) and were analyzed using CellQuest Software
(Becton-Dickinson, San Jose, CA). Data were recorded as
geometric mean fluorescence intensity (MFI) and percent of
fluorescent positive cells.

Determination of IgG production

The concentration of venom-specific IgG in cell culture
supernatants was measured on day 9 with quantitative ELISA.
Supernatants were tested for IgG1 or IgG2a Abs using venom-
coated 96-well plates (venom at 3 pg/mL) and biotinylated goat
anti-mouse IgG1 or IgG2a antiserum. The reactions were
developed with streptavidin-horseradish peroxidase complex
(Sigma), OPD (O-phenylenediamine) and H,O, and plates
were read at 490 nm on an automated ELISA reader
(Spectramax, Molecular Devices). Results were expressed as
the mean + SEM absorbance. Antibody concentrations were
calculated from the IgG standard curves and represented as
ug/mL.

Statistical analysis

All values were expressed as mean + SEM. Parametric data
were evaluated using an analysis of variance, followed by the
Bonferroni test. Non-parametric data were assessed using the
Mann-Whitney test. Differences were considered statistically
significant at p < 0.05. The SPSS statistical package (Release
13.0, Evaluation version, 2004) was employed.

Results

Memory response induced by T. nattereri venom is
characterized by high frequency of CD19-positive
Bmem

In our previously study [13] we identified that proteins of VTn
induce in BALB/c mice a chronic humoral response
characterized by the presence of Bmem and ASC in
peritoneum, spleen and BM at several time-points after
immunization. Also we demonstrated that 48 d post-
immunization was a time for high frequency of switched Bmem
(CD45R/B220 *osIgG *sCD197s) and low frequency of ASC
(CD45R/B220 "™eCD138f>) in all three compartments: 2.9%
control vs 87.5% VTn in peritoneal cavity, 10% control vs 71%
VTn in spleen, and 10% control x 79% VTn in bone marrow
(Figure S1), thus becoming an ideal period for purifying cells
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committed with terminal B cell differentiation. Second, B cell-
restricted cell surface protein CD19 has been used as a good
murine marker of naive, activated and memory B cell that
appears at the earliest stages of development [17] but is down-
regulated during plasma cell differentiation [18].

Then we choose this period of time (48 d) to purified CD19-
positive B cells using magnetic microbeads (Figure 1A).
Several protocols sorting human memory B cells that are
committed to plasmacytic differentiation use CD27 as well as
CD19 molecule. Here we purified CD19-positive switched
memory B lymphocytes from VTn-immunized mice and CD19-
positive naive B cells from control-mice.

We confirmed the enrichment process of CD19-positive B
cell by positive selection (Figure 1B) in association with a high
percentage of viable cells (control- 76.98% vs VTn-immunized
mice 80.70%) (Figure 1C). We also showed that only CD19-
positive B cells derived from VThn-immunized mice proliferate in
vitro, compared with the low capacity of proliferation of CD19-
positive B cells from control mice, indicative of the existence of
naive B cells in control-mice and effector/memory B cells in
venom-mice. The high proliferative response (16-fold) was
achieved using splenic CD19-positive B cells from VTn-
immunized mice, followed by high frequency of BM and
peritoneal cells (Figure 1D).

Together, these results show that 48 d after in vivo VTn-
immunization, the venom proteins are able to induce viable
effector/memory CD19-positive B cells, particularly in spleen,
with a proliferative capacity in medium without any specific
stimulation. In humans, approximately one third of the CD19-
positive B cells is Bmem on a average basis [19]. Traditionally,
the induction of Bmem is considered as a crucial factor for
long-term vaccine-induced protection [10,11]. The high
frequency achieved in our model upon venom immunization is
similar with frequencies observed in humans by components of
bacterial vaccines (Bordetella pertussis and tetanus) or viral
vaccines (measles and influenza) [20].

CD19-positive Bmem generated by VTn differentiate in
vitro into non-proliferating CD138-positive ASC

Next we investigated the commitment of Bmem to
plasmacytic differentiation (ASC) and if there is a linear
process using an in vitro system. For that, purified CD19-
positive B cells (1.5 x 10% cell/mL) from control- immunized
mice (naive B cells) or VTh-immunized mice (memory B cells)
were cultured in a three-step in vitro model with medium under
basic conditions to B cell maintenance and differentiation for 9
days according to procedure schematized in detailed on Figure
2A. ASC differentiation was confirmed by the CD138
membrane expression acquisition and loss of their proliferative
capacity. CD138 was reported to be expressed in ASC in BM
and peripheral blood, but not on pre-germinal centre B cells
[21]. CD138 is a heparan sulphate proteoglycan, which
mediates cellular adhesion to collagen type | [22] and might
play a role in adhesion to BM stromal cells [23].

In Figure 2B we see that before culture (upper) only CD19-
positive B cells purified from peritoneum of VTn-immunized
mice express high levels of CD138 compared with CD19-
positive B cells from control group. After culture (bottom) in
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medium under basic conditions, cells obtained from all
compartments mainly peritoneal and splenic CD19-positive B
cells from VTn-immunized mice up-regulated the expression of
CD138 after differentiation.

Next we confirm the status of terminal differentiated CD138-
positive ASC from V Tn-immunized mice. In Figure 2C we show
that ASC from VTn-immunized mice (lower picture) presented
an activated lymphocyte-like morphology reminiscent of plasma
cell with a small, dense, ovoid nucleus and a voluminous
cytoplasm containing prominent amounts of rough endoplasmic
reticulum (RER) and enlarged Golgi compared with naive B
cells from control mice that exhibit a high nucleus to cytoplasm
ratio, little RER, and an uncondensed nucleus (upper picture).
According to CFSE staining (Figure 2D), after culture in basic
conditions, only few cells of VTh-immunized mice are dividing,
confirming the loss of the capacity of proliferation after
stimulation (black bars - Figure 2D). On the other hand, CD19-
positive B cells purified of all cell suspensions obtained from
control mice show a great proliferative capacity under basic
condition of culture (white bars - Figure 2D).

Here, these findings confirm the existence of a hierarchic
process of differentiation in which CD19-positive Bmem from
mice with chronic response to the venom differentiate in vitro
into CD138-positive ASC. Terminal differentiated ASC express
high levels of CD138 and posses low proliferative capacity.

IL-17A and a combination of IL-21/IL-23/IL-33 potentiate
the effect of IgG production induced by venom

Early studies demonstrated that IL-17A participates on
antigen-specific Ig production since the efficient levels of Ig
were reduced in mice deficient in IL-17 [24]. Some mediators
as IL-21 cytokine not only trigger B-cell proliferation [25],
isotype switching and somatic hypermutation [26], but also
induce ASC differentiation, exceeding 5 to 20 times the
capacity of IL-4, IL-2 or IL-10 in this function [27]. IL-33 has
been described by increase IgG1 and IgG2a production in
inflammatory diseases such as collagen-induced arthritis [28]
and recently, IL-23R was detected in plasmacytes and
plasmablasts and the signals derived modulate IgM and IgG
secretion [29].

To gain insight into extrinsic cues required for ASC
differentiation and reinforce the hierarchical process of
differentiation of Bmem into ASC, we evaluated the role of the
venom antigens and the co-participation of recombinant
cytokines or CpG in this culture system (Figure 3A). Because
ASC lose their ability to cell division, reduce the expression of
genes involved in BCR signaling and over-express genes
involved with Ig production, we analyze after 9 d of culture the
percentage of double positive cells: CD138-positive 1gG
producing-ASC (Figure 3B). These results show that VTn re-
stimulation in vitro enhances the percentage of CD138-positive
IgG producing-ASC from cells of the all compartments of
immunized mice; in contrast with the incapacity of unrelated
antigen as CPG (Figure 3C-3E).

These findings suggest an antigen-specific process and
corroborate the idea that the differentiation of Bmem into ASC
during T-dependent responses is at least in some cases strictly
dependent on their expression of MHC-II [30].
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Figure 1. Memory response induced by T. nattereri venom is characterized by high frequency of CD19-positive B
cells. Cartoon show the course of the experimental protocol in BALB/c mice immunized i.p. with 10 ug of T. nattereri venom (V Tn)
adsorbed in AI(OH); on days 0 and 14. Mice injected only with AI(OH), were considered as control group. After 48 d, mice were
killed for peritoneal, spleen and BM cell suspensions collection. CD19-positive cells were enriched using magnetic anti-CD19
microbeads and positive selection (A). Purity (B) and viability (C) were assessed by flow cytometry using CD19 staining and FITC-
annexin V co-staining with propidium iodide (PI) respectively. The percentage of cells in proliferation was determined through CFSE
incorporation. The percentage of CD45R/B220r°s CFSE'*labeled CD19-positive B cells from control- or VTn-immunized mice was
assessed by flow cytometry after 4 d of culture (D). Data are mean + SEM values from three independent experiments. *p < 0.05
compared to CD19-positive B cells from control. Dot plots are representative of 3 experiments.

doi: 10.1371/journal.pone.0074566.g001
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Figure 2. Venom is able to induce the in vitro differentiation of CD19-positive Bmem into non-proliferating CD138-positive
ASC. Representation of the B cell differentiation in an in vitro model (A). Purified CD19-positive Bmem (1.5 x 10° cell/mL) obtained
48 d after venom immunization were cultured under basic conditions to plasma cell generation for 9 d. ASC differentiation was
phenotypically monitored by flow cytometry based on CD138 membrane expression (B) and morphologically by Hematoxilin/eosin
staining (C). The percentage of proliferating-cells was determined through CFSE incorporation. CD138r°¢ CFSE"*labeled CD19-
positive B cells from control- or VTh-immunized mice were assessed by flow cytometry after 4 d of culture (D). Data are mean *
SEM values from three independent experiments. *p < 0.05 compared to CD19-positive B cells from control. Dot plots are
representative of 3 experiments.

doi: 10.1371/journal.pone.0074566.g002
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Figure 3. IL-17A and a combination of IL-21/IL-23/IL-33 potentiate the ability of venom to induce the differentiation of IgG
producing-ASC. Representation of the B cell differentiation in an in vitro model. Purified CD19-positive Bmem (1.5 x 10° cell/mL)
obtained 48 d after venom immunization were cultured in a three-step in vitro model under basic conditions or in medium
supplemented with VTn, CpG or cytokines alone or in combination with venom for 9 d (A). Evaluation of intracellular content of IgG
in CD138-positive ASC was determined by flow cytometry (B). The percentage of double-positive cells was analyzed in peritoneal
(C), splenic (D) or medullar cells (E). The dashed line represents the percentage of IgGres CD138r°s ASC differentiated from CD19-
positive B cells from control group of mice cultured in medium under basic conditions. #p < 0.05 compared to CD19-positive B cells
from VTn-immunized mice in medium under basic conditions; and ¢p < 0.05 compared to CD19-positive B cells from VTn-
immunized mice in medium supplemented with VTn. Data are mean + SEM values from three independent experiments. Dot plots
are representative of 3 experiments.

doi: 10.1371/journal.pone.0074566.g003
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The recombinant cytokine IL-17A as well as the combination
of IL-21/IL-23/IL-33 cytokines have additive effect on peritoneal
ASC differentiation induced by VTn. However, the addition of
IL-17A or the combination of cytokines IL-21/IL-23/IL-33 did not
play a synergic effect on splenic or BM ASC differentiation
induced by VTn. Such event may be explained by the in vivo
microenvironment in which splenic and BM cells developed.
After 48 d of immunization with V Tn we detect the production of
large amounts of IL-17A in all compartments including
peritoneal cavity, but IL-10 was produced only by splenic and
BM cells [13]. The presence of IL-17A could up-regulate the
expression of IL-17R in the CD19-positive Bmem while I1L-10
could counter-regulate this expression. So, we can speculate
that peritoneal Bmem expressing high levels of IL-17R could be
more susceptible to in vitro action of IL-17A, in contrast to BM
and splenic cells that are more refractory to this signal.

Also, TLR9 agonist, the mixture of IL-21/IL-23/IL-33 alone,
IL-17A alone or added to IL-21/IL-23/IL-33 mixture did not
directly induce ASC differentiation from cells of any
compartment (Figure 3C-3E).

Our results together confirm the existence of a hierarchical
process in which CD19-positive Bmem become CD138-positive
IgG producing-ASC by a mechanism directly dependent on
BCR stimulation by venom, that could be potentiated by IL-17A
and IL-21/IL-23/IL-33 if the cells are from peritoneal cavity.

Loss of CD45R/B220 surface expression in ASC is
controlled by cognate antigen

CD45R/B220 glycoprotein is a member of the family of
protein tyrosine phosphatases expressed in B lymphocytes
throughout their development from early pro-B stages and is
down-regulated upon terminal differentiation into ASC [31].
Decreased expression of CD45R/B220 is particularly significant
for ASC longevity since its lack increases cell survival [32]. Our
next step was the evaluation of the expression of the CD45R/
B220 in ASC differentiated from Bmem collected of VTn-
immunized mice (Figure 4).

First, we noted that before culture, the peritoneal (Figure 4B)
and BM (Figure 4D) CD19-positive B cells from VTn (gray) or
control mice (white) express similar levels of CD45R/B220, in
contrast to splenic (Figure 4C) CD19-positive B cells from VTn-
immunized mice that presented lower expression compared
with cells from control mice. This result suggests that the in
vivo splenic microenvironment selectively controls the low
levels of CD45R/B220 expression.

Second, after 9 d of basic conditions, peritoneal (Figure 4B)
and splenic (Figure 4C) differentiated ASC from Bmem of VTn-
immunized mice showed decreased CD45R/B220 levels, while
BM cells (Figure 4D) maintain similar levels compared with
before culture of this molecule. When Bmem of V Tn-immunized
mice were re-stimulated in vitro with GpG we observed that this
TLR9 agonist up-regulated the expression of CD45R/B220 only
in peritoneal ASC, but did not change the expression in splenic
or medullar ASC.

The re-stimulation with VTn dramatically decreased the
CD45R/B220 expression in ASC from Bmem of all
compartments, whereas IL-17A alone only induced decrease in
CD45R/B220 levels in ASC from splenic and medullar niche.
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The addition of the mixture of 3 or 4 cytokines to peritoneal,
splenic or medullar Bmem was not able to induce decrease in
the CD45R/B220 expression levels in differentiated ASC. Also,
the addition of cytokines (mixed of 3 or 4 cytokines) to culture
re-stimulated with VTn did not enhance the venom capability of
decrease the CD45R/B220 expression in ASC. These results
show that although IL-17A plays co-participating with VTn in
the differentiation of peritoneal Bmem into IgG producing
CD138-positive ASC, probably due to its ability to induce
increased expression of IL-17R, this cytokine alone is not
sufficient to decrease CD45R/B220 expression in peritoneal
cells, suggesting a direct requirement of VTn and others
signaling pathways on peritoneal Bmem for down-regulation of
CD45R/B220. For example, the classical XBP-1/Blimp-1
dependent pathway [6]. IRF-4, Blimp-1 and XBP-1/UPR
transcriptional regulators are important in the control of the
terminal differentiation of memory B lymphocytes into ASC [33].

ASC from splenic and medullar CD19-positive B cell
express high levels of BAFF-R

BAFF (B cell activating factor), a member of the TNF family
(also named TALL-1, THANK, BlyS or zTNF4) plays a
fundamental role in the long-term survival and homeostasis of
mature B2 and marginal zone B cells [34]. The binding of BAFF
to their receptors (BAFF-R/BR3, TACI, BCMA) leads to the
activation of the NF-kB pathway and ultimately to the
transcription of the anti-apoptotic factor Bcl-xL and Bcl-2 [35].
We reported in Figure 5A and 5B that CD138-positive ASC
differentiated from peritoneal cavity of VTn-immunized mice
(white bar) present low levels of BAFF-R similar to the levels of
control mice (dashed line). After different types of in vitro re-
stimulation we observed no changes in the low levels of BAFF-
R in ASC, suggesting that another receptors as TACI or BCMA
could be required for peritoneal ASC differentiation.

In contrast, our data show that CD138-positive ASC
differentiated from spleen of VTn-immunized mice super-
express the BAFF-R levels after stimulated with CPG, VTn or
the combination of IL-21/IL-23/IL-33 (Figure 5C). Moreover,
added to the capacity of CPG, VTn or the combination of IL-21/
IL-23/IL-33 to the up-regulation of the BAFF-R expression,
IL-17A is also important for ASC derived from BM cells (Figure
5D). These findings demonstrated the essential role of BAFF-
BAFF-R signaling during ASC differentiation induced by venom
in the splenic and BM microenvironment. Other studies clearly
demonstrated that splenic follicles are greatly reduced in size,
and IgG immune response to T-dependent antigen was
impaired as a consequence of anti-BAFF-R blocking Abs [34].

CpG is currently being used as an adjuvant in vaccination
protocols [36]. In human B cells, the effects of CpG-ODN-
mediated TLR9 activation include cellular proliferation,
differentiation into ASC, up-regulation of molecules involved in
immune cellular interactions and increase of cytokine secretion.
It was recently demonstrated that CpG-ODN induce the
expression of TACI and BCMA, but did not up-regulate BAFF-R
expression in isolated resting B cells from healthy donors [37].
Here, we demonstrated that TLR9 agonist induced an up-
regulation of BAFF-R in ASC from splenic and medullar Bmem
of VTn-immunized mice. These results indicate a potential
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Figure 4. Loss of CD45R/B220 surface expression in ASC is controlled by cognate antigen. The surface expression of
CD45R/B220 was analyzed in terms of mean fluorescence intensity (MFI) + SD by flow cytometry in CD138-positive ASC derived
from CD19-positive B cells of control- or VTn-immunized mice. Histogram is representative of 3 experiments (A). The dashed line
represents the MFI of CD45R/B220 in purified CD19-positive B cells from control mice cultured in medium under basic conditions.
The percentage of positive cells was analyzed in peritoneal (B), splenic (C) or medullar cells (D). *p < 0.05 compared to CD19-
positive B cells from control, and #p < 0.05 compared to CD19-positive B cells from VTn-immunized mice in medium under basic
conditions.

doi: 10.1371/journal.pone.0074566.9g004
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Figure 5. ASC from splenic and bone marrow CD19-positive B cells express high levels of BAFF-R. The surface expression
of BAFF-R was analyzed in terms of mean fluorescence intensity (MFI) + SD by flow cytometry in CD138-positive ASC derived from
CD19-positive B cells of control- or VTn-immunized mice. Histogram is representative of 3 experiments (A). The dashed line
represents the MFI of BAFF-R in purified CD19-positive B cells from control mice cultured in medium under basic conditions. The
percentage of positive cells was analyzed in peritoneal (B), splenic (C) or medullar cells (D). #p < 0.05 compared to CD19-positive B
cells from VTn-immunized mice in medium under basic conditions.

doi: 10.1371/journal.pone.0074566.9g005
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difference in the response of human and murine B cells to
CpG-ODN, and show that CpG-ODN synergize with antigen for
the induction of increase in BAFF-R expression on murine
ASC.

IL-6 and IL-10 [38] are known to be required for proliferation
and differentiation of human B cells. Previously we
demonstrated that in the memory response induce by VTn,
IL-10 was produced only by splenic and BM cells, but not by
peritoneal cells [13]. Together we can propose that the up-
regulation of BAFF-R in CD138-positive ASC differentiated
from spleen and BM of VTn-immunized mice induced by VTn,
CPG, or the combination of IL-21/IL-23/IL-33 and IL-17A could
require IL-10 co-participation.

TLR9 agonist and the combination of IL-21/IL-23/IL-33
promote increase in pro-survival Bcl-2 protein in ASC
from splenic niche

Terminally differentiated ASC are non-cycling and thus
phenotypically different from their predecessors. Expression of
Blimp-1 protein results in concomitant repression of the B cell-
specific transcription and apoptotic factors as Bcl-6 and Pax5,
and up-regulation of pro-survival members of the Bcl-2 family,
especially Bcl-2, Bcl-XL and myeloid cell leukaemia 1 (Mcl1)
[39]. Over-expression of Bcl-2 also causes a prominent
expansion of memory compartment contributing to the
maintenance of T and B cell memory [40].

Our results of intracellular content of Bcl-2 (Figure 6A) show
that ASC differentiated from peritoneal (Figure 6B) or medullar
(Figure 6D) CD19-positive Bmem did not demonstrate up-
regulation of Bcl-2 expression after any type of stimulation. But
in contrast, only TLR9 agonist (CpG) and the combination of
cytokines 1L-21/IL-23/IL-33 promote an increase of Bcl-2
expression levels in CD138-positive ASC differentiated from
splenic Bmem from V Th-immunized mice (Figure 6C).

These results corroborate the study of Klein et al. [41] that
showed that after leaving the GC, ASC modulate the
expression of various genes (267) including Bcl-2 similar to
those found in quiescent naive cells. These findings suggest
that ASC survival induced by VTn and IL-17A could be
mediated by other survival molecules as members of the Rho
family GTPases such as Rho, Rac or Cdc42 that regulate the
actin cytoskeleton and survival [42].

Moreover our results pointed to an important role for TLR
signaling in memory B cell compartment. The key role of TLR
receptors in cellular activation and modulation of quality of
function of B effector cells was first described by Leadbetter et
al. [43]. Our data show that activation of the TLR9 by CpG
agonist promotes increased expression of CD45R/B220 in ASC
derived from peritoneal B cells (Figure 4B), of BAFF-R
expression in splenic and BM (Figure 5C and 5D) and of Bcl-2
levels by splenic B cells (Figure 6B). However, the super-
regulation of CD5R/B220, BAFF-R and Bcl-2 expression in
ASC induced by CpG did not transduce sufficient signals to
induce the production or the secretion of specific IgG by ASC.
These results suggest that signaling via TLR9 present in
endossomal compartments of B cells could be related with
ASC survival, but not with Abs production.
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Venom and IL-17A control specific IgG1 secretion by
ASC

Abs secretion is the hallmark of terminal differentiated B cell
[44]. To investigate whether differentiated CD138-positive ASC
were functionally active we measured venom specific Ab
secretion in the last day of culture. IgG1 was the predominant
subclass secreted in supernatant from peritoneal or BM ASC,
but specific |lgG2a Abs were not detected (Figure 7). These
results show that VTn acts increasing IgG1 secretion by
CD138-positive ASC from peritoneal cavity of VTn-immunized
mice (Figure 7A), while IL-17A is fundamental for stimulate the
secretion of IgG1 by BM differentiated CD138-positive ASC
(Figure 7B). Our results show that the addition of IL-17A in
venom-restimulated cells promoted a decrease in IgG1
production by peritoneal or medullar ASC.

Early studies demonstrated that IL-17A participates on
antigen-specific Ig production since the efficient levels of Ig
were reduced in mice deficient in IL-17 [25], and IL-17 together
with BAFF, but not IL-17 alone increase cell survival,
proliferation and Ig class switching via transcription factor
Twist1 activation in vitro [45]. Milovanovic et al. [46] also
demonstrated that IL-17A participates together with anti-CD40
and IL-4 in the IgE secretion by human ASC. Taken together,
we demonstrate that activation of ASC for IgG1 secretion is
triggered by venom proteins in peritoneal cavity and by the
inflammatory cytokines as IL-17A maintained in medullar niche.
Thus, the special retention of high-affinity Bmem in inflamed
tissues and in central compartment as BM ensures that high-
affinity Abs will be produced upon each Ag exposure.

Discussion

The generation of vaccine-mediated protection is a complex
challenge. The long-term protection requires the persistence of
vaccine Abs and/or the generation of immune memory cells
capable of rapid and effective re-activation upon subsequent
microbial exposure. The determinants of immune memory
induction, as well as the relative contribution of persisting Abs
and of immune memory B cells to protection against specific
diseases, are thus essential parameters of long-term vaccine
efficacy. The successes in vaccines against polio, measles,
smallpox, diphtheria and tetanus have mostly come against
invariant pathogens that cause acute infections followed by
long-term protective immunity. However, there are urgent
needs to develop vaccines against persistent and chronic
infections such as HIV, human papilomavirus, dengue,
influenza, Mycobacterium tuberculosis and hepatitis C virus.
Thus, a better understanding of how different antigens activate
the immune system and sustain the immune memory is
important for new vaccines and adjuvants or for the
optimization of immunization strategies.

Here in this study, we confirm the contribution of Bmem to
ASC differentiation. Using cellular suspensions of peritoneal
cavity, spleen and BM from mice with chronic humoral
response against venom (48 d), we purified switched CD19-
positive Bmem that were cultured in an in vitro system in the
presence of venom, cytokines or CpG. Together, our results
confirm the existence of a hierarchic process of differentiation:
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Figure 6

Figure 6. TLR9 agonist and recombinant cytokines promote increase in anti-apoptotic Bcl-2 protein in ASC. The
intracellular content of Bcl-2 was analyzed in terms of mean fluorescence intensity (MFI) + SD by flow cytometry in CD138-positive
ASC derived from CD19-positive B cells of control- or VTh-immunized mice. Histogram is representative of 3 experiments (A). The
dashed line represents the MFI of Bcl-2 in purified CD19-positive B cells from control mice cultured in medium under basic
conditions. The percentage of positive cells was analyzed in peritoneal (B), splenic (C) or medullar cells (D). #p < 0.05 compared to
CD19-positive B cells from V Th-immunized mice in medium under basic conditions.

doi: 10.1371/journal.pone.0074566.9g006
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Figure 7. Venom and IL-17A control venom-specific IgG1 secretion by ASC. Purified CD19-positive B cells were cultured as
described above. At the end of culture, ELISA harvested supernatants for quantifying Ab concentrations. Venom-specific IgG1 Abs
were detected in supernatant of peritoneal (A) and BM (B) cell cultures. The dashed line represents the specific-lgG1 in supernatant
of purified CD19-positive B cells from control group of mice cultured in medium under basic conditions. #p < 0.05 compared to
CD19-positive B cells from V Thn-immunized mice in medium under basic conditions. Data are mean + SEM values.

doi: 10.1371/journal.pone.0074566.9g007

activated memory B cells progressively acquire increasing finally arrive at ASC with B220"9 phenotype, which are 1gG1-
levels of CD138 and decreasing levels of CD45R/B220 to secreting cells. Only antigen-experienced Bmem from
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peritoneal cavity or bone marrow of VTn-immunized mice
presented the capacity to generate ASC functionally active,
probably influenced by specific-niche stromal contact. This
process is dependent on antigen and IL-17A itself. The
reduction in the levels of CD45R/B220 and the increased
expression of BAFF-R induced in ASC by IL-17A are both
related to the direct action of this cytokine on Bmem in splenic
and medullar niche. The differentiation of ASC induced by the
venom is dependent on the BAFF-R signals and is independent
on the Bcl-2 protein expression.

This work contributes for the expansion of the understanding
of the factors involved in the differentiation and the survival of
ASC, therefore it demonstrates that dependent on the
microenvironment niche of their formation (mainly inflamed
tissue as peritoneal cavity) these cells require the integration of
signals derived from antigen and IL-17A for the survival for
extending period of time and for the secretion of memory Abs.
The trafficking and localization of Bmem and ASC in the body/
tissue mediated by homing receptors and chemokine receptors
triggered by venom antigens are determinant for activation
dependent on BCR- or cytokine receptors.

Vaccines that induce neutralizing Abs have led to the
eradication of important pathogens and have severely reduced
the prevalence of many other infections. However, even the
most successful vaccines do not induce protective Abs in all
individuals, and can fail to induce lifelong immunity. In this
view, our data permit some important points to be discussed.
First, we demonstrated the capacity of proteins of the T.
nattereri venom as B-cell helpers, leading committed Bmem to
differentiation into IgG producing-ASC. The ability of venom
antigens to promote the preferentially differentiation of Bmem
from inflamed peritoneal cavity into IgG1-producing B220"
ASC could be recognized as an adjuvant function for vaccines
improvement, and highlight the important role of constant
recruitment of new memory B cells for the continuously
diversifying high-affinity Abs response produced upon each Ag
exposure.

Second, our data show that IL-17A as an important mediator
for memory immune responses, enhancing IgG Abs production
and inducing 1gG1 secretion lead us to suggest the use of
IL-17A administration in combination with adjuvants as an
immune-stimulator or the use of new adjuvants able to induce
the local production of IL-17A. Our data corroborate the
established concept that the generation of vaccine-induced
Th17 cells as well IL-17 production is crucial for protection
against intracellular organisms.

IL-17 has been increasingly implicated in host responses
against intracellular pathogens, promoting the neutrophil
infiltration and granulomatous inflammation at the site of
infection. In addition, it has been attributed to IL-17 a role in
antigen-specific Ig production with normal or impaired
formation of GC [25,47-49]. Moreover, Th17 cells can induce B
cell proliferation and promote antibody isotype switching to
1gG1, 1gG2a, 1gG2b, and 1gG3. Interestingly, IL-17 on its own
drove class switch recombination to IgG2a [50].

Considerable recent attention has been given to IL-17
secreting CD4+ (Th17) cells and their potential role in vaccine-
induced immunity to a diverse array of bacteria and viruses in
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preclinical models and several groups have recently reported
that IL-17 confers protection against vaccine of B. pertussis
[51], C. albicans or Staphylococcus aureus [52,53], systemic
mycoses of North America, B. dermatitidis, C. posodasii, and
H. capsulatum [54,55] and S. Typhi [56].

Finally, the potent activity of venom proteins to modulate
innate immune cells. Emerging concepts suggest that
information sensed about the antigen is integrated by dendritic
cells (DC) and translated to antigen-specific T and B cells to
modulate the strength, quality, and persistence of the memory
immune response [57,58]. Moreover, conventional adjuvants,
such as aluminum hydroxide, induce good Th2-type immune
responses, but are not considered effective to promoting Th1-
type immune responses. This is a major limitation in vaccines
against pathogens for which potent cellular responses are
required for protection, such as, respiratory syncytial virus
(RSV), Mycobacterium tuberculosis and hepatitis C virus.

In this concept, venom proteins elicit both Th1- and Th2-
memory immune responses with IL-17A production by T
memory cells, and have even more potent activity in induce
protective immunity, shaping the quantity and quality of T and
B cell memory. Our group demonstrated recently that venom or
isolated proteins modulate important checkpoints of an ideal
vaccine antigen like co-stimulatory molecules on surface of
antigen presenting cells, cytokine environment and memory
cells. Nattectin, a C-type lectin isolated from the venom is able
of overcoming the immaturity of the immune system driving
Th1-type responses in an in vivo model and licenses
macrophages to differentiate into cells exhibiting typical DC
function in vitro [59]. Sustained production of cytokines (KC,
IL-5, TNF-q, IL-6, IL-17A and IL-23) and leukocytes recruitment
(neutrophils, eosinophils, and mast cells) were induced by
venom which can enhance quality and quantity of effector and
central memory T cell and ASC generation [13]. Moreover,
proteases Natterins isolated from T. nattereri venom are also
able to induce a pronounced Th2-type response and a rich
splenic microenvironment important to generation and
maintenance of terminal differentiated ASC with B220 negative
phenotype [60].

In conclusion, the modulation of the capacity of specific-
Bmem to differentiate into ASC could be achieved by a
particular antigen and cytokines-based mechanisms; and is
critical to fully explore the potential for design of novel vaccines
or adjuvants in the future.

Supporting Information

Figure S1. Memory response induced by T. nattereri
venom is characterized by high percentage of Bmem. Dot
plots (A) and percentage of Bmem (CD19P° in B220rs |gGPes
gated cells) in peritoneum (B), spleen (C) and bone marrow (D)
from control- or VTh-immunized mice were determined at 21,
28, 48, 74 and 120 d after immunization by multiparametric
flow cytometry using Armenian hamster IgG1y2 FITC-anti-
mouse CD19, goat IgG2bk PE-anti-mouse IgG (specific for
IgG1, IgG2a, IgG2b and IgG3), Rat IgG2aak PerCP-Cy5-anti-
mouse CD45R/B220. Data are mean + SEM values from three
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independent experiments. *p < 0.05 compared to control-mice.
Dot plots are representative of 3 experiments.
(TIFF)
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