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Debaixo d’agua tudo era mais bonito
mais azul mais colorido

sO faltava respirar

Mas tinha que respirar

Debaixo d’agua

se formando como um feto

sereno confortdvel amado completo
sem chdo sem teto sem contato com o ar

Mas tinha que respirar
Todo dia

Todo dia, todo dia
Todo dia

Debaixo d’agua por enquanto

sem sorriso e sem pranto sem lamento

e sem saber o quanto esse momento poderia durar
Mas tinha que respirar

Debaixo d’agua ficaria para sempre

ficaria contente longe de toda gente

para sempre no fundo do mar

Mas tinha que respirar
Todo dia

Todo dia, todo dia
Todo dia

Debaixo d’agua protegido salvo fora de perigo
aliviado sem perddo e sem pecado

sem fome sem frio sem medo

sem vontade de voltar

Mas tinha que respirar
Todo dia

Todo dia, todo dia
Todo dia

Arnaldo Antunes
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“Ser chamado de “Doutor” &,
como se sabe, uma das utopias mais
fascinantes de qualquer brasileiro, vivo
ou morto.”

Nelson Rodrigues
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RESUMO

A familia Baculoviridae € constituida por virus de fita-dupla de DNA que infectam
artropodes, larvas de lepidopteros em sua maioria. No inicio da década de 90, descobriu-se
que baculovirus possuem genes (p35 e iap) capazes de inibir a apoptose em células
hospedeiras, uma estratégia para garantir a replica¢do viral. O mutante vApAg, derivado de
Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV) e que possui um
transposon interposto no gene iap3, induz apoptose em uma linhagem celular derivada de
Anticarsia gemmatalis, havendo producdo de progénie viral. J4 o virus vP35del, derivado
de Autographa californica multiple nucleopolyhedrovirus (AcMNPV) e que possui o gene
p35 deletado, também induz apoptose na mesma linhagem celular, porém sem sinais de
producdo de progénie. Neste trabalho, investigou-se a ocorréncia de apoptose in vivo
induzida por vApAg e pelo recombinante p35 derivado de AcMNPV — vHSGFP/P35del
em larvas de A. gemmatalis. Utilizou-se como modelo de estudo hemdcitos infectados via
injecdo intrahemocélica de virus extracelulares. Os hemdcitos de A. gemmatalis foram
caracterizados e o processo infeccioso de AgMNPV, vApAg, vHSGFP e vHSGFP/P35del
nestas células foi estudado com base em técnicas morfoldgicas, tendo sido, ainda,
observadas a mortalidade e alteracdes no desenvolvimento larval induzidas pelos virus.
Foram observados seis tipos de hemdcitos: prohemdcitos (pr), plasmatdcitos (pl),
granuldcitos tipo 1 (ghl), granulécitos tipo 2 (gh2), oenocitéides (oe) e esferuldcitos (sph),
os quais apresentam semelhanga geral com o conjunto de hemdcitos de outros lepidépteros,

inclusive com relagdo ao seu numero total (CTH), as propor¢des dos diferentes tipos ao

XV



longo do desenvolvimento (CDH) e a atividade de fenoloxidase. A inativag¢ao do gene iap-3
de AgMNPYV resulta em apoptose para um ndmero considerdvel de hemdcitos em até 72
horas pds-infec¢do, com a producdo de virus extracelulares e ocluidos. O tempo médio de
morte para larvas infectadas com 100 e 1000 PFU de vApAg é cerca de 2,5 dias maior que
para as mesmas doses de AgMNPV. A delecdo do gene p35 de AcMNPYV resulta em uma
apoptose de hemdcitos discreta, entre 24 e 72 horas pds-infec¢ao, com alguma produgio de
virus extracelulares, havendo reducdo na propor¢cao de hemdcitos infectados ao longo do
tempo e reducio na infectividade das larvas. Para VHSGFP, uma dose da ordem de 10’
vezes maior que de AgMNPV foi necesséria para causar uma mortalide préxima a 100%.
Desta forma, A. gemmatalis consiste em um hospedeiro semi-permissivo a AcMNPV. Ao
contrario de AgMNPV e vApAg, vHSGFP e vHSGFP/P35del, em geral, ndo causam
liquefacdo dos insetos. Algumas larvas sobreviventes a infeccio por VHSGFP e,
principalmente, por VHSGFP/P35del, originam pupas andmalas invidveis. Todos os tipos
de hemdcitos de A. gemmatalis sdo susceptiveis a infec¢do pelos quatro virus. Pl e ghl sao
mais susceptiveis enquanto gh2 raramente sao infectados. Sph sdo especialmente tolerantes
aos virus derivados de AcMNPV, podendo constituir um dos fatores determinantes da baixa
infectividade destes virus em A. gemmatalis. Ghl e pl fagocitam células, fragmentos
celulares, corpos apoptéticos, virus extracelulares e ocluidos. Hemdcitos infectados
parecem ser alvos de uma resposta citotéxica causadora de necrose. Os resultados deste
trabalho reforcam a hipdtese de que a apoptose constitui uma estratégia anti-viral
importante em insetos, tendo em vista que os mesmos nao possuem imunidade adquirida. A
compreensdo de aspectos da relacdo patégeno-hospedeiro, especialmente no que diz

respeito aos mecanismos de imunidade de insetos contra virus, pode contribuir para a
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otimizacdo dos baculovirus como agentes de controle bioldgico de pragas e como vetores
de expressdo de genes heter6logos, bem como colaborar para a descoberta de novos anti-

virais e para o controle da transmissao de virus por insetos.
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ABSTRACT

The Baculoviridae family is composed by double-strand DNA viruses that infect
arthropods, generally lepidoptera larvae. In the beginning of the 90°s, it was shown that
baculoviruses possess genes (p35 e iap) that inhibit apoptosis in host cells - a strategy to
guarantee viral replication. The mutant vApAg, derived from Anticarsia gemmatalis
multiple nucleopolyhedrovirus (AgMNPV), which has the iap-3 gene interrupted by a
transposon, induces apoptosis in a cell line derived from Anticarsia gemmatalis, with
progeny production. The virus vP35del, derived from Autographa californica multiple
nucleopolyhedrovirus (AcMNPV), which has a deletion in the gene p35, also induces
apoptosis in the same cell line, however there is no progeny production. In this work, we
have investigated apoptosis in vivo induced by vApAg and by a p35 recombinant derived
from AcMNPV - vHSGFP/P35del in A. gemmatalis larvae. Hemocytes were the model
chosen for study and the infection occurred by intrahaemocoelic injection of budded
viruses. The hemocytes were characterized and the infective processes of AgMNPV,
vApAg, VHSGFP and vHSGFP/P35del in these cells were studied based on morphological
approaches. It was also observed larval mortality and the effects on larval development
caused by these viruses. Six types of hemocytes were observed: prohemocytes (pr),
plasmatocytes (pl), granular hemocytes type 1 (ghl), granular hemocytes type 2 (gh2),
oenocytoids (oe) and spherulocytes (sph). They presented great similarity to the hemocytes
pool from other lepidoptera, including the total number of these cells in circulation (THC),

the proportions of each type during larval development (DHC) and phenoloxidase activity.
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The inactivation of the iap-3 gene in AgMNPYV resulted in apoptosis induction for a great
number of hemocytes until 72 hours post infection, with the production of budded and
occluded viruses. The mean time to death was delayed in 2.5 days in average for insects
inoculated with 100 and 1000 PFU of vApAg, when compared to the same doses of
AgMNPV. The deletion of p35 in AcMNPYV resulted in a milder apoptosis, between 24 and
72 hours post infection, with some production of budded viruses. It caused a reduction in
the proportion of infected hemocytes along the time of infection and reduced larval
infectivity. For vHSGFP, a viral dose in the order of 10° times higher than for AeMNPV is
needed to cause a mortality ratio around 100%. Therefore, we consider A. gemmatalis as a
semi-permissive host to AcMNPV. The recombinants VHSGFP and vHSGFP/P35del
generally do not cause melting of insects, what normally occurs for insects infected by
AgMNPV and vApAg. Some surviving larvae infected by VHSGFP and, mainly by
vHSGFP/P35del, originate anomalous pupae. All hemocytes types from A. gemmatalis
were susceptible to infection by the viruses studied. Pl and ghl are the most susceptible
cells, while gh2 are rarely infected. Sph are especially resistant to AcMNPV-derived
viruses. This can constitute one of the factors that determine the low infectivity of
AcMNPV in A. gemmatalis larvae. Ghl and pl phagocytose cells, cell fragments, apoptotic
bodies, budded viruses and occluded viruses. Infected hemocytes appear to be targets for a
cytotoxic response that causes necrosis. These results reinforce the hypothesis of apoptosis
as an important anti-viral strategy in insects, which do not present acquired immunity. A
better comprehension of host-pathogen relationships, specially the ones related to insect

immunity against viruses, may contribute to an optimization of baculoviruses as biological
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control agents and heterologous expression vectors, as well as to the discovery of new anti-

viral drugs and to the control of virus transmission by insect.
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1. INTRODUCAO

1.1. OS BACULOVIRUS

1.1.1. ASPECTOS GERAIS E CLASSIFICACAO

Registros de mais de 2000 anos revelam o conhecimento humano acerca de doengas
de insetos de importancia econdmica, como o bicho-da-seda (Bombyx mori), e de epizootias
causadas por baculovirus em populacdes de insetos florestais e de lavouras. Porém,
somente apos a Segunda Guerra Mundial, os agentes causadores de tais doengas foram
identificados como membros de uma familia de virus e, ainda bem mais recentemente, €
que se deu inicio a descobertas sobre o progresso da infec¢do no hospedeiro, identificagao

de genes virais, seus produtos e funcdes dos mesmos (revisado por Federici, 1997).

Os baculovirus infectam principalmente insetos da ordem Lepidoptera em sua fase
larval, com centenas de espécies confirmadas como hospedeiras (Miller, 1997). Além dos
lepidépteros, os baculovirus também infectam insetos das ordens Hymenoptera e Diptera,
sendo ainda incerta a sua ocorréncia em insetos de outras ordens, bem como em outros

artropodes.

Em geral, as espécies de baculovirus sao tidas como possuidoras de um espectro de
hospedeiros restrito, porém esta caracteristica tem se mostrado bastante varidvel. Algumas
espécies apresentam hospedeiro tinico ou hospedeiros restritos a um género. Por outro lado,
alguns baculovirus infectam espécies em mais de uma familia de lepidopteros, como por

exemplo, Mamestra brassicae nucleopolyhedrovirus (MbNPV), que infecta espécies em



quatro familias de lepidépteros e Autographa californica multiple nucleopolyhedrovirus
(AcMNPV), com mais de 32 hospedeiros descritos, distribuidos em 15 familias de
lepidépteros (Cory & Myers, 2003). A susceptibilidade relativa de diferentes hospedeiros a
uma espécie de baculovirus pode variar bastante, sendo dependente de fatores como estagio
do desenvolvimento larval (Engelhard & Volkman, 1995), dieta (Hoover et al., 2000) e
estratégias de defesa do hospedeiro (Washburn et al., 1995, 2001; Trudeau et al., 2001;

Zhang et al., 2002).

A especificidade de infeccdo e conseqiiente seguranca com relagdo a organismos
ndo-alvo fazem dos integrantes desta familia agentes de grande potencial para o manejo
integrado de pragas. Dezenas de espécies de baculovirus t€m sido utilizadas no mundo com
este propdsito, estando disponiveis como formulagdes comerciais (Black et al., 1997;
Moscardi, 1999). Baculovirus recombinantes tém sido desenvolvidos no intuito de diminuir
o tempo de morte do hospedeiro e, conseqiientemente, os danos causados as culturas. A
insercdo de genes de toxinas, delecdo ou inativacdo de genes virais, como 0 egt
(Ecdister6ide UDP-glicosil transferase), tém gerado resultados favordveis neste sentido
(Inceoglu et al., 2001; Pinedo et al., 2003).

Além de bioinseticidas, os baculovirus sdo utilizados como vetores de expressao de
genes heter6logos, importantes para a pesquisa bdsica e com grande potencial para a
inddstria farmacéutica (produgdo de vacinas, p. ex.) (Kaba et al., 2004). Baculovirus
recombinantes podem ser construidos com a inser¢ao de um ou mais genes de interesse no
lugar de um gene nao-essencial para replica¢do, sob comando de um promotor viral forte. A

expressdo dos genes de interesse ocorre mediante infeccdo de uma linhagem de células de



inseto permissiva ao virus recombinante, garantindo a produ¢do de grandes quantidades de
proteina funcional com processamento pds-traducional complexo, por ser um sistema de
expressdo eucaridtico (O'Reilly et al., 1992; Petchampai et al., 2004). Trabalhos de
modificagdo genética de linhagens celulares de inseto tém sido desenvolvidos visando o
aprimoramento deste sistema para a producdo de proteinas humanas mais "auténticas",

principalmente com relacdo a N-glicosilagcdo (Jarvis, 2003).

Os baculovirus também t€m potencial de utilizacdo como vetores de terapia génica.
Estes virus sdo capazes de infectar células de mamiferos, liberando o material genético no
nucleo, sem a ocorréncia de replicacdo viral ou efeitos citopaticos, aliado a uma alta taxa de

producio de proteinas heter6logas (Liang et al., 2003; Tani et al., 2003).

A familia Baculoviridae (do latim, baculum) € caracterizada morfologicamente pelo
nucleocapsideo em forma de bastdo (30-60 nm x 250-300 nm), envolvido por uma
membrana, constituindo dois fendtipos virais distintos que se alternam no ciclo de
replicacdo. O fendtipo presente na natureza, capaz de infectar hospedeiros apds a sua
ingestdo, sdo os virus ocluidos (OV, do inglés occluded viruses) ou corpos de oclusdo (OB,
do inglés, occlusion bodies). Nestes, um ou vdrios nucleocapsideos envoltos por uma
membrana estdo imersos em uma matriz protéica cristalina. Uma vez livres desta matriz,
estes virions constituem os chamados virus derivados de corpos de oclusdo (ODV, do
inglés, occlusion derived viruses). O segundo fenétipo, responsdvel pelo estabelecimento
da infeccdo sistémica, € constituido pelos virus extracelulares (BV, do inglés, budded

viruses). Neste caso, um ou eventualmente mais de um nucleocapsideo sdo envolvidos por

um envelope derivado da membrana plasmatica da célula hospedeira (Blissard et al. 2000).



Ao contrédrio da constituicdo protéica e morfologia, o genoma € o mesmo para 0s
dois fendtipos, sendo constituido por uma molécula de DNA fita-dupla, circular,
supercoiled, contendo entre 80 e 180 pkb (pares de kilobases) (Smith & Summers, 1978;
Blissard et al., 2000).

Na atualidade, a familia Baculoviridae é subdividida em dois géneros, tendo como
base a morfologia e a constituicio dos OB: Granulovirus (virus da granulose) (GV, do
inglés, granulosis virus) e Nucleopolyhedrovirus (virus da poliedrose nuclear) (NPV, do
inglés, nuclear polyhedrosis virus) (Blissard et al., 2000). Os GV infectam somente
lepidépteros e formam corpos de oclusdo (granulos) com tamanho aproximado entre 0,15 e
0,5 pm, cuja montagem ocorre apds o rompimento da membrana nuclear e fusdao dos
conteudos nuclear e citoplasmdtico. Os granulos cont€m um ou dois nucleocapsideos,
sendo constituidos principalmente pela proteina granulina. Para os NPV, o corpo de oclusdo
(poliedro) é maior, com diametro entre 0,15 e 15 um, constituido principalmente pela
proteina poliedrina. Ao contrario dos GV, o corpo de oclusio dos NPV contém varios
nucleocapsideos e a sua montagem ocorre no nucleo (revisado por Federici, 1997; Ribeiro
etal., 1998).

As espécies do género Nucleopolyhedrovirus sdo ainda agrupadas de acordo com
dois critérios. O primeiro, e mais tradicional, diz respeito ao nimero de nucleocapsideos
que compdem os ODV. Para os MNPV (multiple NPV), vérios nucleocapsideos sao
envoltos por uma membrana, enquanto que para os SNPV (single NPV), ha somente um
nucleocapsideo por envelope. H4 ainda espécies nas quais esta caracteristica pode variar,

sendo classificadas simplesmente como NPV (revisado por Ribeiro et al., 1998; Blissard et



al., 2000). O segundo critério advém de estudos filogenéticos baseados no gene da
poliedrina (polh), na sequéncia de aminoacidos codificada por este gene e, posteriormente,
em outros genes conservados, resultando em dois grupos de NPV (NPV I e NPV II), onde
ndo hé separacdo entre SNPV e MNPV (Zanotto et al., 1993; revisado por Herniou et al.,
2003). Estudos mais recentes, envolvendo a andlise de seqiiéncias completas de treze
espécies de baculovirus e de dois genes em trinta e nove espécies, mostram uma grande
divergéncia entre NPV de lepidépteros, himendpteros e dipteros, sugerindo uma revisao da
classificacdo da familia, com a possibilidade de reconhecimento de até dois novos géneros
(Herniou et al., 2003, 2004).

Convencionou-se nomear as espécies de baculovirus iniciando com o nome
cientifico do hospedeiro do qual o virus tenha sido isolado pela primeira vez, acompanhado
das palavras granulovirus (GV), multiple nucleopolyhedrovirus (MNPV), single
nucleopolyhedrovirus (SNPV) ou nucleopolyhedrovirus (NPV), de acordo com os critérios
citados acima.

No género Nucleopolyhedrovirus, o virus mais conhecido é Autographa californica
multiple nucleopolyhedrovirus (AcMNPV), espécie-tipo, cujo genoma foi o primeiro a ser
sequenciado (Ayres, et al., 1994), sendo conseqiientemente o modelo principal utilizado em

estudos de NPV.

1.1.2. A PATOGENESE DOS NPV EM LARVAS DE LEPIDOPTEROS
Os baculovirus que infectam insetos fora da ordem Lepidoptera descritos até o
momento sdo todos SNPV e causam, em sua maioria, uma infec¢do restrita ao epitélio

intestinal. Os que infectam lepiddpteros, estabelecem uma infec¢@o transitéria no intestino,



posteriormente atingindo outros o6rgdos e tecidos, principalmente hemdcitos, corpo
gorduroso, matriz traqueal e musculos. Os NPV de lepiddpteros sdo mais numerosos, e,
conseqiientemente, mais estudados (revisado por Federici, 1997).

Os estudos da patogénese de baculovirus tém sido otimizados gracas ao uso de virus
recombinantes contendo genes marcadores como lacZ e gfp. A expressdo das proteinas
marcadoras permite a localizacdo, quantificacdo e estudo dos focos de infec¢cdo mesmo em
tempos iniciais, quando estes sdo muito pequenos, em ndmero reduzido, com efeitos
citopaticos pouco perceptiveis. A maior parte destes estudos tem sido realizada para a
espécie-tipo AcCMNPV em diversos hospedeiros (Engelhard et al. 1994; Kirkpatrick et al.,
1994; Washburn et al., 1995, 1996, 2000, 2003a, b; Barret et al., 1998a, b; Trudeau et al.,
2001; Clarke & Clem, 2002, 2003a; Haas — Stapleton et al., 2003).

A principal via de infeccdo ocorre pela ingestao dos OB, que se encontram
disseminados na natureza, cujos virions presentes em seu interior sdo capazes de
permanecer vidveis por varios anos (Funk et al., 1997). Além da ingestdo, a infeccdo pode
ocorrer via transmissdo vertical (Fuxa et al., 2002), artificialmente, pelos espirdculos
(Kirkpatrick et al., 1994) ou por injecdo intrahemocélica.

Apo6s ingestdo, os OB sdo dissolvidos no interior do intestino médio da lagarta
devido ao pH alcalino e acdo de proteases, liberando os ODV (Granados & Lawler, 1981;
Horton & Burand, 1993). No limen do intestino médio os ODV encontram como barreira
inicial a membrana peritréfica, uma estrutura em multicamadas na forma de rede que se
estende sobre a borda apical do epitélio de revestimento deste 6rgdo. Os poros da
membrana peritréfica podem ter didmetros em torno de 30 nm em larvas de lepiddpteros,

ndo permitindo a passagem das particulas virais por simples difusdo (revisado por



Volkman, 1997). Uma enzima liberada juntamente com os nucleocapsideos durante a
dissolu¢do dos corpos de oclusdo (Enhancina), descoberta inicialmente em GV, tem
capacidade de causar danos a integridade e elasticidade desta membrana, facilitando o
acesso do virus as células intestinais (Derksen & Granados, 1988; Wang & Granados,
1998; Popham et al., 2001). Mais recentemente, uma quitinase codificada pelo genoma de
AcMNPYV (ChiA), envolvida na lise tecidual ao final da infec¢do, mostrou-se eficiente para
permeabilizar a membrana peritréfica de B. mori, causando mortalidade nas larvas, o que
revela a potencialidade desta enzima como um elemento capaz de otimizar estratégias de
controle de insetos (Rao et al., 2004).

Um modelo proposto por Barrett e colaboradores (1998b) retne evidéncias obtidas
em seu trabalho e hipdteses anteriormente postuladas na tentativa de explicar o
estabelecimento da infeccdo sistémica a partir da infeccdo oral por NPV (Granados &
Lawler, 1981; Keddie et al., 1989; Flipsen et al., 1993, 1995; Engelhard et al., 1994;
Kirkpatrick et al., 1994; Barrett et al., 1998a). Os ODV liberados no limen do intestino
aderem as microvilosidades do epitélio e entram nas células colunares pela fusdao do
envelope viral com a membrana plasmética, o que foi demonstrado como sendo mediado
pela proteina ODV-especifica P74 (Haas-Stapleton et al., 2004). Nestas células, uma parte
destes virus € direcionada ao nucleo para transcri¢do de genes e replicacdo viral e outra
parte realiza transcitose, adquirindo elementos virais codificados por genes precoces (gp64,
por exemplo) ao brotar na membrana plasmatica. Estes virus ganham acesso a hemolinfa
através de possiveis interrup¢des da membrana basal ou de mecanismos enziméticos de
ruptura desta, podendo infectar hemocitos. As células cilindricas intestinais infectadas sdo

normalmente repostas, garantindo a absor¢do de nutrientes, importantes para o progresso da



infeccdo e producdo de progénie viral (Volkman & Keddie, 1990). No entanto, este
fendmeno pode ser determinante de resisténcia ou tolerancia espécie-especifica, como no
caso da lagarta Pseudaletia unipuncta, altamente tolerante a AcMNPV por infecc¢io oral.
Por infeccdao intrahemocélica, esta espécie apresenta susceptibilidade similar aquela
apresentada por Trichoplusia ni, um hospedeiro altamente permissivo a AcMNPV
(revisado por Volkman, 1997).

De forma alternativa, os ODV em transcitose ou BV produzidos no epitélio
intestinal podem infectar células de ramificagdes finais do sistema traqueal em intimo
contato com o intestino e, posteriormente, hemdcitos aderidos aos traqueoblastos, sem a
necessidade de transposicdo da membrana basal. A replicacdo viral nos hemdcitos e
traquedcitos resulta na produgdo de BV, os quais se espalham pelo organismo, realizando a
infeccdo célula a célula, atingindo outros tecidos, como a epiderme e corpo gorduroso. Um
estudo recente de 6rgdos isolados de B. mori cultivados e infectados com recombinantes de
Bombyx mori nucleopolyhedrovirus (BmNPV) contendo o gene gfp traz evidéncias
adicionais da importacia do sistema traqueal para estabelecimento da infec¢do sist€émica por
baculovirus (Rahman & Gopinathan, 2004).

Em uma fase mais tardia da infec¢do sao produzidos os OB, que sdo acumulados no
ndcleo, chegando a centenas em uma célula. Além dos OB, agregados fibrilares sdo
acumulados no nicleo e citoplasma, levando a uma hipertrofia celular e tecidual. A
distensdo fisica das células e a acdo de proteases virais levam ao rompimento das mesmas,
da membrana basal e, por ultimo, da cuticula, resultando na liquefacdo do inseto e

dispersdao dos OB no ambiente (revisado por Federici, 1997).



Lagartas doentes em virtude de uma infeccdo por baculovirus apresentam sintomas
tipicos como perda de apetite, parada no desenvolvimento larval, diminui¢do de
movimentos, geotropismo negativo e coloracdo esbranquicada (devido ao acimulo de OB)
(revisado por Ribeiro et al., 1998). De acordo com a combinagdo de alguns fatores como
idade da larva e dose viral, entre outros, a morte pode ocorrer a partir de 24 h de infec¢ao
(revisado por Federici, 1997).

Além da mortalidade, os baculovirus podem afetar a dindmica de uma populagdo de
insetos por danos subletais, como reducdo da fecundidade, tamanho, vigor, viabilidade de

ovos e alteracdes no desenvolvimento (revisado por Cory & Myers, 2003).

1.1.3. REGULACAO DA EXPRESSAO GENICA DOS NPV E CITOPATOLOGIA

Gracas ao desenvolvimento de linhagens continuas de células de inseto permissivas
aos NPV, tem sido possivel a realizacao de estudos detalhados da morfogénese destes virus,
de sua biologia molecular e sua utilizacdo como vetores de expressdao. Os principais
modelos utilizados nos estudos de morfogénese sdo linhagens de células derivadas de
Spodoptera frugiperda e Trichoplusia ni infectadas por AcCMNPV (Vaughn & Dougherty,
1985; Faulkner & Carstens, 1986; Volkman & Knudson, 1986; Bilimoria, 1991; Blissard,
1996).

A expressdo génica dos baculovirus é regulada temporalmente, podendo ser dividida
em duas fases gerais separadas pela replicacdo do DNA viral. A fase precoce (early), ocorre
antes e a tardia (late), ocorre logo apds o inicio da replicagdo. Os genes precoces sao
expressos por volta de 2 a 7 h p. i., sendo que parte destes genes ndao necessita da sintese

prévia de produtos virais para a sua expressdo. Esta parte, que é expressa logo apds a



decapsidacao viral, € constituida pelos genes “imediatamente precoces” (immediate early).
Ap6s a expressdo destes ocorre expressdo dos genes ‘“‘tardiamente precoces” (delayed
early). Os produtos de genes precoces tém funcdo na regulacdo transcricional de outros
genes, replicacdo do DNA viral e inibi¢do da apoptose, entre outras fungdes regulatorias.
Alguns genes precoces necessitam ser expressos continuamente durante a infec¢do e ndo
somente no inicio, como € o caso de p35, gp64, pp31 e ie-1 (revisado por Friesen, 1997;
Williams & Faulkner, 1997).

A fase tardia € caracterizada pela producao de BV, OB e pela inibi¢do da expressao
génica do hospedeiro, ocorrendo a expressdo de genes estruturais para a montagem de
particulas. Esta fase pode ser subdividida em “tardia” (late), cujos genes sdo transcritos
entre 6 e 24 h p. i., e “muito tardia” (very late), que ocorre a partir de 18 h p. i. até 72 h p. i.,
quando a célula € lisada. A fase muito tardia € caracterizada pela expressdo abundante de
poliedrina, a principal proteina dos OB, e pela proteina P10. Esta tdltima € a principal
constituinte dos agregados fibrilares os quais, associados a microtibulos, acumulam-se no
nucleo e citoplasma, provavelmente participando da lise celular e formacao de poliedros
(revisado por Lu & Miller, 1997; Williams & Faulkner, 1997; Patmanidi et al., 2003).

Esta expressdo génica temporal resulta numa sequéncia sistematica de efeitos
citopaticos relacionados a morfogénese viral, bastante caracteristica durante a infeccao.

BV sdo duas mil vezes mais infecciosos em cultura de células do que ODV (Keddie
& Volkman, 1985), sendo, desta forma, utilizados para estudos da replicacdo in vitro. Este
fendtipo também € utilizado para infec¢@o intrahemocélica pelo mesmo motivo.

BV ganham acesso ao citoplasma através de um mecanismo de endocitose

adsortiva. As particulas sdo internalizadas em vesiculas recobertas por clatrina, ocorrendo
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posteriormente fusdo entre a membrana do envelope viral e da vesicula endocitica,
liberando o nucleocapsideo no citoplasma. A fusdo é mediada por uma glicoproteina do
envelope, sendo dependente de pH 4cido. Esta glicoproteina € a GP64, para NPV do grupo
I e a proteina F para NPV do grupo II (revisado por Blissard, 1996; Willians & Faulkner,
1997; Lung et al., 2002).

Acredita-se que a decapsidacdo possa ocorrer junto aos poros nucleares ou mesmo
no interior do nicleo pela acdo de uma quinase associada ao nucleocapsideo (Wilson &
Consigli, 1985; Bilimoria, 1991; Funk & Consigli, 1993). Apés decapsidagdo e acesso do
DNA viral ao ntcleo, ocorre a transcricdo de genes imediatamente precoces por uma RNA
polimerase da célula hospedeira, sendo que mRNAs virais podem ser detectados no
citoplasma em até 30 minutos pds-infeccdo (Chisholm & Henner, 1988). Uma vez que a
transfeccao de DNA viral resulta em infeccdes produtivas in vitro, é consenso que nenhuma
proteina associada ao capsideo seja necessdria para a transcricdo de genes imediatamente
precoces (revisado por Willians & Faulkner, 1997).

No inicio da replicacdo do DNA viral e expressdo de genes tardios, por volta de 6 h
p. 1., ocorre hipertrofia nuclear e arredondamento celular progressivo devido a
reorganizacdes do citoesqueleto (Volkman & Zaal, 1990; Charlton & Volkman, 1991).
Grupamentos heterocromdticos sdo deslocados para a periferia do niicleo ao mesmo tempo
em que surge na sua por¢ao central o estroma virogénico, um material granular frouxo que
serve de microambiente para a montagem e maturacdo de particulas virais, o que ocorre em
torno de 10 h p. i. (Vaughn & Dougherty, 1985; Volkman & Knudson, 1986).

A marginacdo da cromatina coincide com a diminui¢do da replicacdo, transcri¢io e

traducdo de genes da célula hospedeira, eventos que chegam a ser totalmente abolidos em
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torno de 24 h p. i. Da mesma forma que o aparecimento do estroma virogénico, a inibi¢ao
da sintese de componentes celulares é dependente da replicacdo do DNA viral e expressao
de genes tardios (revisado por Willians & Faulkner, 1997).

Por volta de 16-18 h p. i., o estroma virogénico amadurece, apresentando um
aspecto mais condensado e subcompartimentalizado. Estdo presentes massas fibrilares
eletron-densas ricas em DNA, RNA e proteinas do capsideo, espacadas por regides
granulares eletron-lucentes (espaco intraestromal) contendo grande quantidade de
nucleocapsideos (Summers, 1971; Young et al., 1993).

Inicialmente, os nucleocapsideos maduros siao direcionados para a formagao de BV.
Para AcMNPV o titulo maximo de BV é produzido em torno de 24 h p. i., declinando em
seguida em virtude do envelopamento e oclusdo viral (revisado por Willians & Faulkner,
1997). Tem sido observado através de microscopia eletronica que os BV brotam do nicleo
dentro de vesiculas de transporte originadas por evaginacdes do envelope nuclear. Estas
vesiculas terminam por desaparecer ao longo do trajeto, uma vez que os nucleocapsideos
sdo visualizados desprovidos de membrana em por¢des citoplasmdticas mais distais com
relacdo ao nicleo, ndo havendo até o momento algum modelo capaz de explicar o
fendmeno (revisado por Willians & Faulkner, 1997). Por fim, os nucleocapsideos brotam
da célula alinhando a sua por¢do apical com por¢des da membrana plasmética enriquecidas
com glicoproteinas de superficie, as quais, juntamente com elementos da membrana
plasmdtica da célula hospedeira, irdo constituir o envelope viral (Adams et al., 1977;
Volkman et al., 1984; Volkman, 1986; Lung et al., 2002).

Entre 10 e 16 h p. i. as proteinas poliedrina e P10 podem ser detectadas no

citoplasma através de imunocitoquimica, sendo que, com 20 h p. i. a poliedrina torna-se
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basicamente nuclear, enquanto P10 organiza-se em grandes acimulos fibrilares no nicleo e
citoplasma (Vlak et al., 1988; Willians et al., 1989). Apds 48 h p.i., os transcritos de p10 e
poliedrina chegam a constituir 90% do total de RNA viral e os polipeptideos
correspondentes, 50% do total proteico da célula (revisado por Willians & Faulkner, 1997).

Ap6s 24 h p. 1., a producdo de BV decresce, dando espago para a producao de OV
(Stolz et al., 1973; Volkman et al., 1976). A maturagcdo do estroma virogénico e
consequente progressdo da hipertrofia nuclear levam ao aparecimento de um
compartimento periestromal distinto, nomeado regido anelar (ring zone), rico em vesiculas
ou fragmentos membranosos trilamelares. A origem destas membranas ainda ndo foi
totalmente esclarecida, havendo dividas com relagdo a participacio do envelope nuclear ou
sintese de novo para a sua formacdo (revisado por Willians & Faulkner, 1997). Na regidao
anelar ocorre envelopamento dos virions derivados do estroma virogénico e montagem dos
OB (Stolz et al., 1973).

Acredita-se que a regulacdo da producdo e acimulo de proteinas especificas de OV
no nicleo determine o inicio da sua producdo. Ha evidéncias de que os nucleocapsideos,
em sua passagem para a zona anelar, sejam interceptados e complexados a proteinas
necessdrias para o envelopamento (Kawamoto et al, 1977a, b). Nucleocapsideos
envelopados sdo incorporados numa matriz paracristalina de poliedrina, formando os OB,
fendmeno cujos mecanismos regulatérios ndo foram ainda identificados (Vaughn &
Dogherty, 1985). Por ultimo, os OB sdo envolvidos por uma estrutura bilamelar, composta
de proteinas (PP34 ou proteina cdlix) e principalmente carboidratos, chamada célix. Esta
estrutura, cuja origem também € obscura, aparece na zona anelar associada aos acimulos

fibrilares de P10 (Mackinnon et al., 1974; van der Wilk et al., 1987).
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O final do ciclo infeccioso é marcado pela lise celular e liberagcdo dos OB,
caracterizado pelo aparecimento de vesiculagdes citoplasmdticas associadas a membrana

plasmdtica e 8 membrana nuclear externa (revisado por Willians & Faulkner, 1997).

1.2. O BACULOVIRUS Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV)

A lagarta-da-soja, Anticarsia gemmatalis (Hibner) (Lepidoptera: Noctuidae) é
importante praga desfoliadora nas Américas, sendo responsavel por metade das aplicacdes
de inseticidas quimicos em plantacdes de soja brasileiras (Moscardi, 1998).

Um NPV associado a A. gemmatalis (Anticarsia gemmatalis multiple
nucleopolyhedrovirus - AgMNPV) foi coletado pela primeira vez no Brasil em 1972, na
regido de Campinas-SP (Allen & Knell, 1977) e, posteriormente, em outras regides,
apresentando resultados satisfatérios em ensaios de campo para o controle desta lagarta
(Carner & Turnipseed, 1977; Corso et al., 1977).

O extrato bruto de larvas infectadas ou formulacdes comerciais ja disponiveis sdo
utilizados para controle em campo. Fatores como pH, volume e horério de aplicacdo podem
influenciar na eficiéncia do bioinseticida (Batista Filho et al., 2001; Silva & Moscardi,
2002).

Na atualidade, o controle da lagarta-da-soja pelo baculovirus AgMNPV,
desenvolvido pela Embrapa Soja (Londrina-PR) hd mais de 20 anos, constitui o maior
programa mundial de uso de virus para controle de insetos-praga. Este bioinseticida tem
sido empregado em uma &rea superior a um milhdo e quinhentos mil hectares por ano,

representando uma redugdo de aproximadamente 70% nos custos de producdo e diminui¢ao
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do uso de inseticidas quimicos na ordem de 1,6 milhdes de litros por ano (revisado por
Ribeiro et al., 1998; Moscardi, 1999).

Estudos do baculovirus AgMNPV relacionados a sua interagcdo com hospedeiros,
bem como a sua biologia molecular tém sido realizados por diversos grupos de pesquisa,
muitos deles no Brasil.

Carner e colaboradores (1979), em um estudo sobre o espectro de hospedeiros de
AgMNPV, mostraram que larvas de A. gemmatalis e Heliothis virescens sdo altamente
susceptiveis a infeccdo oral com poliedros, enquanto doses consideravelmente maiores sdao
necessdrias para matar Heliothis zea, T. ni, Pseudoplusia includens, Spodoptera exigua e
Spodoptera ornithogalli. Também foi demonstrado que Plathypena scabra e Spodoptera
frugiperda ndo sdo susceptiveis. Posteriormente, Grasela & Mclntosh (1998) confirmaram
a maior susceptibilidade de larvas de A. gemmatalis a AgMNPV em comparacdo a larvas
de Helicoverpa zea, H. virescens e T. ni (em ordem decrescente de susceptibilidade).

Uma linhagem celular derivada de formas embriondrias de A. gemmatalis, UFL-
AG-286, foi desenvolvida (Sieburth & Maruniak, 1988a), constituindo importante
ferramenta para os estudos de AgMNPV por ser altamente susceptivel a este virus e
permitir a sua replicacdo (Sieburth & Maruniak, 1988b). Além de UFL-AG-286, AgMNPV
¢ capaz de replicar em algumas linhagens derivadas de S. frugiperda, T. ni, B. mori, H.
virescens e Helicoverpa armigera (Castro et al., 1997; Grasela & McIntosh 1998; Sieburth
& Maruniak, 1988b).

Aspectos da citopatologia induzida por AgMNPV em células UFL-AG-286 ao
longo da infeccdo foram descritos, mostrando que este virus induz dramaticas modificacdes

no padriao de distribuicao dos filamentos de actina e microtibulos (Pombo et al., 1998).
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Estudos da citopatologia de AgMNPV em células intestinais de lagartas A. gemmatalis
sugerem que as células cilindricas do epitélio intestinal sejam alvo de infec¢c@o secunddria
(Matos et al., 1999).

Recentemente, a rota de infeccio de AgMNPV em seu hospedeiro natural (A.
gemmatalis) foi mapeada utilizando virus recombinantes contendo o gene marcador lacZ
(Soares & Ribeiro, 2004). Focos em células colunares do intestino médio, bem como em
traquedcitos e hemdcitos, surgem apds 3 horas de infeccdo. Apds 12 horas, sio visualizados
no corpo gorduroso, ectoderma e ganglio nervoso, tornando-se mais numerosos ao longo do
tempo. Focos no intestino ndo sdo visualizados apds 24 e 48 horas, provavelmente devido a
descamacdo epitelial, ressurgindo apds 72 horas de infeccdo, quando a infecgdo sist€émica
encontra-se estabelecida.

Um virus recombinante derivado de AgMNPV, cujo gene egt foi inativado
(VAgEGTA-lacZ), é capaz de antecipar a morte de larvas de A. gemmatalis em cerca de 2
dias em comparacdo com o virus selvagem, sendo a concentracio letal necessdria para
matar 50% das larvas em condi¢des experimentais (LCsg) reduzida a aproximadamente
25% daquela para AgMNPV. No entanto, a produgdo de poliedros por larva infectada foi
reduzida em torno de 50%, uma conseqiiéncia da morte mais rdpida (Pinedo et al., 2003).

Estudos de dois isolados de AgMNPV mostraram um aumento no numero de
variantes gendmicos ao longo do tempo, bem como aumento no numero de regides
varidveis geradas através de rearranjos do genoma viral. Uma regido altamente varidvel,
localizada entre 88,58 - 90,13 um (unidades de mapa), foi sequenciada e comparada entre

dois isolados, revelando possuir sequéncias repetitivas de 127 pb (pares de base) em
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tandem. A diferenca entre o nimero de repeti¢des € a responsavel pela divergéncia entre os
dois isolados (Garcia-Maruniak et al., 1996).

Seis variantes gendmicos do isolado original de AgMNPV foram distinguidos a
partir de estudos de perfis de restricio de DNA, sendo o variante AgMNPV-2D
considerado o protétipo e modelo para estudos do baculovirus AgMNPV por representar
40% dos variantes obtidos (Maruniak, 1989). O mapa fisico gendomico do baculovirus
AgMNPV-2D foi obtido pelo uso de sete enzimas de restricdo, revelando 82 sitios de
clivagem dentro de um genoma de 133 kb (kilobases) em disposi¢@o circular (Johnson &
Maruniak, 1989). Com base neste mapa, foi realizado o sequenciamento total do genoma do
baculovirus AgMNPV (Wolff et al., 2004).

Estudos filogenéticos baseados na sequéncia do gene poliedrina e de seu promotor
em AgMNPV revelaram grande homologia deste virus com AcMNPV, Orgyia
pseudotsugata multiple nucleopolyhedrovirus (OpMNPV) e BmNPV, sugerindo a sua
inclus@o no grupo dos NPV I (Zanotto et al., 1992; 1993). Estudos posteriores baseados na
sequéncia de outros genes, bem como na organizacdo gendmica de AgMNPV, conhecida
apos o total sequenciamento, confirmam esta classificacao (Wolff ef al., 2004).

Além do gene poliedrina e de seu promotor, AgMNPV também apresenta grande
homologia com OpMNPV com relagdo a proteina P10, principal formadora dos agregados
fibrilares (Razuck et al., 2002), enzima DNA polimerase (Dalmolin et al., 2002) e também
com relacdo a glicoproteina de superficie GP64 (Pilloff et al., 2003). Com relacdo ao gene
egt, observou-se homologia com AcMNPV e Choristoneura fumiferana multiple
nucleopolyhedrovirus (CEMNPV) (Rodrigues et al., 2001). AgMNPV ainda possui em

comum com CfMNPV os genes p22.2 e v-trex, os quais, at¢ o momento, ndo foram
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descritos em outros baculovirus (Slack et al., 2004). Para o gene helicase, AgMNPV
apresenta maior homologia com Epiphyas postvitanna multiple nucleopolyhedrovirus
(EppoMNPV) e Choristoneura fumiferana defective multiple nucleopolyhedrovirus
(CfDefMNPV) (de Lima et al., 2004), havendo ainda grande semelhanga entre estes virus
com relacdo a disposicdo das ORF (do inglés, open reading frames) ao longo do genoma
(Wolff et al., 2004).

Diferencas de AgMNPV com relacdo a outros virus do grupo NPV I sdo a auséncia
do gene v-cath, e ChiA (Slack et al., 2004). Além de AgMNPV, AcMNPV, OpMNPV,
BmNPV, CfIMNPV, CfDEFMNPV e EppoMNPV, o grupo dos NPV I € constituido por
Antheraea pernyi nucleopolyhedrovirus (AnpeNPV), Hyphantria cunea
nucleopolyhedrovirus (HycuNPV), Anagrapha falcifera multiple nucleopolyhedrovirus
(AnfaMNPV), Rachoplusia ou nucleopolyhedrovirus (RaouNPV) e Perina nuda

nucleopolyhedrovirus (PenuNPV) (revisado por Slak et al., 2004).

1.3. APOPTOSE

1.3.1. DEFINICAO E IMPORTANCIA

A morte celular programada (MCP) é um fendmeno de autodestrui¢do celular,
dirigido por uma cascata de reacdes finamente regulada em resposta a um estimulo. E um
componente central para o desenvolvimento e manutencao da homeostase, estando também
envolvida em processos patologicos. Desta forma se dd a eliminacdo de células
redundantes, velhas, danificadas, defeituosas, infectadas por virus ou com potencial

maligno. Falhas neste sistema, que levem a uma morte celular suprimida ou exarcebada,
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estdo relacionadas a doengas como o cancer, doengas auto-imunes, neurodegenerativas,
infeccOes virais, lesdes toxicas e isquémicas, dentre outras (revisado por Thompson, 1995;
Kam & Ferch, 2000).

A MCEP ainda faz parte de estratégias da resposta imune de mamiferos (revisado por
Ekert & Vaux, 1997) e diferenciacdo celular (revisado por Jacobson et al., 1997). Ao
morrer, alguns tipos celulares como queratinécitos e células do cristalino, por exemplo,
tornam-se completamente diferenciados, prontos para o desempenho da sua fungao.

Em plantas, de forma semelhante aos animais, a MCP tem importancia durante o
desenvolvimento e morfogénese, especializacdo celular, senescéncia e defesa contra
patégenos, sendo o mecanismo responsavel pela resposta de hipersensibilidade local
(revisado por Pennell & Lamb, 1997).

Em organismos unicelulares, procariontes ou eucariontes inferiores, para os quais, a
principio, a auto-destrui¢do representaria um fendémeno contra-evolutivo, especula-se que a
MCP teria importancia para a diferenciacdo e adaptacdo a hostilidades ambientais. Da
mesma forma que para os pluricelulares, a apoptose em unicelulares apresenta uma
natureza favorecedora da coletividade, otimizando a sobrevivéncia da coldnia em
detrimento da morte de alguns individuos inadequadamente diferenciados ou parasitados,
cuja permanéncia seria prejudicial (revisado por Hochman, 1997; Ameisen, 1998; James &
Green, 2004).

O termo “apoptose”, do grego, “folhas que caem das arvores”, introduzido por Kerr
e colaboradores (1972), originalmente refere-se a um conjunto de eventos morfolégicos
peculiares e sequenciais associados a MCP, descritos inicialmente para alguns tipos

celulares de vertebrados em condicdes patoldgicas e ndo-patoldgicas. Este conjunto de
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eventos abrange a ocorréncia de marginacdo e condensa¢do cromatinica, fragmentagao
nuclear, condensacdo citoplasmatica, blebbing da membrana plasmdtica e citoplasma
adjacente, com posterior fragmentacdo da célula nos chamados corpos apoptéticos. Nos
corpos apoptéticos a integridade de organelas e membranas € mantida, evitando danos ao
tecido em consequéncia do extravasamento de conteidos citoplasmaticos (Kerr et al., 1972;
Wyllie, 1980; Duvall & Wyllie, 1986).

Em virtude destas caracteristicas, a apoptose foi considerada como o oposto da
necrose, tida como um tipo de morte celular brusca e acidental, que foge a quaisquer
mecanismos de regulacdo, havendo ruptura da membrana plasmatica, extravasamento do
conteddo celular e resposta inflamatéria. No entanto, diferentes tipos de MCP além da
apoptose cldssica, t€ém sido descritos na atualidade, o que vem quebrando a dicotomia
apoptose/necrose estabelecida ao longo dos ultimos trinta anos. Existem evidéncias de que,
além da apoptose, a degeneracdo celular por autofagia e a propria necrose sejam
programadas, definindo a morte celular isoladamente ou em combinagdo com mecanismos
apoptoticos (revisado por Guimardes & Linden, 2004), havendo grande variacdo de
possiveis vias de estimulo, ativacdo, execucao e alteragdes morfoldgicas (revisado por Ashe
& Berry, 2003).

O conjunto fenotipico da apoptose descrito acima estd associado a modificagdes da
membrana plasmdtica que levam ao rdpido reconhecimento e fagocitose de células
apoptoticas por células vizinhas ou “fagdcitos profissionais”, antes mesmo da célula
completar o conjunto de alteracdes citado, na auséncia ou com resposta inflamatdria
minima (revisado por Savil, 1997). Uma destas modifica¢des, sendo a melhor descrita até o

momento, € a perda da assimetria da membrana plasmadtica, com a exposicdo de
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fosfatidilserina na bicamada externa (Fadok et al., 1992). Além da fosfatidilserina, outros
sinalizadores para fagocitose presentes na membrana de células apoptdticas sdo a anexina I,
molécula de adesdo intercelular 3 (ICAM-3) e carboidratos modificados. Estes sdo
passiveis de reconhecimento por diferentes tipos de receptores presentes na membrana de
macréfagos, bem como por opsoninas, que potencializam a fagocitose. Alguns dos
receptores de macréfagos estdo engajados na ligacdo a célula-alvo, outros estdo envolvidos
com modificacdes do citoesqueleto para a formacdo do fagossomo (revisado por Fadeel,
2003).

A fragmentacdo do DNA através de endonucleases especificas também € um evento
associado a apoptose, podendo ocorrer a quebra em fragmentos de alta massa molecular (50
a 300 pkb) e oligonucleossomais (200 pb e multiplos deste tamanho). Os fragmentos
oligonucleossomais podem ser facilmente visualizados como um padrdo de bandas em
“escada” através de eletroforese em gel de agarose, sendo amplamente utilizado como uma
espécie de diagndstico bioquimico da apoptose desde a década de 80, embora se saiba que
em alguns tipos celulares esta caracteristica possa estar ausente (Wyllie, 1980; Ucker et al.,
1992; Walker et al., 1993).

Estudos morfoldgicos e bioquimicos tém revelado a ocorréncia de significativas
mudancas conformacionais, funcionais e de disposi¢do das proteinas do citoesqueleto,
lamina e matriz nuclear, as quais podem ser clivadas ou fosforiladas durante a apoptose,
resultando nas modificagdes do padrido cromatinico, fragmentacao nuclear e citoplasmatica

descritas para este processo (Atencia et al., 1997; Martelli et al., 1997; Mills et al., 1998).
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1.3.2. PRINCIPAIS MOLECULAS ENVOLVIDAS E ASPECTOS MECANISTICOS BASICOS

Nos anos 80, a associagdo de um evento bioquimico (padrdo de fragmentacdo do
DNA) a um conjunto de eventos morfolégicos que caracterizam o fendmeno apoptético deu
impulso para novas abordagens no estudo da morte celular, especialmente levando a
descoberta de genes e moléculas envolvidos na execugdo e regulacdo do fendmeno.

Estudos pioneiros do controle genético da apoptose utilizaram como modelo o
nematddeo Caenorhabditis elegans (Ellis e Horvitz, 1986), passando posteriormente para o
estudo de insetos e mamiferos, estando na atualidade ja identificadas algumas familias de
genes envolvidas, bem como vias de execuc¢do e regulacao, relacionados principalmente a
mamiferos, Drosophila melanogaster e C. elegans.

A observacdo de que as modificagdes celulares durante a apoptose sdo bastante
conservadas entre diferentes tipos celulares levou os pesquisadores a presumir que as
diversas vias sinalizadoras possiveis resultariam na ativacio de um mecanismo de
“execucdo celular” comum. Estudos posteriores atribuiram esta “execu¢do” a uma familia
de proteases de cisteina conhecidas como caspases ("c" refere-se a cisteina no sitio ativo,
"aspase" refere-se ao aspartato que € reconhecido nos sitios de clivagem de substratos)
(Yuan et al., 1993).

Atualmente sdo conhecidas por volta de 14 caspases diferentes em mamiferos, cada
qual, acredita-se, clivando um conjunto especifico de proteinas-alvo, que inclui proteinas
do citoesqueleto, quinases e caspases (onde a clivagem leva a ativacdo destas enzimas),
proteinas reguladoras de reparo de DNA, de splicing de RNA, transducao de sinais e do

ciclo celular, entre outras. Além disso, um sub-grupo de caspases atua como ativadora de
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pré-citocinas no processo inflamatério (revisado por Cory & Adams, 1998; Thornberry &
Lazebnic, 1998; Ashe & Berry, 2003).

As caspases sdo produzidas constitutivamente, sendo encontradas na célula na
forma zimogénica (procaspases). Existem caspases chamadas “iniciadoras”, que clivam e,
conseqiientemente, ativam outras caspases, chamadas “efetoras”. (revisado por Villa et al.,
1997; Cory & Adams, 1998). Acredita-se que as caspases iniciadoras possam ser ativadas
por outras proteases semelhantes, como a serina-protease granzima B (Darmon et al., 1995)
ou pelo mecanismo de proximidade induzida (revisado por Thornberry & Lazebnic, 1998).
Evidéncias atuais revelam que a proximidade induzida promove inicialmente a dimeriza¢ao
das moléculas precursoras, o que seria o principal desencadeador da ativacdo de caspases
iniciadoras (revisado por Boatright & Salvesen, 2003).

Uma outra familia de proteinas, de extrema importancia para a regulacdo da
apoptose, ¢ a familia Bcl-2. Esta é composta por vdrias proteinas, algumas agindo como
inibidoras e outras como estimuladoras da morte celular. Ao todo, cerca de 26 membros
desta familia foram identificados em mamiferos, os quais possuem pelo menos um entre
quatro motivos conservados (BH1 a BH4). De acordo com a fun¢do (anti-apoptose ou pro-
apoptose) e presenga destes dominios, a familia Bcl-2 estd dividida em trés sub-familias.
Membros de diferentes subfamilias podem heterodimerizar por interagdo entre os dominios
BHI, BH2 e BH3 onde um elemento pode neutralizar a func@o do outro. Isto sugere que a
concentracdo relativa destes elementos dentro da célula seja um fator de regulacdo do
programa de morte (Oltvai et al., 1993).

De acordo com a origem do estimulo, as vias sinalizadoras da apoptose podem ser

classificadas como extrinsecas e intrinsecas (revisado por Ashe & Berry, 2003).
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Vias extrinsecas sdo dependentes da atividade de um receptor de membrana
plasmdtica, que desencadeia a apoptose pela interacdo com um ligante. Uma via
sinalizadora extrinseca bem caracterizada € iniciada pelo receptor FAS, pertencente a
superfamilia de receptores TNF (tumor necrosis factor). Este receptor possui um domimio
extracelular rico em residuos de cisteina, um dominio transmembrana € um dominio
citoplasmdtico chamado death domain (DD) (Nagata, 1997). Quando em contato com o
ligante (FasL), ocorre agrupamento dos DD de varios receptores CD95 (Huang et al., 1996)
e consequente ligacdo ao DD de uma proteina adaptadora, chamada FADD (Fas-associated
death domain) (Chinnaiyan et al., 1995). A proteina FADD, por sua vez, também possui
um dominio DED (death effector domain) que se liga a uma regido andloga na procaspase-
8, uma caspase iniciadora. O recrutamento e aglomeracdo de procaspases inicia a cascata de
clivagem.

Vias intrinsecas sdo desencadeadas frente a perturbacdes da homeostase celular, o
que resulta na formagdo de sinalizadores para a morte no interior da prépria célula. A
mitocondria € um componente-chave das vias intrinsecas, compartimentalizando um
nimero de proteinas envolvidas na apoptose. Apds o estimulo, a mitocondria torna-se
permeabilizada seletivamente, liberando estes elementos que irdo atuar em vias de indugdo
de apoptose e, conseqiientemente, levando a ativacdo de caspases. Alguns destes elementos
sdo caspases propriamente ditas; o citocromo C, que promove a ativacdo da procaspase 9;
AIF (apoptosis-inducing factor), uma flavoproteina que € translocada para o nicleo e que
pode causar apoptose independente de caspases; EndoG, uma endonuclease direcionada ao
nicleo, também independente da atividade de caspases; Smac/DIABLO (second

mitochondrial activator of caspase/direct IAP-binding protein of low isoelectric point) e
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Omi/Htr A2, que removem o efeito inibitério de proteinas IAP (proteina inibidora de
apoptose) sobre a atividade de caspases (revisado por Ashe & Berry, 2003; Lorenzo &
Susin, 2004).

Um dos possiveis mecanismos antiapoptéticos de membros da familia Bcl-2, uma
vez associados 2 membrana mitocondrial externa, seria manter a sua integridade e evitar a
liberacdo do citocromo C (Yang et al, 1997; Green & Reed, 1998). Por outro lado, o
membro pro-apoptético Bax parece induzir a liberacdo deste por formar poros na
membrana mitocondrial externa, podendo causar, inclusive, morte independente da acdo de
caspases em leveduras e mamiferos, quando expresso em grande quantidade (Green &

Reed, 1998).

1.3.3. RELACOES ENTRE APOPTOSE E INFECCOES VIRAIS

Os estudos sobre virus tém trazido importantes contribui¢des para o conhecimento
da regulacdo das vias apoptéticas. Tém-se observado intima associa¢do e coevolugdo de
estratégias do hospedeiro, no sentido de desencadear resposta apoptdtica como forma de
defesa, evitanto a disseminagdo viral pelo organismo, e de estratégias virais para bloquear
esta resposta ou para replicar em uma célula apoptética, tirando, inclusive, proveito da
fragmentacao celular para disseminacao da progénie viral (Teodoro & Branton, 1997).

Ao entrar em uma célula os virus podem interferir diretamente em mecanismos do
ciclo celular, direcionando a maquinaria da célula para a transcri¢do e traducdo de seus
genes e inibindo a transcri¢do de genes celulares, eventos passiveis de serem reconhecidos
e gerar resposta apoptética. A ocorréncia de apoptose em células infectadas por virus

ameaca o ciclo de replicacdo viral através de pelo menos dois mecanismos:
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1. Morte prematura da célula hospedeira antes da replicagdo viral;

2. Ativacdo de resposta imune virus-especifica causada pela apresentacdo de
antigenos por macréfagos que tenham fagocitado células apoptéticas infectadas por virus
(Koyama et al., 2000).

Os virus, por sua vez, podem apresentar trés tipos gerais de estratégias para o
prosseguimento do ciclo e producdo de progénie viral. Duas destas estratégias t€ém sido
observadas em diferentes virus animais e a terceira € ainda hipotética:

1. Uma multiplica¢do rdpida, antes do comprometimento das funcdes celulares;

2. A “aquisicao” de genes inibidores da morte celular;

3. O desenvolvimento de uma infecc¢io "silenciosa", capaz de evadir a resposta
apoptotica celular (Koyama et al., 1998, 2000).

A hipétese da infeccdo silenciosa se baseia na possibilidade da existéncia de
infeccOes persistentes para virus que ndo possuem genes antiapoptdticos e que se
multiplicam de forma extremamente lenta, ndo havendo perturbacdes sérias a maquinaria
celular (Koyama et al., 1998).

A répida multiplicac@o e grande produ¢do de progénie viral mesmo em uma célula
apoptotica é observada para vérios virus de RNA, para os quais se supde ser mais dificil a
“aquisicdo” de genes antiapoptéticos (Takizawa et al., 1993; Pekosz et al., 1996; Koyama
etal., 1998).

A presenca de genes antiapoptdticos tem sido demonstrada para diversos tipos de
virus animais, principalmente para virus de DNA, revelando ampla variedade de estratégias
de interferéncia com as vias apoptéticas (Young et al., 1997; Hardwick, 1998). Dentre estas

multiplas estratégias, podem ser comentadas algumas:

26



e Homodlogos de Bcl-2: Alguns tipos de proteinas codificadas por genes
antiapoptoticos encontrados em adenovirus (Rao et al., 1992), herpesvirus (Henderson et
al., 1993; Tarodi et al., 1994) e African swine fever virus (ASFV) (Afonso et al., 1996)
apresentam estreita homologia de estrutura e funcdo com a proteina celular Bcl-2, cuja
func¢do inibidora da apoptose encontra-se bem caracterizada. A proteina homéloga de Bcl-2
BHRF1 de Epstein-Barr virus pode causar inibi¢do da diferenciacdo de células epidérmicas
pela sua acdo anti-apoptdtica, sendo inclusive um fator de influéncia para o
desenvolvimento de tumores relacionados a este virus (Henderson et al., 1993; Tarodi et
al., 1994).

e Inativadores de P53: Proteinas capazes de inativar as fung¢des pré-apoptoticas do
fator transcricional P53, o qual € ativado por diversos estimulos apoptdticos, sao
codificadas por genes encontrados também em adenovirus (Debbas & White, 1993),
Human papillomavirus (HPV) (Scheffner et al., 1990) e Simian virus 40 (SV40) (Linzer &
Levine, 1979). A proteina E1B 55k de adenovirus e o antigeno T de SV40 interagem
diretamente com P53, estabilizando-a e inibindo sua atividade de ativac@o transcricional
(Mietz et al., 1992; Yew & Berk, 1992), enquanto a proteina E6 do HPV leva a degradacao
de P53 através da via de ubiquitinacao (Scheffner et al., 1990).

e Inibidores de caspases: Inibidores de caspases foram descritos em baculovirus
(Clem et al., 1991) e Cowpox virus (CPXV) (Ray et al., 1992). A proteina Crma, codificada
por CPXV, possui sitio de clivagem para caspases funcionando como um pseudo-substrato
que forma um complexo estdvel com esta enzima, inativando-a. Além das caspases, foi

verificado que Crma inativa a enzima Granzima-B (revisado por Chang & Yang, 2000).
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¢ Inibidores de vias mediadas por receptores TNF: Inibidores que interagem com
vias apoptéticas mediadas por receptores da familia TNF sdo codificados por Myxoma virus
(MYXYV), um virus imunodepressor (Macen et al., 1996; Schereiber et al., 1997),
herpesvirus e poxvirus (Bertin et al, 1997), adenovirus (Shisler et al., 1997) e Human
cytomegalovirus (Zhu et al., 1995). Os herpesvirus e os poxvirus codificam proteinas que
possuem dominio homélogo ao motivo DED de proteinas adaptadoras FADD. Desta forma,
estas proteinas podem se ligar tanto ao prodominio DED de FADD quanto da procaspase-8,
bloqueando o recrutamento desta procaspase e a sua ativacdo (Hu et al., 1997; Thome et
al., 1997).

e Proteinas que interagem com a mitocondria: Em geral estas proteinas levam ao
bloqueio da liberacdo do citocromo C pela mitocOndria, inibindo a morte celular. Esta
estratégia € descrita para Human cytomegalovirus (proteina vMIA), herpesvirus associado
ao sarcoma de Kaposi (proteina K7), MYXV (proteina M 11L), Epstein-Barr virus
(proteina BHRF1, citada acima) e adenovirs (proteina E1B19K) (revisado por Irusta et al.,
2003).

Além de inibir diretamente a apoptose, os virus desenvolveram estratégias pelas
quais conseguem tirar proveito de eventos apoptoticos, atrasando esta resposta de forma a
haver tempo suficiente para a produg¢do de progé€nie viral. Durante as fases finais da
apoptose, quando fragmentos celulares envoltos por membrana intacta sao fagocitados por
macréfagos ou células vizinhas sem a indugdo de resposta inflamatdria, os virus presentes

nos corpos apoptéticos podem ser beneficiados, sendo disseminados para outras células de
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forma bastante segura, um mecanismo capaz de explicar a disseminagdo de virus ndo-
envelopados nao-liticos (Teodoro & Branton, 1997).

A apoptose € também importante evento relacionado a patologia da AIDS
(Sindrome da Imunodeficiéncia Humana Adquirida). Uma das explicagdes para a grande
perda de células T CD4" pode ser a inducdo inapropriada de apoptose em células nio-
infectadas, uma vez que somente uma pequena percentagem de células mononucleares do
sangue periférico € ativamente infectada, havendo inclusive a inducdo de apoptose em
outros tipos celulares, como neuronios e células tronco da linhagem hematopoiética.
(revisado por Young et al., 1997; Roshal et al., 2001).

Fato peculiar consiste na inducdo de apoptose em hemdcitos da lagarta
Pseudoplusia includens por infeccao viral relacionada ao parasitismo pela vespa Microplitis
demolitor (Hymenoptera: Braconidae) (Strand & Pech, 1995). Os ovos desta vespa sao
injetados na lagarta acompanhados de veneno e do polidnavirus Microplitis demolitor
bracovirus (MdBV). Sabe-se que o DNA de polidnavirus associados a vespas desta familia
integra-se ao seu genoma na forma de provirus, sendo multiplicado apenas pela sua
transmissdo vertical (Gruber et al., 1996; Savary et al., 1997), havendo assim uma simbiose
obrigatdria entre o virus e a vespa. A inoculacdo de MdBV na hemolinfa de fases larvais de
Pseudoplusia includens ou em hemdcitos cultivados leva a ocorréncia de apoptose em
granuldcitos, células mediadoras importantes para o processo de encapsulacdo, garantindo,
desta forma, o sucesso da progénie da vespa e, conseqiientemente, do virus (Strand & Pech,

1995).
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1.4. REGULACAO DA APOPTOSE POR BACULOVIRUS: AS PROTEINAS P35 E IAP

A percepcdo inicial de que baculovirus poderiam induzir apoptose em células
hospedeiras deve-se ao surgimento casual de um mutante do baculovirus Autographa
californica multiple nucleopolyhedrovirus (AcMNPV), isolado pelo Dr. Roland Russnak
(University British Columbia) durante a construcdo de um vetor de expressdo (Clem &
Miller, 1994a). Este mutante foi chamado Annihilator ("Aniquilador") por causar morte
prematura, em torno de 12 horas pés-infecc¢do (h p. i.), em células IPLB-SF-21 AE (SF-21)
(Vaughn et al., 1977), derivadas de S. frugiperda (Lepidoptera: Noctuidae), as quais sdo
permissivas ao virus AcCMNPV selvagem.

A ocorréncia de blebbing na membrana plasmadtica, condensacdo cromatinica,
fragmentacdo nuclear, formagdo de corpos apoptéticos e clivagem internucleossomal do
DNA mostrou, de forma conclusiva, que a morte prematura de células SF-21 infectadas
pelo mutante vAcAnh se tratava de apoptose, constituindo o primeiro registro formal do
fen6meno em células de invertebrados (Clem, et al., 1991; Clem & Miller, 1994a).

A replicacdo normal deste virus na linhagem celular TN-368 (derivada de T. ni)
(Hink, 1970), viabilizou a producdo de in6culo viral e a andlise molecular do mesmo, além
de fornecer incentivo adicional para o estudo do ponto de vista da especificidade de
infeccdo (Clem & Miller, 1994a).

Ensaios de marker rescue, onde eram realizadas cotransfec¢des do virus vAcAnh
com fragmentos de uma biblioteca gendmica de AcMNPV em células SF-21, levaram a
descoberta de um gene capaz de complementar a infeccdo, nomeado p35, presente no
fragmento EcoRI-S de AcMNPV. O sequenciamento desta regido em vAcAnh revelou uma

delecdo no gene p35, cujo fendtipo foi confirmado pela constru¢do de um mutante contendo
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o gene LacZ em substituicdo a uma por¢do de p35, causando os mesmos efeitos que
vAcAnh em SF-21 (Clem, et al., 1991; Clem & Miller, 1994a).

O gene p35 e homologos foram descritos até o momento em seis espécies de
baculovirus, ndo havendo homoélogos celulares: Ac MNPV (Clem et al., 1991), BmNPV
(Kamita et al., 1993), Spodoptera littorallis multiple nucleopolyhedrovirus (SpliMNPV)
(Du et al, 1999), Trichoplusia ni multiple nucleopolyhedrovirus (TnMNPV) (Dai et al.,
1999), Spodoptera litura multiple nucleopolyhedrovirus (SpItMNPV) (Pang et al., 2001) e
Hyphantria cunea nucleopolyhedrovirus (HyCuNPV) (Cao et al., 2002). No entanto, varios
estudos tém mostrado sua capacidade de bloquear a apoptose em largo espectro de
organismos (revisado por Clem, 1997), bem como de bloquear a apoptose induzida por
estimulos diversos em diferentes linhagens de células de lepidopteros (Bose et al., 1998;
Lee & Chao, 1998; Sah et al., 1999).

P35 possui um sitio de clivagem para caspases exposto em uma das varias por¢des
hidrofilicas da molécula, constituindo um substrato que apds a clivagem forma um
complexo estdvel com a enzima, inativando-a (Bertin ef al., 1996).

Ao mesmo tempo em que foi demonstrado o amplo espectro de inibicao de P35,
experimentos com proteinas isoladas in vitro, bem como utilizando células intactas,
mostraram que P35 possui a capacidade de inibir varios tipos de caspases efetoras, as quais
sdo bastante conservadas dentre os animais (Bump et al., 1995; Xue & Horvitz, 1995;
Bertin et al., 1996; Zhou et al., 1998).

Atualmente surgiram evidéncias de que P35 seja capaz de neutralizar radicais livres

em células de mamiferos e de insetos, bloqueando a apoptose por evitar a liberacdo de
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citocromo C pela mitocondria. O mecanismo exato ainda nao foi descrito (Sahdev et al.,
2003).

Ensaios de marker rescue para identificacao de genes de outros baculovirus capazes
de complementar a infec¢do do baculovirus VAcAnh em células SF-21 resultaram na
descoberta de um outro tipo de gene antiapoptético, nomeado iap (inibidor de apoptose)
(Crook et al., 1993; Birnbaum et al., 1994). Estudos posteriores revelaram que os genes iap
formam uma extensa familia, estando presentes em baculovirus, nematdides, insetos,
mamiferos e leveduras (revisado por Uren et al. 1998), tendo sido o primeiro representante
deste grupo de genes descrito em Cydia pomonella granulovirus (CpGV) (Crook et al.,
1993).

A presenca de genes iap foi revelada para todos os baculovirus até hoje
seqilienciados. Alguns baculovirus possuem mais de um gene iap, no entanto, nem todos
parecem possuir atividade antiapoptoética (Vilaplana & O“Reilly, 2003).

IAP codificadas por baculovirus apresentam capacidade de interferir em
mecanismos de ativagdo de caspases (Seshagiri & Miller, 1997). IAP de baculovirus e de
D. melanogaster interagem diretamente com moléculas envolvidas na inducdo de apoptose
de Drosophila (Reaper, Hid, Grim e Doom) expressas em células SF-21 (Harvey et al.,
1997; Vucic et al., 1997, 1998). Dois IAP de uma mesma espécie de baculovirus, no caso
CpGYV, podem interagir funcionalmente, havendo efeito estimulatério de um sobre o outro
(Vilaplana & O“Reilly, 2003).

A atividade e regulagdo de proteinas IAP encontra-se melhor esclarecida para

membros celulares desta familia de proteinas, os quais revelam-se como inibidores diretos
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de caspases efetoras, inibidores da ativacdo de caspases iniciadoras (Deveraux et al., 1997;
1998; Roy et al., 1997) e interferentes na via sinalizadora TNF (Rothe et al., 1995).

As proteinas IAP apresentam duas sequéncias-motivo de fécil identificacdo: na
extremidade carboxi-terminal apresentam um motivo do tipo zinc finger, conhecido como
RING finger, que pode estar ausente em alguns IAP, e na extremidade N-terminal, uma ou
até trés sequéncias conhecidas como BIR (baculoviral IAP repeats), presentes em todos os
IAP. Estes dois motivos apresentam sequéncias caracteristicas de ligacdo a metais, tendo
sido demonstrado experimentalmente sua ligacdo a zinco (revisado por Clem, 1997). Ao
menos uma BIR € essencial para a atividade antiapoptética destas proteinas (revisado por
Miller, 1999). O motivo RING esté relacionado a atividade de ligase de ubiquitina, a qual
pode promover a auto-ubiquitinacdo de IAP e das proteinas com as quais interage. A
ubiquitinacdo e conseqiiente degradacdo proteassomal de proteinas pré-apoptéticas pode
consistir em mais um mecanismo anti-apoptético de IAP (Green et al., 2004; Hao et al.,
2004).

IAP sdo super-expressas em alguns tipos de cancer e leucemias. Pequenos peptideos
capazes de interagir com o dominio BIR2 de XIAP antagonizam o efeito anti-apoptético
desta proteina, sendo alvos de pesquisas para a terapéutica de neoplasias (Tamm et al.,
2003).

Li e colaboradores (1998), mostram que IAP podem ter outras func¢des além do
bloqueio da apoptose, como participacao na citocinese e formacao do fuso mitético.

Desta forma, em algumas linhagens celulares de inseto, a apoptose induzida por
virus contendo mutacdes em p35, ou por mecanismos ndo-virais, pode ser bloqueada na

presenca de um baculovirus selvagem ou fragmento de DNA contendo os genes p35 ou iap
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(Clem et al., 1991; Crook et al., 1993; Kamita et al., 1993; Birnbaum et al., 1994; Cartier et
al., 1994; Clem & Miller, 1994b; Hershberger et al., 1994; Du et al., 1999). No entanto,
apesar da presenca de p35, AcMNPV nido € capaz de bloquear a apoptose em linhagens
celulares especificas e em larvas de Spodoptera litura (Chejanovsky & Gershburg, 1995;
Palli et al., 1996; Zhang et al., 2002). Assim, a coevolu¢do de mecanismos apoptéticos e de
seu bloqueio nos diversos sistemas hospedeiro/baculovirus revela-se como um dos fatores
determinantes do espectro de hospedeiros para cada baculovirus (revisado por Clem, 1997).

Em comparacdio com os mecanismos de bloqueio da apoptose de baculovirus,
parcialmente elucidados, os mecanismos de inducdo sdo quase que completamente
desconhecidos. Sabe-se que a ligacdo de AcMNPV p35 a membrana de células SF-21 ou a
entrada do mesmo na célula ndo € o suficiente para desencadear a apoptose (Lacount &
Friesen, 1997). Por outro lado, inibidores da sintese de DNA inibem a apoptose neste
modelo, sugerindo que a indugdo ocorra na fase tardia do ciclo de replicagdo viral (Clem &
Miller, 1994b). O transativador ie-/ (fator importante para o inicio da sintese de DNA viral)
¢ capaz de induzir a apotose em células SF-21, tendo o seu efeito aumentado pela

coexpressao de pe38 (Prikhod’ko & Miller, 1996; 1999).
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1.5. IMUNIDADE EM INSETOS

1.5.1. ASPECTOS GERAIS E EVOLUTIVOS

Patégenos sdao uma ameacga constante a sobrevivéncia de diferentes hospedeiros,
desta forma, o desenvolvimento de mecanismos de imunidade eficientes tem um alto valor
adaptativo para os organismos.

Os estudos de imunologia comparativa t€ém revelado uma complexidade crescente
dos mecanismos de imunidade ao longo da evolucao, chegando a uma extrema sofisticacdo
nos mamiferos. No entanto, conjuntos de mecanismos de complexidade tdo variada
guardam identidade quanto a trés fun¢des bésicas a desempenhar:

1. Distincdo do préprio e do ndo-préprio;
2. Eliminacdo ou neutralizacio de invasores;
3. Reconhecimento e elimina¢do de componentes proprios alterados.

Considerando os mecanismos presentes em vertebrados superiores, a imunidade
pode ser dividida em dois conjuntos gerais de mecanismos: a imunidade inata e a
imunidade adquirida.

A imunidade inata independe de exposicdo prévia a algum antigeno, constituindo
uma resposta abrangente e imediata. Ela € constituida por barreiras fisicas para a entrada de
patégenos (revestimentos corporais), fagocitose, sintese e secrecdo de fatores
antimicrobianos, RNA de interferéncia (RNA1) e morte celular programada. A imunidade
inata ndo envolve mecanismos de memoria celular, sendo as respostas ativadas

principalmente pelo reconhecimento de substancias estranhas ao organismo, como
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lipoproteinas e carboidratos préprios de microorganismos, por exemplo (revisado por
Fallon & Sun, 2001; Beutler, 2004).

A imunidade adquirida, que surgiu hd aproximadamente 450 milhdes de anos com
os primeiros peixes providos de mandibula, € baseada em mecanismos de rearranjos
génicos e expansdo clonal, gerando memodria celular pela produ¢do de uma gama
amplamente diversificada de receptores e de anticorpos especificos para reconhecimento de
diferentes antigenos, principalmente proteinas. Isto resulta em uma resposta mais rapida e
efetiva no caso de novas exposicdes ao mesmo antigeno ao longo da vida (revisado por
Hoffmann er al., 1999; Alberts et al. 2002).

Organismos unicelulares, invertebrados, fungos e plantas possuem somente
imunidade inata. Esta “imunidade primitiva” tem despertado a atencdo dos pesquisadores
por apresentar aspectos estruturais e funcionais muito semelhantes para grupos diversos de
organismos, o que significa uma conservagdo ao longo de centenas de milhdes de anos de
evolucdo (Hoffmann ez al., 1999; Schulenburg et al., 2004). Por outro lado, € inegdvel a
variagdo nas estratégias da imunidade inata entre os invertebrados. A irradiacdo destes nos
diferentes filos animais, gerando as mais variadas estratégias de vida e ocupacdo de habitats
diversos, demanda variacdes na imunidade. Variacdes importantes podem ser encontradas
até mesmo dentro de uma mesma ordem de insetos (p. ex. dipteros hemat6fagos/ dipteros
que se alimentam de leveduras), dependendo do nivel de exposicdo a patégenos, de acordo
com o nicho ocupado (revisado por Dimopoulos, 2003; Loker et al., 2004).

A eficiéncia da imunidade inata pode ser inferida pelo sucesso evolutivo dos
invertebrados. Os insetos, em particular, cuja divergéncia com os vertebrados se deu ha

cerca de 500 milhdes de anos, estio presentes em quase todos os ecossistemas,
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apresentando a maior diversidade e abundancia dentre os animais. O estudo minuncioso da
imunologia de insetos revela um sistema altamente adaptado e efetivo contra uma gama de
espécies microbianas em concentragdes potencialmente fatais a vertebrados (revisado por
Kavanagh & Reeves, 2004).

Drosophila melanogaster € o organismo-modelo para estudos da imunidade inata,
desta forma, a maior parte da informa¢do sobre imunidade em insetos advém de estudos
desta espécie (revisado por Tzou et al., 2002; Leclerc & Reinchhart, 2004).

Podemos considerar os revestimentos corpdreos como a primeira linha de defesa em
qualquer organismo. Em insetos, a cuticula € uma barreira estrutural e quimica capaz de
prevenir ou retardar a entrada de patégenos no organismo, revestindo a superficie externa,
por¢des inicial e final do tubo digestivo (intestinos anterior e posterior), espirdculos e
sistema traqueal. A cuticula € composta basicamente de fibrilas de quitina (um
polissacarideo) imersas em uma matriz protéica. A sua camada mais externa (epicuticula)
apresenta ceras cuja composi¢ao apresenta propriedades antimicrobianas. O rompimento da
cuticula ativa a sintese e secre¢do de antimicrobianos bem como a cascata da fenoloxidase
(PO), importante para neutralizacdo de microorganismos e cicatrizacdo (revisado por
Kavanagh & Reeves, 2004).

A membrana peritréfica € uma rede que repousa sobre a superficie apical do epitélio
intestinal médio, composta por quitina, carboidratos e proteinas. Ela protege o epitélio
contra abrasdo, por evitar o contato direto com o material ingerido e a sua fina estrutura
porosa proporciona uma permeabilidade seletiva que exclui alguns patégenos e toxinas do

contato com as células (Klowden, 2002).
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A cavidade corporal dos insetos (hemocele) € preenchida pela hemolinfa, um
liquido composto por diferentes elementos celulares (os hemdcitos) e um complexo de
substancias quimicas. A hemolinfa é andloga ao sangue dos vertebrados, tendo fun¢des de
nutri¢do, excregdo, sinalizacao e defesa, porém nao desempenhando funcao respiratéria. Os
hemdcitos realizam resposta imune celular (fagocitose, nodulagdo e encapsulacdo), bem
como a sintese de alguns elementos da resposta humoral, os quais, junto com fatores
secretados por outros tecidos (corpo gorduroso principalmente) tém acesso a diferentes
partes do organismo ao circular pela hemolinfa, constituindo elementos centrais da resposta

imune (Klowdem, 2002).

1.5.2. RECONHECIMENTO DO NAO -PROPRIO

Um componente essencial da imunidade € a vigilancia constante para detec¢dao de
elementos estranhos ou elementos que ndo possuam componentes reconhecidos como
proprios. Este reconhecimento € o ponto de partida para o estimulo das cascatas de reagcdes
de defesa.

Insetos, da mesma forma que outros artrépodes e vertebrados, possuem mecanismos
para reconhecer polimeros encontrados exclusivamente em microorganismos, cOmo
peptideoglicanos (PGLC) e lipopolissacarideos (LPS) de paredes bacterianas, (-1, 3
glucanas e -1, 3 mananas de paredes flingicas; os chamados PAMP (do inglés, pathogen
associated molecular patterns). Isto se da através de receptores especificos para esta
funcdo, os PRR (do inglés, pattern recognition receptors), os quais podem ser soliveis

(humorais) ou ancorados em membranas celulares (revisado por Gillespie et al. 1997;
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Lavine & Strand, 2002). Os PRR podem mediar respostas celulares como a fagocitose,
desencadear cascatas de serino-proteases que ativam respostas de melanizacdo ou regular a
sintese e secrecao de fatores antimicrobianos (revisado por Kavanagh & Reeves, 2004).

Virios fatores, incluindo lectinas, hemolina, proteina de ligacdo a LPS, proteina de
reconhecimento de Dbactérias gram-negativas, proteina de reconhecimento de
peptideoglicanos e proteinas contendo tioéster (oo TEP-1) s@o possiveis PRR humorais em
insetos, atuando como opsoninas, promovendo respostas celulares como a fagocitose e
nodulacdo, bem como a sintese de moléculas antimicrobianas. Ha evidéncias de que
algumas destas moléculas existam também na forma de receptores celulares. No entanto, os
receptores celulares capazes de reconhecer PRR humorais ainda ndo sdo conhecidos
(revisado por Lavine & Strand, 2002).

PRR celulares em insetos ainda sdo pobremente conhecidos. Proteinas do tipo Toll
em mamiferos sdo PRR capazes de reconhecer LPS e outros PAMP, ativando vias de
producio de citocinas pré-inflamatdrias. Receptores Toll, proteinas relacionadas a Toll e a
via IMD (immune deficiency) de dipteros mediam a ativacdo de genes antibacterianos e
anti-fungicos. No entanto, para insetos ainda ndo foi demonstrada a ligacdo de Toll a
PAMP, o que faria deste um PRR verdadeiro, como em mamiferos. Tampouco se sabe com
certeza a identidade do receptor que inicia a via IMD (revisado por Lavine & Strand, 2002;
Kavanagh & Reeves, 2004; Naitza & Ligoxygakis, 2004). Acredita-se que a presenca de
microorganismos na hemolinfa induza cascatas proteoliticas que resultem na liberacao de
Spaetzle, o unico ligante de Toll de dipteros descrito at¢é o momento (revisado por

Hoffmann et al.,1999).
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Mecanismos de reconhecimento de componentes préoprios alterados, tecidos
transplantados, bem como de elementos abidticos (fios de nylon, cdpsulas de latex) também
encontram-se praticamente desconhecidos. H4 evidéncias de que integrinas expressas em
hemdcitos, como plasmatécitos e granuldcitos, sejam potenciais receptores de
reconhecimento (PRR celulares) de alvos microbianos e abidticos, estando envolvidas no
processo de encapsulacdo. Sabe-se que danos a membrana basal levam ao reconhecimento
de tecidos préprios como alterados. O receptor de superficie Croquemort, expresso em
plasmatdcitos de dipteros, estd relacionado ao reconhecimento e fagocitose de corpos

apoptoticos por estas células (Lavine & Strand, 2002, 2003).

1.5.3. IMUNIDADE HUMORAL

A imunidade humoral em insetos consiste principalmente nos processos de
melanizacdo, coagulacdo da hemolinfa e sintese de fatores antimicrobianos, além da
liberacdo de PRR soliveis, como ja comentado.

A  melanizacgdo € um componente-chave para destruir uma série de
microorganismos, bem como para a cicatrizacdo de ferimentos. A sintese de melanina é
catalizada pela enzima pro-fenoloxidase-monofenil-L-dopa (ProPO), encontrada na forma
de zimégeno em alguns tipos de hemdcitos, sendo liberada na hemolinfa pela ruptura da
membrana plasmatica, transportada para a cuticula, depositada em regides de ferimentos ou
em volta de material encapsulado. A fenoloxidase (PO) promove a hidroxilacdo de
monofendis e oxidacdo de fendis a quinonas, levando a formacdo de melanina. As
quinonas, por si s, sdo diretamente téxicas para bactérias, fungos e protozodrios. A

seqliéncia protéica desta enzima € similar aquelas de proteinas do complemento de
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vertebrados (C3 e C4). A ativacdo da ProPO é desencadeada por PRRs soliveis que se
ligam ao alvo, e iniciam uma cascata de serino-proteases extracelulares levando a clivagem
da ProPO em PO. Esta cascata também é controlada por inibidores de protease para manter
a reacao somente nas imediac¢des do sitio de invasio e evitar efeitos deletérios (revisado por
Gillespie et al.,1997; Cerenius & Soderhill, 2004).

A coagulacdo da hemolinfa se d4 por polimerizacdo de proteinas através de
transglutaminases dependentes de célcio. As proteinas coaguldveis da hemolinfa de insetos
possuem dominios ricos em cisteina, homélogos a dominios do fator von Willebrand de
mamiferos, envolvido na cascata de coagulacdo sanguinea. Proteinas coaguldveis também
podem ser liberadas na hemolinfa por granulos de secrecdo de hemdcitos em resposta a
presenca de microorganismos. A isto se segue uma cascata proteolitica que torna uma
proteina soldvel em um agregado insoldvel, formando um gel capaz de imobilizar
microorganismos (revisado por Kavanagh & Reeves, 2004).

Fatores antimicrobianos s@o essenciais para eliminar microorganismos em grande
numero. Estes fatores sdo liberados na hemolinfa, combatendo elementos da parede celular
de bactérias e fungos. Peptideos semelhantes sdo encontrados em outros invertebrados,
vertebrados e plantas (Gillespie et al., 1997).

Fatores antimicrobianos de insetos sdo secretados por células do corpo gorduroso,
hemdcitos, trato digestivo, glandulas salivares, trato reprodutor, tibulos de Malpighi e
epiderme. Vdrios peptideos anfipaticos sd@o produzidos, os quais promovem a formacgdo de
poros ou canais i0nicos na membrana plasmética, causando a morte dos microorganismos

por lise (revisado por Bulet ef al., 2004).
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Os peptideos antimicrobianos mais freqlientemente descritos em insetos sdo as
cecropinas, defensinas, drosomicinas, peptideos ricos em glicina e peptideos ricos em
prolina (p. ex. drosocina e metchnikowina) (Gillespie et al.,1997).

Além destes peptideos, algumas proteinas também apresentam atividade
antimicrobiana, com mecanismos de acao mais diferenciados. A lisozima atua hidrolisando
ligacdes B-1-4 presentes em cadeias de N-acetilglicosamina e dcido N-acetilmuramico da
parede de bactérias gram-positivas. A familia atacina/sarcotoxina II, bem como a
diptericina, atuam contra bactérias gram-negativas, inibindo a sintese de componentes da
membrana plasmatica, bloqueando a divisao celular (Gillespie et al., 1997).

Em Drosophila, fungos e bactérias gram-positivas induzem preferencialmente a
expressdo de genes de drosomicinas. Bactérias gram-negativas estimulam a expressio de
atacinas, cecropinas, diptericinas, e drosocinas. Qualquer bactéria induz a produgdo de
defensinas e quaisquer microorganismos induzem a expressao de metchnikowina (revisado

por Leclerc & Reinchhart, 2004).

1.5.4. OS HEMOCITOS : ORIGEM, CLASSIFICACAO E FUNCOES

Ao contrdrio das vias da resposta humoral, as informacdes existentes na literatura
sobre os hemdcitos, sua classificacdo e fun¢des sdo ainda bastante controversas. Ao longo
de mais de 160 anos de estudo, por razdes diversas (utilizacdo de metodologias e critérios
variados de classificacdo, rapida transformagdo, diferenciacao ou labilidade celular apds a
coleta, diversidade morfolégica nas diferentes ordens), foi gerada uma nomeclatura

redundante para os hemdcitos dos insetos (Gupta, 1979, 1991; Brehélin & Zachary, 1986).
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Gupta, em 1979, revisou dados morfoldgicos préprios e de outros autores para
hemdcitos de varios grupos de insetos, trazendo importante colaboragdo para uma maior
uniformizacdo da classificagdo destas células. Com base em dados ultra-estruturais, este
autor reconheceu inicialmente sete tipos principais de hemdcitos (prohemdcitos,
plasmatdcitos, granuldcitos, esferuldcitos, adipohemdcitos, coaguldcitos e oenocitdides).
Naquele momento, todos estes tipos foram considerados presentes em representantes das
ordens Blattaria, Coleoptera, Neuroptera, Lepidoptera e Diptera. Para outras ordens, um ou
mais tipos poderiam estar ausentes, como no caso dos Collembola, nos quais somente
granuldcitos foram reconhecidos. Posteriormente, este mesmo autor reconheceu os
coaguldcitos como um variante dos granuldcitos, reduzindo o nimero de tipos celulares
gerais para seis (Gupta, 1991).

Brehélin e Zachary (1986), numa tentativa de ‘“acabar com as controvérsias”,
propuseram uma classificacio baseada em caracteristicas ultraestruturais consideradas
confidveis, em funcdes e terminologias pré-existentes na literatura para as quais havia
grande concordancia e em novos termos para designar diferentes tipos de hemdcitos
contendo granulos. Desta forma, nove tipos de hemdcitos foram considerados distintos:
prohemdcitos, plasmatdcitos, oenocitdides, esferuldcitos, trombocitdides e quatro tipos de
células granulares.

Apesar dos esfor¢os dos pesquisadores nesta drea de estudo, a tentativa de uma
classificagdo unica para hemdcitos de insetos ainda permanece frustrada, principalmente
em virtude da grande diversidade morfol6gica e funcional destas células para uma gama tao

numerosa e diversificada de organismos.
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A investigacdo sobre a classificacdo e fun¢do dos hemdcitos de lepidopteros tem
sido ampliada nos ultimos anos, provavelmente devido ao crescente interesse no
desenvolvimento de estratégias de controle de pragas da agricultura, muitas delas
representadas por lepidopteros em sua fase larval, bem como para a otimizacdo do manejo
de espécies de importancia econdmica, p. ex. Bombyx mori. Estes estudos, que envolvem
técnicas morfoldgicas, fisioldgicas, imunoldgicas e de cultivo tém trazido uma certa
homogeneidade no tocante a classificacdo dos hemdcitos nesta ordem (Horohov & Dunn,
1982; Essawy et al.,1985; Sass et al., 1994; Butt & Shields, 1996; Ribeiro et al., 1996;
Stettler et al., 1998; Gardiner & Strand, 1999, 2000; Yamashita & Iwabuchi, 2001;
Andrade et al., 2003; Falleiros et al., 2003; Ling et al.,2003; Nardi et al., 2003).

Em uma revisao recente, Lavine & Strand (2002) consideram 5 tipos de hemdcitos
como 0s principais para os insetos, sendo todos presentes em lepidopteros: prohemdocitos
(pr), plasmatdcitos (pl), hemdcitos granulares ou granuldcitos (gh), esferuldcitos (sph) e
oenocitdides (oe). Segue uma breve descricdo destes tipos de hemdcitos, com base em
Gupta, (1979, 1991) e Brehélin & Zachary (1986).

Pr sdo células pequenas, arredondadas, de superficie regular, com uma alta relacdo
nucleo/citoplasma, pobres em reticulo endoplasmatico granular (REG) e ricas em
ribossomos livres. Possuem uma alta taxa mitética e sdo tidas como as células-tronco de
hemdcitos, encontradas em 6rgdo hemopoéticos, podendo também dividir-se quando livres
na hemolinfa.

P1 sdo geralmente alongados ou fusiformes, com superficie irregular, apresentando
micropapilas, filopédios ou outros processos celulares. O nicleo é pleomoérfico, podendo

apresentar-se bilobado. O citoplasma € abundante, rico em organelas, com REG bem
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desenvolvido, constituido por numerosas cisternas estreitas. Algumas inclusdes podem
estar presentes, como lipideos e glicogénio, bem como vesiculas no citoplasma periférico.
Em contato com uma superficie, estas células expandem o citoplasma e aderem a mesma.
Sdo células sabidamente envolvidas em processos como fagocitose, encapsulacdo e
nodulacao.

Gh sdo arredondados a ovais, tendo a superficie coberta por finas projecdes
citoplasmaticas. Apresentam complexo de Golgi desenvolvido e sdo geralmente ricos em
REG, cujas vesiculas podem apresentar-se altamente dilatadas. Apresentam granulos
caracteristicos, cujas proporcdes e aspecto sdo varidveis, com relatos de que sua
constitui¢do seja glicoproteica. Brehélin & Zachary (1986) subdividiram os granuldcitos
em 4 tipos (ghl-4) de acordo com a composi¢do de granulos e possiveis fungdes. O tipo
mais comumente descrito para lepidopteros coincide com a descricdao de ghl. Estas células
apresentam atividade fagocitica e estdo envolvidas na encapsulacdo. Gh e pl constituem os
tipos de hemdcitos mais freqlientes na hemolinfa de lepiddpteros, chegando a constituir
mais de 50% da populacao total destas células (Lavine & Strand, 2002).

Sph sdo células grandes, caracterizadas por possuirem o citoplasma praticamente
tomado por grandes esférulas, as quais apresentam conteido granular, por vezes disposto
em linhas concéntricas, de natureza glicoprotéica. A extrusdao deste conteido na hemolinfa
se d4d por exocitose. O restante do citoplasma, reduzido a septos, apresenta REG e
complexo de Golgi desenvolvidos. O nicleo € central e pequeno com relagdo ao tamanho
da célula. Sph foram relatados como fonte de ProPO cuticular (Sass et al., 1994).

Oe sdo células grandes, arredondadas, de superficie lisa, e baixa proporcao

nucleo/citoplasma. O citoplasma € caracterizado pela pobreza em organelas membranosas e
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abundancia em ribossomos livres, o que lhes confere um aspecto homogéneo. Oe
apresentam atividade de fenoloxidase quando incubados com tirosina, DOPA ou
Dopamina. Estas células apresentam comportamento 1dbil, com rompimento da membrana
plasmadtica e extravasamento do conteudo celular instantes apds o "sangramento” do inseto.
Em coledpteros, estas células também realizam fagocitose (Giulianinni et al., 2003).

Aparentemente, pr, pl e gh estdo presentes na maioria dos insetos estudados, ao
contrdrio de sph e oe, menos freqiientes, bem como outros tipos celulares descritos, tidos
como secunddrios (revisado por Gupta, 1979, 1991; Brehélin & Zachari, 1986).

No embrido de Drosophila melanogaster, os hemdcitos se originam de precursores
do mesoderma cefdlico, do qual se dispersam pelo organismo. Algumas destas células
precursoras sdo sequestradas ao longo do vaso dorsal, onde constituem orgaos
hemopoéticos. Nos estdgios larvais, os hemdcitos originam-se nestes 6rgdos, havendo
também divisdo e diferenciacdo destas células na hemolinfa (revisado por Fallon & Sun,
2001).

Yamashita e Iwabuchi (2001) demonstraram a capacidade mitética e de
diferenciagdo de pr de B. mori em cultura, confirmando a sua classificagdo como uma
célula-tronco. Estas células originaram pl, gh e sph. Pl e gh foram capazes de auto-
renovacdo. Parte dos gh produzidos ainda foi capaz de se diferenciar em sph. Oe,
aparentemente, pertence a uma linhagem diferente dos outros tipos neste inseto. Por outro
lado, estudos ultra-estruturais utilizando anticorpos especificos contra pl e gh em 6rgados
hematopoéticos de M. sexta sugerem origens distintas para estas células (Nardi et al.,
2003), de modo que, até o momento, ndo se encontram totalmente esclarecidas as relacoes

entre os diferentes tipos de hemdcitos quanto a origem.
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1.5.5. IMUNIDADE CELULAR

A fagocitose ¢ um componente integral da imunidade inata em praticamente todos
os filos do reino animal, sendo essencial para a remocao de patégenos ou outros elementos
estranhos, mesmos nos organismos que possuem OS mecanismos mais complexos da
imunidade adquirida. No entanto, Caenorhabditis elegans parece constituir uma excegao.
Apesar de possuir coelomdcitos, estes aparentemente nao estdo envolvidos com fagocitose
ou nodulacdo de bactérias (Schulenburg et al., 2004).

A fagocitose requer uma via de transducg@o de sinais para o recrutamento de células
fagociticas ao sitio de infeccdo, seguido do reconhecimento da particula como estranha e o
seu englobamento. Lectinas e outros PRR humorais ligam-se & particula estranha,
facilitando o seu reconhecimento por fagdcitos. Alguns receptores em pl e gh guardam
semelhanca com receptores em fagdcitos de mamiferos; é o caso de Malvolio e dSR-C1
com relacdo a NRAMP-1 (natural resistance associted macrophage protein 1) de ratos.
Sabe-se que o célcio € necessdrio para a adesdao de pl ao alvo, enquanto gh necessitam da
ativacdo da cascata de ProPO. No fagossomo, ocorre a producido de espécies reativas de
oxigénio (ROS), os quais sdo eficientes contra microorganismos (revisado por Kavanagh &
Reeves, 2004).

Noédulos sao formados em resposta a um nimero de microorganismos invasores,
consistindo de camadas de hemdcitos e, para algumas espécies, melanina, podendo aderir a
tecidos. Apesar da nodugdo se encontrar bem caracterizada em insetos, seus mecanismos de
regulacdo ainda ndo foram totalmente esclarecidos. Sabe-se do envolvimento de lectinas
neste processo (revisado por Kavanagh & Reeves, 2004). Experimentos in vitro com

hemdcitos isolados de M. sexta revelam que estas células sintetizam e secretam
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eicosandides (um conhecido mediador de mecanismos da imunidade em mamiferos), os
quais tém se mostrado importantes para a microagregacido destas células na presenca de
bactérias, bem como para outros processos, como a fagocitose (Miller & Stanley, 2001).

Estruturas maiores como protozodrios, nematdides, ovos e larvas de insetos
parasitéides sdo encapsuladas por miultiplas camadas de hemdcitos. Mecanismos de
encapsulacio sdo mais estudados em modelos envolvendo larvas de lepidépteros e dipteros
uma vez que estas sdo parasitadas por himendpteros.

No lepiddptero Pseudoplusia includens, a formagao da cdpsula € iniciada por gh que
aderem ao alvo e que atraem pl pela liberacdo de um peptideo que induz a expansdo
citoplasmadtica ou "espalhamento" de pl (PSP), induzindo a agregacdo destes. O processo é
finalizado por uma camada de gh, para a qual foi relatada a ocorréncia de apoptose (Pech &
Strand, 1996, 2000).

A encapsulacdo de ovos de parasitéides himendpteros em larvas de Drosophila
inicia com o aumento do nimero de hemdcitos circulantes, sendo a cdpsula formada pela
deposicdo de vérias camadas dos chamados lameldcitos. Particulas virais injetadas junto
com os ovos podem transformar estas células, diminuindo a sua capacidade de adesao,

evitando assim a encapsulacdo (Russo et al., 2001).

1.6. IMUNIDADE CONTRA VIRUS

Se a imunidade de insetos como um todo ainda constitui um grande mistério, os
mecanismos relacionados a respostas anti-virais permanecem praticamente em total
obscurantismo. A imunidade celular e a apoptose sdo as estratégias imunes anti-virais

melhor descritas até o momento, o que se deve em grande parte ao estudo dos baculovirus.
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Trudeau e colaboradores (2001) compararam a rota de infec¢do de AcMNPV em
larvas de Heliothis virescens (permissiva) e Helicoverpa zea (semi-permissiva). Foi
observado que tanto a infec¢do primdria no intestino médio, quanto a infeccdo secunddria
traqueal ocorrem normalmente em ambas espécies, porém, a partir deste ponto, a infec¢ao
em H. zea passa a ser contida pela baixa infectividade dos hemdcitos e pela capacidade
destas células de eliminar virus da circulagdo, encapsular e melanizar focos de infec¢ao
traqueais. Em Manduca sexta, outra espécie semi-permissiva a ACMNPV, também ocorre a
encapsulacdo de focos de infeccdo traqueais (Washburn er al., 1996). A co-infeccdo com
uma espécie de polydnavirus, a qual provoca apoptose em hemdcitos e consequente
imunossupressao em larvas de lepiddptero, eleva a susceptibilidade de M. sexta a ACMNPV
(Washburn et al., 2000), comprovando a importancia dos hemdcitos para o controle da
infec¢do por baculovirus neste inseto.

Em S. frugiperda os hemdcitos mostram-se resistentes a infeccio por AcMNPV,
mesmo através de inoculacdo intrahemocélica. Em comparacdo a larvas de 7. ni, nas
mesmas condicdes experimentais, torna-se necessaria a inoculagdo de uma dose mil vezes
maior para o inicio da infeccdo, tornando a disseminagdo entre diferentes tecidos e a
progressao do titulo de BV na hemolinfa mais lentas (Clarke & Clem, 2002). Neste caso, a
resisténcia tecido-especifica mostra-se como um fator limitante do espectro de hospedeiros
de baculovirus.

Inoculagdo intrahemocélica de BV de AcMNPV induz apoptose massiva em
hemdcitos e em outros tipos celulares de Spodoptera litura, uma espécie ndo-permissiva a
este virus, estando associada a baixas taxas de infectividade e propagacao virais (Zhang et

al, 2002). Este resultado evidencia a apoptose como um fator limitante do espectro de
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hospedeiros em infec¢des por baculovirus, especialmente por se tratar de apoptose induzida
por um virus selvagem, portando pelo menos um gene antiapoptético, o que confirma a
importincia da apoptose como defesa anti-viral em insetos (Clarke & Clem, 2003b).

Um elemento anti-viral capaz de prejudicar a infec¢ao por baculovirus em uma fase
anterior as ja citadas (infec¢do das células intestinais por ODV) foi purificado do suco
digestivo de larvas de B.mori. Trata-se de uma lipase (Bm lipase-1) capaz de suprimir a
morte das larvas por ODV de BmMNPV quando administrada em uma dose de 2,2 pg/larva
em conjunto com 22,95 ng de ODV (Ponnuvel e? al., 2003).

O virus de planta Tomato spotted wilt tospovirus infecta o seu principal vetor, o
thrips Frankliniella occidentalis, sendo mantido a baixos titulos na hemolinfa. A infec¢do
pelo virus leva a ativacido de genes homologos a genes de funcdo imune de dipteros como
antimicrobianos, lectinas, receptores Toll - 3, elementos da via de transducdo de sinais
ativada por receptores do tipo Toll, dentre outros ndo identificados ou sem fungdo
relacionada a imunidade. Os autores especulam que a ativacdo destes genes esteja
relacionada a manutengcdo dos baixos titulos virais em larvas infectadas bem como a
resisténcia de adultos ao virus (Medeiros et al., 2004).

Um fator semelhante a citocinas, chamado Alloferon, descrito para o diptero
Callifora vicina, € capaz de estimular células natural killer de mamifero in vitro. Este fator
também induz a producdo de interferon em ratos, apresentando propriedades antivirais e
antitumorais, um achado inicial que sugere a existéncia de vias de sinalizagdo para
reconhecimento e eliminacdo de células infectadas por virus em insetos (Chernysh et al.,

2002).
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RNA de interferéncia (RNAi) é uma resposta causada pela presenca de RNA fita-
dupla (RNAds) na célula e que, posteriormente, € enderecada a qualquer sequéncia de RNA
homoéloga ao RNAds estranho, suprimindo a sua expressdo. Vdrios virus de invertebrados
possuem RNA de fita-simples (RNAss) ou RNAds como material genético, de forma que,
para a replicacdo, em algum momento serd produzido RNAds. Em Drosophila, o virus de
RNA flock house virus (FHV) foi demonstrado como desencadeador e alvo de RNAI, no
entanto o genoma deste virus codifica uma proteina, B2, que age como um supressor de
RNAI, demonstrando a importincia deste mecanismo na imunidde de insetos contra virus

(revisado por Lecellier & Voinnet, 2004; Loker et al., 2004).

1.7. CONTEXTO: O BACULOVIRUS MUTANTE VAPAG

A biologia molecular do baculovirus Anticarsia gemmatalis multiple
nucleopolyhedrovirus (AgMNPV) bem como a sua interagdo com insetos hospedeiros e
cultura de células de insetos vém sendo estudados no laboratério de Microscopia Eletronica
e Virologia da Universidade de Brasilia (UnB) hd mais de dez anos.

Durante a constru¢do de um baculovirus AgMNPV recombinante, contendo o gene
da B- galactosidase de Escherichia coli (Ribeiro et al., 2001), foi obtido além de virus
recombinantes € ndo recombinantes, um mutante (VApAg), cuja infeccdo induz a morte
prematura de células de uma linhagem permissiva, derivada de Anticarsia gemmatalis,
UFL-AG-286 (Sieburth & Maruniak, 1988a) e que se replica normalmente em outra

linhagem, derivada de Trichoplusia ni (BTI-Tn-5B1-4) (Tn-5B) (Granados et al., 1994).
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Investigou-se o processo infeccioso de vApAg em células UFL-AG-286 e Tn-5B e a
ocorréncia de clivagem oligonucleossomal do DNA das mesmas. Para fins comparativos,
os mesmos estudos foram realizados para o baculovirus vP35del, em células UFL-AG-286
(Silveira et al., 1999). O virus vP35del é derivado de AcMNPV e contém uma dele¢do no
gene antiapoptdtico p35, sendo incapaz de bloquear a apoptose em varias linhagens
celulares (Clem et al., 1994).

Observou-se que células UFL-AG-286 infectadas por vApAg e vP35del morrem por
apoptose, porém de forma significativamente diferente. O virus vApAg induz apoptose
massiva em até 48 h, havendo a clivagem oligonucleossomal do DNA a partir de 48 h de
infeccdo, com a producdo de BV e poliedros. Ja vP35del induz a morte de células UFL-
AG-286 mais rapidamente, em até 16 h, com clivagem do DNA a partir de 9 h de infec¢ao,
sem quaisquer sinais de replicacdo viral. Foram ainda observadas diferencas quanto a
condensagdo cromatinica (que ndo ocorre quando da replicacdo viral) e no padrdao de
fragmentacdo celular, influenciado pelo acimulo de agregados fibrilares, que ocorre na
infeccdo por vApAg (Silveira et al., 1999).

A progénie de vApAg (BV) em células UFL-AG-286 mostrou-se reduzida 100
vezes quando comparada a derivada de AgMNPV na mesma linhagem celular. A
porcentagem de células apresentando poliedros com 48 h de infec¢do também foi reduzida
(79% para AgMNPV e 10% para vApAg). Compativel com a morte massiva em tempos
tardios, a partir de 48 h de infeccdo a sintese protéica é abolida (Castro & Ribeiro, 2001).
Para a linhagem Tn-5B ndo houve diferenca significativa na progénie obtida para os dois
virus, replicacdo do DNA viral ou sintese proteica (Castro & Ribeiro, 2001). A

infectividade de vApAg através da ingestdo de poliedros por larvas de A. gemmatalis é
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reduzida quando comparada aquela de AgMNPV nas mesmas condi¢des. A LCsy de VApAg
¢ cerca de cinco vezes maior do que para AgMNPV, o que reforca a hipétese da apoptose
como mecanismo de defesa contra virus em insetos (Castro et al., 2002).

Mais recentemente, a partir do estudo comparativo dos perfis de restricdo de
AgMNPV e vApAg (Castro & Ribeiro, 2001), obteve-se a localizacdo, sequéncia e padrao
de expressdo do gene iap-3 de AgMNPV (Carpes et al., no prelo) (nimero de acesso
GeneBank AY525121). Este gene encontra-se interrompido por um transposon no mutante
vApAg, provavel causa da falha deste virus no bloqueio da apoptose in vitro, reducdo da
progénie viral e reducdo da infectividade oral observadas (Carpes, 2004). A transfeccao de
quantidades crescentes de plasmideo contendo o gene iap-3 de AgMNPV em células UFL-
AG-286 infectadas por vApAg promove indices reduzidos de morte celular por apoptose, o

que demonstra a fun¢ao anti-apoptética deste gene (Carpes et al., no prelo).
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1.8. OBJETIVOS

1.8.1. OBJETIVO GERAL

Verificar se o virus VvApAg e um virus p35 derivado de AcMNPV
(vVHSGFP/P35del) induzem apoptose in vivo em larvas de Anticarsia gemmatalis. Para
tanto, foi adotado como modelo de estudo os hemocitos e, no sentido de evitar as barreiras

naturais de infeccdo, foi realizada inje¢do intrahemocélica de BV.

1.8.2. OBJETIVOS ESPECIFICOS

e (Caracterizar a populacao de hemdcitos larvais de Anticarsia gemmatalis (Item 2.1.);

e Estudar o processo infeccioso do virus AgMNPV e do mutante vVApAg em
hemdcitos larvais de Anticarsia gemmatalis, verificando a mortalidade das larvas, os tipos
de hemdcitos susceptiveis a infec¢do, a sequéncia de eventos da morfogénese viral, a
ocorréncia de apoptose e ocorréncia de fragmentagcdao oligonucleossomal do DNA (Itens
22.e3.1.);

e Estudar o processo infeccioso de virus recombinantes derivados de AcMNPV
(VHSGFP e vHSGFP/P35del) em hemdcitos larvais de Anticarsia gemmatalis, verificando
a mortalidade das larvas, a porcentagem de hemdcitos infectados ao longo do tempo, os

tipos de hemdcitos susceptiveis a infeccdo, a sequéncia de eventos da morfogénese viral e a

ocorréncia de apoptose (Item 3.2.).
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Characterization of larval haemocytes from the
velvetbean caterpillar Anticarsia gemmatalis (Hiibner)
(Lepidoptera: Noctuidae)

E. BRAGA DA SILVEIRA*®, B. MORAIS RIBEIRO® and S.N. BAO®

*Department of Cellular Biology, Institute of Biological Sciences, State University of Campinas, SP; °Department of Cellular Biology, Institute
of Biological Sciences, University of Brasilia, DF, Brazil

SUMMARY - Larval haemocytes of Anticarsia gemmatalis (Lepidoptera: Noctuidae) are presented and classified based
on morphological characeristics. Haemolymph samples collected from 3rd to 6th instar larvae were observed using
differential interference contrast microscopy as well as processed for transmission and scanning electron microscopy.
Five general types of haemocytes were observed: prohaemocytes (Pr), plasmatocytes (P1), granular haemocytes (GH),
oenocytoids (Oe) and spherulocytes (SPh). Granular haemocytes were subdivided into two morphologically different
subtypes (GH 1 and GH 2). Phenoloxidase activity was clearly observed in the Oe, and also less intensely in the Sph.
The osmium/imidazole buffer technique revealed that GH 2 accumulated numerous, small lipid vesicles among their
granules, while Pl contained larger but less numerous lipid inclusions. Total haemocyte counts varied between 12.3
and 20.9 X 10° haemocytes/pl. Pl, GH 1 and Sph were the cell types more frequently observed in all larval stages
studied. GH 2 were rare in 3rd and 4th instars, becoming more numerous after the inception of the Sth instar.
Populations of GH 1 and Sph maintained their proportions throughout larval development. Populations of O, Pl
and Pr, however, presented more marked variations in their proportions. Ultrastructural studies were shown to be use-
ful for the identification and classification of hacmocyres, facilitating further analysis by light microscopy.

Key WORDS Anticarsia gemmatalis - haemocytes - haemolymph - lipid - morphology - ologies used. In the last three decades, the use of electron
phenoloidase microscopy for ultrastructural studies of haemocytes has
been instrumental in recognizing major types of insect
haemocytes, with some discrete controversies still remain-
ing. For Lepidoptera, specifically, five main types of haemo-
cytes have been recognized: prohaemocytes (Pr), plasmato-
cytes (PI), granulocytes or granular cells (Gr), oenocytoids
(Oe) and spherulocytes (Sph) (Beaulaton, 1979; Gardiner
and Strand, 1999).

The velvetbean caterpillar Anticarsia gemmatalis is an

INTRODUCTION

The haemocytes of insects comprise a complex of cell types
that are involved in defense responses as wound repair,
phagocytosis, nodule formation, encapsulation, coagula-
tion, synthesis and secretion of immunologic factors, basal
lamina formation and absorption, and secretion of cuticle b Ao it for half th
proteins (Grégoire, 1974; Whitcomb ez al., 1974; Gupta, ‘TPOrtant pestin the Americas, responsible for halt the pes-
1991) ticide applications on soybean (Glycine max) crops in Brazil
(Moscardi, 1998). During the last twenty years, significant
advances have been achieved in the biological control of this
pest by the application of a baculovirus (Anticarsia gem-
matalis M nucleopolyhedrovirus - AgMNPV). For soybean
crops, the success of biological control represents an impor-
S — o ) tant reduction in production costs and environmental dam-
Mailing address: Dr. Sénia Nair Bdo, Departamento de Biologia Celular, Instituto d th £ chemi .. ‘ ibei

de Ciéncias Biolégicas, Universidade de Brasilia, Brasfla, DF 70919-970, Brazil; ~ 3g¢ due to the decreased use of chemical pesticides (Ribeiro
e-mail: snbao@unb.br etal, 1998)

The classification of insect haemocytes has long been a con-
troversial subject because of the multiplicity of terminolo-
gies adopted by different authors for each cell type, generat-
ed by differences among insect groups and in the method-
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Up to now, the understanding of insect immunity against
viruses has been very poor. Some pioneer studies have shown
that the cellular immune response is important in circumven-
tion of an infection by a baculovirus (Autographa californica
M nucleopolyhedrovirus - ACMNPV) in semi-permissive lep-
idopteran larvae, such as Helicoverpa zea (Washburn et al.,
1996; Trudeau et 4., 2001) and Manduca sexta (Washburn
et al., 2000). This response was shown to make up one of the
factors that determine the host range of a baculovirus species.
Under these circumstances, more investigation about insect
haemocytes and their functions is necessary for the improve-
ment of biological control strategies using baculoviruses.

With the attempt to provide background knowledge to fur-
ther studies about baculovirus infection in Anticarsia gem-
matalis haemocytes, we have carried out a first characteriza-
tion of these cells. The haemocyte types were identified
through structural and ultrastructural characteristics. Cell
diameters were measured and the presence of lipids and
phenoloxidase activity was analyzed by cytochemical meth-
ods. Furthermore, total haemocyte counts (THC) and dif-
ferential haemocyte counts (DHC) during the larval period

were monitored.

MATERIALS AND METHODS

Insects

A. gemmatalis larvae wére reared on artificial diet at room
temperature (25°C). The molts were monitored, and larvae
between the 3rd and 6th instar were used.

Light microscopy

For differential/intetference contrast microscopy (DIC),
fresh haemolymph collected from a punctured proleg or
haemolymph processed for phenoloxidase activity detec-
tion, as described below, was directly observed in an
Axiophot-Zeiss light microscope.

Transmission and scanning electron microscopy

For transmission electron microscopy (TEM), the
haemolymph was collected from a punctured proleg and
fixed for 30 min (2% glutaraldehyde, 2% paraformaldehyde
in 0.1 M sodium cacodylate buffer pH 7.4 with 5% sucrose).
After fixation, it was centrifuged at 750 g for 5 min, the pel-
let was washed in the same buffer, post-fixed (1% osmium
tetroxide, 0.8% potassium ferricyanide in the same buffer),
contrasted with 0.5% uranyl acetate, dehydrated in acetone,
and embedded in Spurr’s resin. The ultrathin sections were
contrasted with lead citrate/uranyl acetate and observed in a
TEM JEOL 100C at 80 kV.

For scanning electron microscopy (SEM), the haemolymph
was collected on coverslips covered with poly-L-lysine film;
and after 5 min of adhesion, they were fixed and washed as
desctibed for TEM. Cells were next post-fixed in 1% osmi-
um tetroxide, dehydrated in acetone, and critical point-
dried in CO,. The dried specimens were finally coated with
gold in a sputter coater before being observed in a SEM
JEOL JSM 840 at 5 kV.

Phenoloxidase activity detection

For phenoloxidase activity detection we adapted the proto-
col followed by Ribeiro er al. (1996). In brief, haemolymph
was collected and fixed for 30 min in 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer pH 7.4 with 5% sucrose.
After fixation, haemolymph was centrifuged at 750 g for
5 min, washed in sodium cacodylate buffer, and incubated
in the dark for 3 h with 0.1% L-DOPA in 0.1 M sodium
cacodylate buffer at pH 7.4. After being washed in sodium
cacodylate buffer, a sample was taken for observations with
DIC, and the remaining material was post-fixed, dehydrated
and embedded as described above. Control samples omitted
L-DOPA during incubation time. Ultrathin sections were
observed and photographed in a TEM JEOL 100C at
80 kV without addition of lead citrate or uranyl acetate.

FIGURE l4-¢ Prohaemocyte. (2) Transmission electron micrograph! n: nucleus; nu: nucleolus; m: mitochondria; r: rough endoplasmic reticulum.
Bar=1 pm. (§) Scanning electron micrograph. Bar=1 pm. (¢) DIC micrograph. Arrowhead: midbody joining two proiaemocytes at the end of a

cell division. Bar=10 pm.

FIGURE 24-d Plasmatocyte. (@) Transmission electron micrograph. g: Golgi complex; n: nucleus; m: mitochondria; r: rough endoplasmic reticulum;
v: peripheral vacuole; arrowheads: surface projections. Bar=2 pm. (i; Transmission electron micrograph of a plasmatocyte treated with osmium/imi-
dazole buffer for lipid detection. n: nucleus; arrowhead: lipid-inclusions. Bar= 1 pm. (¢) Scanning electron micrograph. n: nucleus; arrowheads: sur-
face projections. Bar=3 pm. (4) DIC micrograph. n: nucleus; arrowhead: surface projections. Bar=10 pm.

FIGURE 34-4 Granular haemocyte 1. (4,4) Transmission electron micrographs. g: Golgi complex; n: nucleus; m: mitochondria; r: rough endoplasmic
reticulum, with dilated vesicles filled with electron dense material; d: dense granule; s: structured granule; u: unstructured granule. Arrowhead: exocy-

tosis of an unstructured granule. Bars=1 pm and 0.5 pm, respectively. (c) Scanning electron micrograph. Arrowheads: surface projections. Bar =1 pm.
(4) DIC micrograph. Arrowhead: surface projections. Bar=10 pm.

130 BraGa DA Suveira E., MoRals RIBEIRO B. and BAo S.N.

57



Larval haemocytes from Anticarsia gemmatalis 131

58



132 Braca Da Sivera E., Morats RIBEIRO B, and BAO S.N.

59



Lipids detection

For the detection of lipids, we adopted the osmium/imida-
zole buffer method (Angermiiller and Fahimi, 1982).
Haemocytes were fixed and washed as described in the pre-
vious paragraph for phenoloxidase activity detection. They
were subsequently washed with 0.1 M imidazole buffer
(pH 7.5), post-fixed for 30 min with 2% osmium tetroxide
in 0.1 M imidazole buffer (pH 7.5), and finally washed
with imidazole buffer, before being dehydrated and embed-
ded as described above. Controls were prepared by substi-
tuting imidazole buffer with sodium cacodylate buffer in all
steps. Ultrathin sections were observed and photographed
with a TEM JEOL 100C at 80 kV without addition of lead

citrate or uranyl acetate.
Cell-dimensions measurements

Fresh samples of haemolymph were collected in a hemacy-
tometer chamber (0.1 mm in depth) and observed with a
phase-contrast microscope. Images were captured, and cell-
diameter and cell-length measurements were made using
the program ImagePro (Mediacy). The number of cells
measured from each haemocyte type varied according to
how frequently they could be found in samples. For plas-
matocytes, only fusiform cells were measured.

Total haemocyte counts

For total haemocyte counts (THC), molts were monitored
and eight different developmental stages were established:
3rd instar (late), 4th instar (early), 4th instar (mature), 4th
instar (late), 5th instar (early), 5th instar (mature), 5th instar
(late). ‘Early’ designates minutes after molting; ‘mature’,
between 24-40 h after molting; and ‘late’ refers to caterpil-
lars at the ‘head slippage’ stage, when a molt is imminent.
For each stage, 20 larvae were used. For each individual,
0.5-2.0 pl of haemolymph (according to larval size) were
collected, diluted 10X or 20X in anticoagulant buffer

(0.098 M NaOH, 0.186 M NaCl, 0.017 M EDTA,
0.041 M citric acid) (Mead ez 4/, 1986), homogenized and
counted in a hemacytometer chamber (0.1 mm in depth).
We used ANOVA to verify if the values obtained were sig-
nificantly different and Tukey’s test to identify the values
that presented these differences.

Differential haemocyte counts

For differential haemocyte counts (DHC), the same eight
developmental stages were examined, and haemolymph sam-
ples were collected from 20 individuals at each stage. The
samples were diluted in the same buffer, homogenized, and
transferred to a hemacytometer chamber. Approximately
250 cells/individual were counted in different fields. We used
ANOVA to verify if the proportions obtained for each cell
type were significantly different during the larval develop-
ment. The Tukey’s test was used to verify the values that pre-
sented these differences. For the cell types whose data group
did not attend ANOVA premises, we applied the Kruskal-
Wallis test in a non-parametric procedure. For the adjust-
ment of proportions to ANOVA, and adequate application
of statistical tests, we used recommendations provided by Zar
(1999). All significance levels herein adopted were 5%.
Statistical analysis were carried out by Statistical Analysis
System (SAS), v. 8 for Windows.

RESULTS

Hae;nozyte types: morphological and cytochemical characteristics

By observing common points found in some previous light
and electron microscopy studies of haemocytes in insects,
especially in Lepidoptera (for a review, see Brehélin and
Zachary, 1986; Gupta, 1979, 1991) and comparing them
with our data, we could identify five general haemocyte
types in A. gemmatalis larvae: prohaemocytes (Pr), plasma-
tocytes (Pl), granular haemocytes or granulocytes (GH),
oenocytoids (Oe) and spherulocytes (Sph). Brehélin and

FIGURE 44-¢ Granular haemocyte 2. (4,6) Transmission electron micrographs. n: nucleus; r: rough endoplasmic reticulum; d: dense granules; v:
Golgi-derived vesicles clumping to originate dense granules. Bars=1 pm. (¢) Transmission electron micrograph of a granular haemocyte 2 treated
with osmium/imidazole buffer for lipid detection. n: nucleus; d: dense granule; arrowheads: lipid inclusions. Bar=1 pm. (4) Scanning electron
micrograph. Arrowheads: surface projections. Bar=2 pm. (¢) DIC micrograph. Bar=10 pm.

FIGURE 52-d Oenocytoid. (#,6) Transmission electron micrographs. n: nucleus; r: rough endoplasmic reticulum; m: mitochondria. Bars=2 pm (2)
and 1 pm (4). (¢) Scanning electron micrograph. n: nucleus. Bar=1 pm. (4) DIC micrograph. n: nucleus. Bar=10 pm.

FIGURE 64-d Spherulocyte. (,6) Transmission electron micrographs. n: nucleus; r: rz:fh endoplasmic reticulum; m: mitochondria; s: spherule; arrowhead:
secretion t)roduct disposed in concentric layers within a spherule; arrow: secretion product disposed in a looser manner into a spherule. Bars=2 pm (4) and
0.5 pm (4). (¢) Scanning electron micrograph. Asterisk: spherules. Bar=1 pm. (4) DIC micrograph. Bar=10 pm.
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TABLE 1
Higher and lower di ions of Anti g lis larval haemocytes*.
Haemocyte B Higher dimension Lower Dimension
Pr 43 6.0x1.0 54+09
Pl 106 182*3.9 66*14
GH1 148 89*15 8113
GH2 98 13.7*2.7 10.7*15
Oe 81 13.2*26 123+25
Sph 185 113%17 73*11

*Values in pm, means + SD.

Zachary (1986) separated granular haemocytes into four
different subtypes based on ultrastructural characteristics of
their granules. According to this separation, we identified
granular haemocytes 1 (GH 1) and granular haemocytes 2
(GH 2) in the haecmolymph of A. gemmatalis.

Prohaemocytes (Pr): These were the smallest cells observed,
which range in diameter from 5.4 pm to 6.0 pm (Table 1).
These cells are generally spherical in shape, with a smooth
surface (Fig. 16), some mitochondria, sparse rough endo-
plasmic reticulum, many free ribosomes and a high ratio

nucleus/cytoplasm (Fig. 14). The contours of the nuclei are

relatively smooth. Each nucleus contains many patches of
condensed chromatin and an evident nucleolus (Fig. 14).
Cytoplasmic inclusions were not found. In the light micro-
scope, it has been possible to note some of these cells during

cytokinesis (Fig. 1¢).

Plasmatocytes (PJ): This cell type assumes variable forms that
can be fusiform, round or oval. The fusiform cells are on
average 6.6 pm in diameter and 18.2 pm in length
(Table 1). Their surfaces are irregular, presenting many
membrane projections and peripheral vacuoles (Fig. 24).

The nucleus is irregular in shape, often bilobate, and con-
tains many patches of condensed chromatin. The cytoplasm
is dense, with many mitochondria, free ribosomes, rough
endoplasmic reticulum and Golgi complexes (Fig. 24). In
some cases, glycogen granules (not shown) could be found
and also scarce, larger inclusions; whose lipid content was
revealed by the osmium/imidazole buffer technique
(Fig. 2b). After adherence to coverslips, these cells became
flattened, with many lamellipodia and filopodia (Fig. 2¢,d).
With SEM, a granular region was evident around the nucle-
us of spread cells (Fig. 2¢).

Granular haemocytes 1 (GH 1): These cells are spherical,
with diameters between 8.1 pm and 8.9 pm (Table 1). GH
1 are characterized by the presence of three types of gran-
ules: structured granules, containing material arranged in a
highly ordered lattice; unstructured granules, containing

. flocculent material and being generally larger than the

structured granules; and dense granules, presenting a homo-
geneous and moderately electron-dense content (Fig. 34,6).
Exocytosis of the contents of unstructured granules was
observed with some frequency (Fig. 34). The rough endo-
plasmic reticulum is well developed, with dilated cisternae
full of moderately electron-dense material. The cytoplasm
also contains many free ribosomes, mitochondria and well-
developed Golgi complexes. The nucleus is large, round and
presents small patches of condensed chromatin (Fig. 34).
The cell surface is rich in fine and long projections that are

. easily noted at light microscope (Fig. 3¢,4).

Granular haemocytes 2 (GH 2) - These cells can be spherical
or somewhat elongated, and can present some sparse, short
surface projections (Fig. 44). Their diameters vary between
10.7 pm and 13.7 pm (Table 1). Their granules are larger
and more numerous than the granules of GH 1, being easi-
ly noted with DIC (Fig. 4e). Besides this difference, these
granules are exclusively of the dense type, showing moder-

TABLE 2
Differential haemocytes counts (DHC) for different stages of A. gemmazalis larval development*

Larval stage

Cell type

3rdinstarlate  4thinstarearly  4thinstar mature 4thinstarlate  Sthinstareardy  Sthinstar mature 5thinstarlate  6th instar carly
Pr 31* 1.9 33% 19 22* 14ab 19% 1346 1.5+ 136 27 * 1.5 1.7% 0846 12% 1.0
Pl 374*13.1a 26.0*+10.6a,b,c 27.7% 7.54b 28711746 18.7*1llcd 229%* 934¢ 107+ 594 194* 8.04cd
GH1 261%12.56 29.1x10.146 27.9%10.2b 30.3+£12.046 39.0+13.94 328+10846 394*1252 364*10.245
GH2 02* 05¢ 0.6+ 0.84¢ 0.8* 1.05¢ 0.5% 0.65¢ 1.8% 215 63+ 3.1z 8.5% 5.9 58* 3.5a
Oe 65% 435c 106* 6.la 93% 37ab 6.6% 3.6abc 50% 17¢ 55% 2.6¢ 9.1% 4446 62% 28hc
Sph 26.7*12.84 30.5* 9.4a 32.2+10.94 32.0%+16.02 34.0+ 14.5¢ 29.9+13.62 30.5+13.64 31.0% 13.5¢
* % haemocytes, means * SD, n = 20 for each stage, 200-300 cells counted for each larvae. For each cell type, any given pair of values labeled with at least one letter

in commom are not significantly different (Tukey's test, a= 0.05).
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FIGURE 74-c Phenoloxidase activity detection. (,6) DIC micrographs. Arrows: oenocytoids stained in dark black; arrowheads: spherulocytes, stained
in light black. Bars=40 pm (2) and 20 pm (). (¢) Transmission electron micrograph. Oe: oenocytoid; Pl: plasmatocyte; n: nucleus. Bar=3 pm.

ate electron density in ultrathin sections (Fig. 44,6). We
could observe that small vesicles from the Golgi complex
aggregate to originate these granules (Fig. 66). The cyto-
plasm is rich in rough endoplasmic reticulum, free ribo-
somes, and mitochondria. The nucleus is elongated, pre-
senting patches of condensed chromatin, primarily concen-
trated near the nuclear envelope. The osmium/imidazole
technique revealed the existence of numerous, small lipid
inclusions distributed throughout the cytoplasm of these
cells and interspersed among the granules (Fig. 4c).

Oenocytoids (Oe) - These cells are typically round, with a
smooth surface (Fig. 5¢,4), and presents diameters between
12.3 and 13.2 pm (Table 1). The nucleus is small, round,
and eccentric many times, with patches of condensed chro-
matin that are homogeneously distributed. The cytoplasm is
characteristically opaquely homogeneous, poor in membra-
nous organelles and rich in free ribosomes. Sometimes, dilat-
ed cisternae from the rough endoplasmic reticulum can be
observed (Fig. 56). Glycogen granules were found in some of
these cells (not shown). Mitochondria are concentrated in
the cellular periphery (Fig. 54,6). Oe reacted positively after
incubation with L-DOPA (Fig. 7). With light microscopy, it
was evident that almost all of the Oe in a field were darkly
labeled (Fig. 74). At the ultrastructural level we detected
some subtle differences in electron density between Oe and
the other cell types (Fig. 7¢).

An interesting characteristic of Oe is their labile nature.
Observations with the light microscope revealed that after
bleeding, these cells promptly lyse at one or a few points in
their membrane, ejecting their cytoplasm to the exterior
medium (not shown).

Spherulocytes (Sph): These cells are, in general, somewhat
oval, averaging 7.3 pm in diameter and 11.3 pm in length
(Table 1). The peculiar characteristic of this cell type is the
existence of large vesicles (spherules) that occupy almost the
entire cytoplasm, and that protrude beneath the plasma
membrane (Fig. 66.4). The spherules are occupied by a gran-
ular, symmetrical material that can be arranged as concentric
layers or in a less organized manner (Fig. 64,). The thin
cytoplasmic portions that could be found between vesicles
and the central and small nucleus are dense, rich in rough
endoplasmic reticulum with dilated vesicles, free ribosomes
and mitochondria (Fig. 64,6). Despite the general aspect of a
highly differentiated cell type, cell division occurs with some
frequency, producing round daughter cells with smaller
diameters and spherules of reduced size (not shown). After
incubation with L-DOPA, some spherulocytes became dark
or brown, revealing some phenoloxidase activity with light
microscopy (Fig. 74,6). With TEM, it was not possible to
note electron density differences between these cells and
those of others that were negative for this reaction.

Total haemocyte counts (THC)

- The total haemocytes counts throughout the larval stages of
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A. gemmatalis varied between 12.3 and 20.9 X 10° haemo-
cytes/pl (Fig. 8). All of the premises of ANOVA were met,
and the test revealed significant differences among THC
values for the samples studied (ANOVA, F; ;555)=3.43;
P=0.002). All means and significant differences are shown
in Fig. 8. Differences were found between THC values
from 4th instar mature and 3rd instar late (Tukey’s test
P=0.0237), 4th instar mature and 5th instar early (Tukey's
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test P=10.0305), 4th instar mature and Sth instar late
(Tukey’s test P=0.0185), as well as 4th instar mature and
6th instar early (Tukey's test P= 0.0139).

Differential haemocyte counts (DHC)

GH 1, Pl and Sph were the most conspicuous cell types
throughout all the larval stages studied, together constitut-
ing between 80.6 and 91.7% of the total cell population. Pr
were rare along all the larval stages, constituting between
1.2 and 3.3% of the cell population, followed by GH 2
(0.2-8.5%) and Oe (5.0-10.6%) (Table 2).

Only the Pr data group met ANOVA premises; the data for
other cell types were submitted to a nonparametric proce-
dure — the Kruskal-Wallis test. All means and significant
differences are shown in Table 2. Pr proportions decreased
gradually through the 4th instar and into the 5th instar but
increased in the middle of this instar, between the early and
mature stages, and dropped again at the beginning of the
6th instar (ANOVA F; ;5,5 =5.89; P<0.0001). Sph con-
stituted the one cell type that did not present significant
differences among its proportions (Kruskal-Wallis
~Xx*=4.49; P=0.7218). GH 2 were very rare at early stages
of larval development (less than 1%), being more easily
detected from the 5th instar on, with 2 maximum frequen-
cy of 8.5% at the end of the 5th instar (Kruskal-Wallis
—-X*=100.52; P<0.0001). Pl proportions decreased during
ecdysis between 4th and 5th instar as well as between the
mature 5th instar and the late Sth instar (Kruskal-Wallis
—-X*=58.59; P<0.0001). GH 1 did not present significant

differences in their proportions at successive stages but
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ey’s test, o.=0.05).

gradually increased in number toward the 5th instar
(Kruskal-Wallis —x?=23.60; P=0.0013). Oe rose in their
proportions during ecdysis between 3rd and 4th instar,
decreased gradually during the first half of the 5th instar
and increased again at the end of this instar (Kruskal-Wallis
—Xx*=33.70; P < 0.0001).

RISCUSSION

The haemolymph of A. gemmatalis larvae contains five gen-
eral cell types commonly described for Lepidopterans: pro-
haemocyrtes (Pr), plasmatocytes (Pl), granulocytes or granu-
lar haemocytes (GH), oenocytoids (Oe) and spherulocytes
(Sph). Consistent with the classification of Brehélin and
Zachary (1986), we have found two types of granular
haemocytes: 1 and 2. Other lepidopteran species have addi-
tional haemocytes types distinguishable by transmission
electron microscopy: coagulocytes and adipohemocytes for
Lymantria dispar (Butt and Shields, 1996), and vermiform
cells for Mythimna unipuncta (Ribeiro ez al., 1996).

Brehélin and Zachary (1986) reported that GH 2 are
absent in most of the lepidopterans studied at that time.
For A. gemmatalis larvae, we initially considered these cells
to be adipohaemocytes, a cell type frequently reported for
Lepidopterans, but the osmium/imidazole technique
revealed that the large and numerous granules that charac-
terized these cells did not contain lipids. Despite this, it was
shown that these cells accumulated small lipid droplets in
their cytoplasm, a fact already described for granulocytes in
general, especially during the last instars of larval develop-
ment (Beaulaton, 1979; Gupta, 1979; Essawy et al., 1985).



We believe that this group of characteristics are closer to the
GH 2 description of Brehélin and Zachary (1986) than to
the description of adipohaemocytes presented by Butt and
Shields (1996), but we also recognize the existence of great
similarities between these two cell types. For example, in
A. gemmatalis larvae, GH 2 were rare during early instars,
becoming more evident after the inception of the 5th instar.
To date, adipohaemocytes have shown similar changes in
DHC for Lymantria dispar (Butt and Shields, 1996) and
Spodoptera litura (Saxena et al., 1988).

It is possible that GH 2, as well as adipohaemocyrtes, differ-
entiate late in larval development from Pr, which have been
shown by some authors (reviewed by Gupta, 1979;
Yamashita and Iwabuchi, 2001) to be stem cells. Because of
morphological similarities, it is also possible that GH 2 dif-
ferentiate from GH 1, generally named granulocytes by
other authors, which were also previously shown to generate
other haemocyte types as Pl, Sph and adipohaemocytes
(Gupta and Sutherland, 1966; Arnold and Salked, 1967;
Yamashita and Iwabuchi, 2001). In the case of A. gemmatalis
GH 2, this may happen with the accumulation of dense
granules and lipid inclusions during larval development,
which can explain their low number at early instars. The
lipid accumulation may represent a kind of energy storage
for the pupal stage, a function already suggested by Butt and
Shields (1996) as related to adipohaemocytes increasing in
the last instars of Lymantria dispar.

GH 1, with their three characteristic types of granules, are
one of the most conspicuous haemocytes reported in
Lepidoptera. We have observed exocytosis of unstructured
heterogeneous granules, a phenomenon that has been cur-
rently reported in literature. For the granulocytes described
by Butt and Shields (1996) (which correspond to our GH 1)
the unstructured granules were considered to represent a
mature form of structured granules, probably generated by a
process of water imbibition and swelling, and eventually fol-
lowed by exocytosis. This assumption is supported by the dif-
fuse appearance of the contents in unstructured granules,
which resemble a more loosely organized vetsion of the high-
ly ordered inclusions found in structured granules. In their
studies of Heliothis armigera haemocytes, Essawy et al. (1985)
reported that in the last larval instar, GH 1 (known at that
time as ‘coagulocytes’) may have the proportions of their
granules changed, culminating with the disappearancé of
structured granules and an increase in the number and size of
heterogeneous unstructured granules. Studies of larval and
pupal haemocytes from Mythimna unipuncta (Ribeiro et al.,
1996) show this same tendency, with a decline in the number
of structured granules for GH 1 of last instars (6th and
pupae) and an increase in unstructured granules. In general,
these granules have been shown to contain glycoproteins
(reviewed by Gupta, 1979).
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Controversies exist about the classification proposed by
Brehélin and Zachary (1986) concerning the existence of four
different granular haemocytes. Gupta (1991) does not recog-
nize the morphological and functional criteria used in their
classification as diagnostic. In our work, the morphology was
the criterion used to distinguish A. gemmatalis haemocyrtes,
and, since we observed significant and unequivocal structural
and ultrastructural differences between two cells usually classi-
fied in literature as granular haemocytes (Hagopian, 1971;
Gupta, 1991), the classification from Brehélin and Zachary
(1986) was considered to be an adequate model, despite the
possibility that these two cell types represent different develop-
mental phases of a same cell lineage.

In insects, the phenoloxidase is produced as an inactive pre-
cursor (prophenoloxidase), found in haemolymph and epi-
dermis, which participates in a cascade of reactions initiated
by recognition of foreign molecules or by endogenous acti-
vators. Melanin production is important in such phenome-
na as cuticular pigmentation and sclerotinization, wound
repair and encapsulation. Beside these functions, this cas-
cade of events generates toxic intermediates that are effec-
tive against microorganisms (for a review, see Ashida and
Brey, 1995; Hung and Boucias, 1996; Satoh ez 4/, 1999).
Oe was shown to be the major cell type expressing phenolox-
idase activity. With light microscopy, the dark color reaction
of these cells in response to L-DOPA could be easily seen.
The color reaction was also observed as a slight brown color
in the Sph cytoplasm, indicating the occurrence of some phe-
noloxidase activity (Fig. 74,6). With electron microscopy, the
contrast in electron density was subtler, observed only for Oe
in comparison to other cell types (Fig. 7).

Detection of phenoloxidase activity resulted in positive col-
orimetric reactions for Oe in other species (Beaulaton, 1979;
Horohov and Dunn, 1982; Essawy ez al., 1985; Ribeiro et 4.,
1996). Other cell types in haemolymph were also shown to
express this enzyme. Prophenoloxidase immunostaining in
Bombyx mori (Ashida ez al., 1988) revealed its localization in
Pl as well as in Oe. Sph of A. gemmatalis produce cuticular
prophenoloxidase, which can represent similar or even higher
quantities than the prophenoloxidase produced by Oe, since
Sph are more abundant in larval haemolymph (26.7-34%
against 5.5-10.6% for Oe) (Table 2).

The magnitude of THC values obtained for A. gemmatalis
larvae coincide with the ones observed for different instars in
other lepidopteran larvae, such as Pseudaletia unipuncta
(Witting, 1968), whose THC varied between 5 and 30 X 10°
haemocytes/pl; Mamestra brassicae (Pelc, 1986), 19-22 X 1¢°
haemocytes/pl; Pseudoplusia includens (Strand and Noda,
1991), 10-19 X 10° haemocytes/pl; Manduca sexta (Horohov
and Dunn, 1982), 3.6 X 10? haemocytes/pl.

In his review, Arnold (1974) cited evidences of correlation
between THC variation and ecdysis, but our observations
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did not reveal a clear relationship between these two para-
meters. The THC for the 4th instar mature was significant-
ly lower (12.3 X 10° cells/pl) than the THC for other larval
stages of other instars (3rd instar late, 5th instar early, 5th
instar late and Gth instar early), except for 5th instar mature
(Fig. 8). This observation suggests the occurrence of lower
THC for middle-instar larvae.

The DHC during the larval phase for many lepidopteran
species has revealed, as for A. gemmatalis, that P1, GH 1 and
Sph are the most frequently encountered cells (Horohov and
Dunn, 1982; Pelc, 1986; Davies et al., 1987; Saxena et al,,
1988; Ribeiro ez al., 1996; Stettler ez al., 1998). This phe-
nomenon has been explained for Pl and GH 1 by their great
demanding functions of phagocytosis and encapsulation,
among other functions (Yokoo e 4/, 1995; Butt and

Shields, 1996; Pech and Strand, 1996; Tojo ez al., 2000). For

Sph, possible functions like silk production, melanization,
phagocyrosis, secretion of haemolymph proteins, regulation
of clotting, control of cell adhesion and migration and base-
ment membrane permeability (for review see Gupta, 1991)
can justify their high frequencies in haemolymph.

GH 1 proportions were shown to be significantly different

among some instars; but these differences were gradual, .

without a clear tendency to increase or decrease during a
specific phase of the larval development. Pr populations
were shown, in general, to decrease during the larval devel-
opment, a phenomenon that can be related to their differ-
entiation into other cell types. Pl populations were also
shown to decrease during the last instars, with higher values
for 3rd and 4th instars and lower values for 5th and 6th
instars, a population trend already described for Pl in
Spodoptera litura (Saxena et al., 1988). Oe populations were
shown to rise at the beginning of the 4th instar and at the
end of the 5th instar. For Lymantria dispar larvae (Butt and
Shields, 1996), it was shown that Oe populations increase
exactly at the end of 3rd and 4th instars. The authors sug-
gested that the higher numbers of Oe during ecdysis could
be important in cuticle melanization.

A general understanding of the cellular components of
haemolymph is essential as a base for studies on the insect
immune response to microorganisms. For our purposes,
this understanding will be especially helpful in further
investigations of the patterns of baculovirus infection and
the defense barriers they encounter in A. gemmatalis larvae.
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Abstract

For a better understanding of virus » host interactions, transmission electron microscopy was used to characterize the intrahaemocoelic
infection of dnticarsia gemmatalis larval haemocytes by 4. gemmatalis M nucleopolyhedrovirus { AgMNPV ) At 12 h post-infection (h p.i.),
we observed nuclear hypertrophy, budded virus assembling, and protrusion towards the cytoplasm, virion envelopment, and accumulation of
fibrillar aggregates in the cytoplasm. Around 24 h p.i., fibrillar aggregates also appeared inside nuclei of infected cells. By 48 h p.i., viregenic
stroma and pelyhedra were visualised in nuclei and at 72 h p.i., widespread infection in haemocytes was observed. Cell remnants and free
polyhedra were phagocytosed by granular haemocyte 1 and plasmatocytes. Entire cells were phagoeytosed only by plasmatocytes. Necrosis
of infected cells was quite common, suggesting a putative cytotoxic response. Granular haemocyte | presented a more exuberant protrusion
of budded viruses in comparison to other haemocytes. All types of haemocytes were shown to be infected, and the intense virus replication
in some of these cells reveals the importance of haemolymph for A MNPV spread in its natural host, a critical factor for permissiveness.
2 2004 Elsevier Ltd. All rights reserved.

Keywords: Anticarsia gemmatalis; AgMNPV: Baculovims, Haemocytes, Lepidoptera; Ultrastructure

1. Introduction AgMMNPV is a rod-shaped, enveloped virus with circu-
lar, double-stranded, 133-kbp DNA genome, pathogenic
The baculovirus Anticarsia gemmatalis M nucleopolyhe- to lepidopterans (Johnson and Maruniak, 1989; Grasela
drovirus ( AghMNPV) has been used during the last 23 years and Mclntosh, 1998). Like other baculoviruses from the
in Brazil to control the velvet bean caterpillar A. gemmatalis Nucleopolvhedrovirus genus, it presents two phenotypes:
(Hiibner), representing important reduction in production budded viruses (BVs), which establish systemic infection;
costs and environmental damages caused by chemical pes- and occlusion-derived viruses (ODVs), immersed in a pro-
ticides in soybean (Givcime max) crops (Ribeiro et al., teinacecus matrix, constituting occlusion bodies (OBs) or
1998; Moscardi, 1999). Efforts have been made to explore polyhedra. OBs are stable in environment and are respon-
AgMMNPV molecular biology and host interaction with the sible for the spread of insect-to-insect infection (Volkman
attempt to enhance the economical and scientific applica- and Keddie, 1990).
tion of this virus (Pombo et al., 1998; Matos et al., 1999, Infected cells show a typical eytopathology related to viral
Silveira et al, 1999, Castro and Ribeiro, 2001; Ribeiro morphogenesis, generally characterized by changes in cell
et al, 2001; Rodrigues et al., 2001; Razuck et al., 2002 shape and size, nuclear hypertrophy and chromatin recrgan-
Pinedo et al., 2003). isation, virions assembly and envelopment at the nucleus,

virogenic stroma development, accumulation of fibrillar ag-
gregates and polyhedra assembly at the nucleus (reviewed

* Comespanding auther. Tel: 4+51-21-61-307-2424; by Williams and Faulkner, 1997).
oo +51-21-61-347-6533, The haemocytes of insects comprise a complex of cell

E-mail address: snbac(@unbbr (SN, Biz). types that circulates in haemolymph being invelved in

0040-8166/F — se= front matter © 2004 Elsevier Ltd. All nights reserved.
doi: 10101 6/.tice 2004.01.002
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defence responses as wound repair, phagocytosis, nodula-
tion, encapsulation, coagulation, synthesis and secretion of
immunologic factors (reviewed by Lavine and Strand, 2002).

Haemolymiph has been shown to contribute to baculovirus
diszemination in permissive hosts (Granados and Lawler,
1981; Washburn et al., 1995, Barrett et al., 1998). How-
ever, haemocyte resistance, apoptosis or an effective cellular
immune response against infection may restrict the replica-
tion of NPVs in specific virus—host combinations (Washburn
et al., 1996, 2000; Trudeau et al., 2001; Clark and Clem,
2002, 2003a; Zhang et al., 2002).

Despite the crucial importance of haemocytes for the
progression of baculovirus infection, detailed information
about interactions among these viruses and the different
types of haemocytes remains scarce. In this study, we iden-
tified the 4. gemmatalis haemocyte types that are suscep-
tible to AgMNPV, described the morphological alterations,
viral morphogenesis events, and putative immune responses
generated during infection by using transmission electron
MCTOSCOPY.

1. Materials and methods
2.1, Insects and viruses

Anficarsia gemmatalis larvae were provided by Embrapa-
Recursos Genéticos e Biotecnologia and Embrapa-Soja and
reared on artificial dist at room temperature (25°C). The
molts were monitored, and 4th instar larvae (between O and
24 h after molt) were used. AgMNPV isolate 2D (Sieburth
and Maruniak, 1988) was propagated in BTI-Tn-5B1-4
(Tn-5B) cells (Granados et al., 1994) and maintained in
TC-100 medium (GIBCO-BRL Life Technologies, Grand Is-
land, WY, USA) supplemented with 10% fetal bovine serum
at 272C. The inoculum was titered by the TCIDsy method,
following the protocol described by O'Reilly et al. (1992).

2.2, Inoculation and haemolvmph extraction

Approximately 10-20pl of viral inoculum (10% pfu/ml)
were injected in each larva directly to the haemocoel, by
using an insulin microsyringe. Controls were obtained by the
inoculation of an equal volume of TC-100 medium. After
12, 24, 48 and 72 h of inoculation, the haemolymph was
collected from a punctured proleg.

2.3. Transmission electron microscopy

For transmission electron microscopy (TEM). the
haemolymph was fixed for 30 min (2% glutaraldehyde, 2%
paraformaldehyde in 0.1 M sodium cacoedylate buffer, pH
T4, with 5% sucrose). After fixation, it was centrifuged
at 750 = g for Smin, the pellet was washed in the same
buffer, post-fixed (1% osmium tetroxide, 0.8% potassium
ferricyanide in the same buffer), contrasted in block with
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(.5% uranyl acetate, dehydrated in acetone and embedded
in Spurr’s resin. The ultrathin sections were contrasted with
uranyl acetate/lead citrate and observed in a TEM JEOL
100C and JEOL 1011 at BOkW.

2.4. Haemocytes ideniification

Larval 4. gemmaialis haemocytes types were identified by
structural and ultrastructural characteristics described previ-
ously (Silveira et al., 2003).

3. Results
3.1 Insect behaviour after infrahaemocoelic infection

The group of larvae injected with viral inoculum pre-
sented typical characteristics of baculovirus infection. Their
feeding was diminished, their movements were reduced and
the molt to 5th instar was not completed. Their colour be-
came whitish around 48 h p.i. and they started to die around
96 h p.i. The control group continued feeding, and moving
normally, completing the molt to 5th instar around 48 h p.i.,
with some of them molting to 6th instar at 72h p.i.

3.2, Transmission electron microscopy

Six haemocytes types were recognised in 4 gemmaralis
larvae based on structural and ultrastructural characteristics,
as described previously (Silveira et al., 2003). They were
prohaemocytes (pr), plasmatocytes (pl), granular haemo-
cytes type 1 (ghl), granular haemocytes type 2 (gh2), oeno-
cytoids (oe) and spherulocytes (sph).

Prohaemocytes (pr) are the smallest cells, generally
spherical, with a smooth surface and a high ratio nucleus/
cytoplasm. Plasmatocytes (pl) can be fusiform, round or
oval. Their surfaces present many membrane projections and
peripheral vacuoles. The nucleus is often bilobate: the cy-
toplasm iz dense, with many mitochondria, free ribosomes,
rough endoplazsmic reticulum and Golgi complexes. Granu-
lar haemocytes type 1 (ghl) are spherical and characterised
by three types of granules: structured granules, containing
material arranged in a highly ordered lattice; unstructured
granules, containing flocculent material; and dense granules,
presenting a homogeneous and moderately electron-dense
content. The rough endoplasmic reticulum is well devel-
oped, with dilated cisternae. Granular haemocytes type 2
(gh2)can be spherical or somewhat elongated with large and
numerous dense granules. Oenocytoids (oe) are typically
round, with a small and eccentric nucleus, and the eytoplasm
is characteristically homogenecus, poor in membranous
organelles and rich in free ribosomes. Mitochondria are
concentrated in the cellular periphery. Spherulocytes (sph)
are characterised by large vesicles (spherules) that occupy
almost the entire cytoplasm, and contain a granular and sym-
metrical material that can be arranged in concentric layers.
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Fig 1. Transmission electron micrographs of Anticarsia gemmaialis hasmocytes 12h poi. with AgMNPV. (A) Qenocytoid presenting a hypertrophisd
mueleus (n) with sarly signs of infection as virions assembly (amow), electron-dense accumulations (arrowheads) and peripheral heterochromatin (). g,
Golgi. Bar 1 pm. (B} Sphemlocyte presenting vinons envelopment { arrow). Arrowhead, electron-dense acecnmulations, g, Golgiz n. nuclens: nu, miclealus;
s, spherule. Bar 0.5 pm. () High-magnified detail from the previous picture, where wirion envelopment {amow), virion budding {arrowhead) from the
nmucleus (n) to the cytoplasm (o), fibrillar aggregate (*) and nuclear membranous vesicles (v) can be better noted. Bar 0.1 pm. (D) Putative prohae mocyte
or plasmatocyte presenting virion budding towards the exterior media (amowhead) and an sndomembrane network (&) besides viral envelopment (arrow)
and fibrillar aggregats () m, mitochondra; n, noeleus. Bar 0.5 pm. (E) Plasmatocyte showing a more extensive fibrillar aggregate (+ g Golgi: m,
mitochondria. Bar 0.25 pm.
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All types of haemocytes were shown to be susceptible
to AgMNPV intrahaemocoelic infection. Despite the severs
morphological alterations induced by viral infection, some
cells atill exhibited characteristic ultrastructure, which made
cell identification possible.

At 12h p.i., there were distinet nuclear alterations, as
hypertrophy, a slight folding of the nuclear envelope, het-
erochromatin dislocation to the nuclear periphery, accu-
mulation of electron-dense material, and virion assembly
(Fig. 1A-D). Some virions were seen protruding towards the
cytoplasm, covered by a portion of the nuclear envelope, and
also, budding to the exterior, covered by the plasma mem-
brane (Fig. 1B-D). Besides virion assembly, we also visual-
ized virion envelopment (Fig. 1B-D). Fibrillar aggregates,
probably of the viral P10 protein, and networks of endomem-
branes were observed in the cytoplasm (Fig. 1D and E).

At 24h pi., multiple envelopment of virions as well as
virions budding to the cytoplasm increased (Fig. 2A and B).
The fibrillar aggregates became larger, with nuclear occur-
rence (not shown), in addition to cytoplasmic accumulation
(Fig. 2B). At this time of infection, many ghl presented
a variable number of putative phagosomes and phagolyso-
somes, which were filled with numerous membranous pro-
files, intact ribosomes and partially digested material with a
flocculent aspect (Fig. 2C).

ER. Sifveira et al./ Tisswe & Cell 36 (2004) 171180

At 48h p.i., mature virogenic stroma was observed
(Fig. 3A and D) and the assembly of polyhedra in cell nuclei
became more frequent (Fig. 3C). Plasmatocytes (pl) as well
as ghl presented a great number of putative phagosomes
and phagolysosomes. Besides cell remnants, as observed
at 24 h p.i., these organelles contained also wiral particles
and free polyhedra (Figs. 3A, B and 4B). MNecrosis of some
infected cells, specially the ones containing a mature vi-
rogenic stroma, was commen. Necrosis was characterized
by expansion and rupture of mitochondria, and loss of
muclear and cytoplasmic contents, which gives a general
electron lucent aspect for the cell (Fig. 3D).

At late times post-infection, a peculiar characteristic
of ghl was observed. Great numbers of viral particles at
the periphery of the cytoplasm or in numerous cytoplas-
mic projections—filopodia were observed (Fig. 4A). This
was observed in infected cells (Fig. 6A), as well as in
those with an apparently non-infected nucleus, but con-
taining in their cytoplasm phagocytosed polyhedra and
putative phagolysosomes, which were filled with flocculent,
electron-dense material and some intact enveloped virions
(Fig. 4B).

At 72 h p.i., there was abundance of infected haemocytes,
which presented early and late symptoms of infection, and
maost cells presented polyhedra in their nuclei and larger

Fig. 2. Transmission electron micrographs of Awricarsia gemsmatalis hasmeoeytes 24 h po. with AgMNPV. (&) Putative prohasmesyte or plasmatocyte
presenting sarly signs of infection. Armowheads, virion emvelopment; m, mitechondria; n, nuelens. (B) Pumative prohaemocyte or plasmatocyts with an
intense viral budding trough extensive folds of the nuclear emelope (arrowheads). Amow, virion envelopment: fibrillar aggregate (%) n, nucleus. (C)
Granular haemeocyte | cytoplasm containing phagesomes filled with cell remnants (p); g, Golgi; m, mitochondria; r, rough endoplasmic reticulum; =,

structured granule. Bars 0.5 pm.
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Fig 1. Transmission elsctron micrographs of drticarsia gemmaralis hasmocytes 48 h poi. with AgMNPV. (A) Infected plasmatocyte presenting a phagosoms
filled with cell remnants {p} and phagosomes containing polyvhedra {po) in its cytoplasm, and a well-developed virogenic stroma (v). Arrowheads,
vinons emvelopment; g, Golgl, m, mitochondria; r, rough endoplasmic reticulum. Bar | pm. (B) High-magnified detail from the previeus picture showing
a phagesome (arrow) containing infected cell remnants presenting enveloped viral particles {arrowhead). Bar 0.25 pm. (') Putative prohaemocyte or
plasmatocyte presenting polyhedra (p) into the nucleus (n) and viral budding at the plasma membrane (arrowhead). Fibrillar agaregate (%); m, mitcchondria.
Bar 0.5 pm. (D) Mot identified hacmocyte in necrosis presenting a mature virogenic stroma (v) into the miclens (n) and vacuolated mitochondna (m}; po

plasmatocyte. Bar 2 pm.

fibrillar aggregates (Fig. 5A and B). At that time of infec-
tion, it was possible to observe numercus free BVs in the
extracellular space (Fig. 5C).

Infected gh2 were observed at low frequency as compared
to the other cell types, even at late times post-infection
(Fig. 5D). Infected pr were not readily identifiable because
of size alterations, which made these cells easily misinter-
preted as pl.

Plasmatocytes (pl) were shown to be able to adjust their
size and shape and phagocytose entire cells. Phagocytosed
cells could present or not clear signs of infection (Fig. 6A
and B).
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4. Discussion

In this study, we demonstrated that 4. gemmaralis larval
haemocytes are susceptible to intrahaemocoelic infection by
AgMNPV, leading to disease development and death of lar-
vae around 96 h p.i. We have found that AgMNPV replicates
in all of 4. gemmatalis haemocytes types, which presented
virions assembling, BVs cytoplasmic transport, budding, vi-
rogenic stroma, virions envelopment, fibrillar aggregates ac-
cumulation, and OBs assembling. This observation means
that once the virus reaches haemolymph, it encounters an
efficient media for replication and infection spread.
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Fig. 4. Transmission electron micrographs of Anficarsio gemmatalis granular haemocyte 1 48h pa. with AgMNPV. {A) Extensive surface projections
containing viral particles {arrows); g, Golgi; m, mitochondria; n, micleus; r, rongh endoplasmic reticulum. Bar 0.5 pm. Inset high-magnified detail of
surface projections. Bar (.25 wm. (B) Apparently non-infected cell showing numerous vinons in its evtoplasm and surface projections (amowheads). A
phagosome containing a polyhedra (po) is in closs contact with a phagolysosome (phi: n. nuclens: m, mitochondnia: r, rough endoplasmic reticulum.
Bar | pm. Inset: high-magnified detail of the fusion between the phagosome {po) and the phagolysosome (ph), which prezsents digestion remmnants and

apparently intact emveloped virions {arrowheads). Bar 025 pm.

For some lepidopteran larvae, haemocytes were shown to
be resistant to AcMNPV infection. It is one factor that re-
stricts AcMNPV infectivity in Spodoptera frugiperda (Clark
and Clem, 2002), and makes Helicoverpa zea and Manduca
sexta semi-permissives for the same virus (Washbum et al.,
1996, 2000; Trudeau et al., 2001).

The sequence of cytopathological effects and viral mor-
phogenesis events described here are in agreement with pre-
vious reports on 4. gemmatalis culture cells infected with
AgMNPV BVs (Pombo etal., 1998); 4. gemmaialis and Tri-
choplusia ni culture cells infected with the AgMNPV mu-
tant vApAg (Silveira et al., 1999) and midgut, tracheoblasts
and haemocytes of A. gemmaralis larvae orally infected with
AgMNPV OBs (Matos et al., 1999).

An important difference is that symptoms appear ear-
lier through intrahaemocoelic infection than oral infection.
This is probably due to bypassing natural barriers and de-
fences, such as midgut digestive juices, peritrophic mem-
brane {Granados, 1980) and midgut cell sloughing (Hoover
et al.,, 2000), are surpassed. In addition, a great number of
free BVs (approximately 10° pfu) were promptly disposable
for haemocytes infection.

Kislev et al. (1969) showed NPV replication events in
haemocytes from Spodoptera litorallis after oral infection,
intrahaemocoelic injection of polyhedra and of free ODVs.
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For the three modes of infection, pl were shown to be the
major cell type for NPV replication. Cells classified as
adipohaemocytes at that time, which presented clear char-
acteristics of sph, did not become infected in these exper-
iments. Phagocytosis of free-virus particles and polyhedra
were also described mainly for pl.

AgMNFPV infection generated clear phagocytic responses
by pl and ghl. Both haemocytes types phagocytosed fiee
virions, pelyhedra and cell remnants. Unlike ghl, pl were
able to phagocytose entire cells. This capability is compati-
ble with larger pl dimensions, form variation and exuberant
cytoplasmic extension when in contact with a surface.

Plasmatocytes (pl) and granular haemocytes type 1 (ghl)
are reported as the only Lepidoptera larval haemocytes ca-
pable of adhering to foreign surfaces, being important for
phagocytosis, nodulation and encapsulation (reviewed by
Lavine and Strand, 2002). Together, pl and ghl constitute
around 60% of 4. gemmmatalis larval haemocytes (Silveira
et al., 2003), with similar occurrence being encountered
in other lepidopterans (Ribeiro et al., 1996 Stettler et al.,
1998}, which indicates a great demand for the functions of
these two cell types.

Together, phagocytosis and necrosis of infected haemeo-
eytes are clues for a putative recognition of these virus-
infected cells as altered self, and the triggering of cytotoxic
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Fig. 5. Transmission electron micrographs of Anticarsic gemmatalis haemocytes 72 h p.i. with AgMNPV. (A} Plasmatocyte showing late infection events
as mature virogenic stroma (v), polyhedra (p} and extensive fibnllar aggregates (). Amowheads, virions envelopment. Bar | pm. (B} Not identified
haemocyte presenting polvhedra (p) assembling, where multiple enveloped virions (arrowheads) are imwlved by polyhedrin; ¢, endomembranes network;
m, mitechondria; fibrillar aggregate (). Bar 0.5 pm. {C) Free budded viruses (arrows) close to a spherulocyte (s} Bar 0.5 pm. (D) Infected granular
hasmoeyte 2 presenting packed virions (arrows), dense aggregates (arrowheads), and membrancus vesicles (vi; d, dense granules. Bar 0.5 pm.
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Fig. 6. Transmission electron micrographs of dnticarsia gemmatalis phagooytic plasmatocytes T2 h pi. with AgMNPV. (&) Infected granular hasmocyte |
engulfed by a plasmatocyte. Arrow, virions aligned at the ghl surface; @, ghl nucleus; pn; pl micleus. Bar | pm. (B) Apparently, non-infected granular
hasmoeyte 2 engulfed by a plasmatocyte. Arrow, infected cell: arrowheads, free budded virusss: gn, gh2 micleus; d, dense granules; pn, pl nuclens. Bar

0.5 pm.

responses against them. Alternatively, necrosis might sim-
ply mean that virus is killing the cell. However, for culti-
vated cells infected with AgMNPV, membrane rupture and
necrosis are generally observed only when the cells are full
of polyhedra and fibrillar aggregates, and not before the to-
tal completion of the viral cycle, as frequently observed in
this study.

The cytokine-like factor alloferon, described for the
diperan Calliphora vicina, was shown to stimulate NE
lymphocytes activity in vitro and to induce IFN produc-
tion in mice, having antiviral and antitumoural capabilities
(Chernysh et al., 2002). This report, together with our
finding of a putative early death of baculovirus-infected
haemocytes, suggest the possibility of a cytotoxic response
against virus-infected cells in insects, in some way similar
to the one triggered by T lymphocytes in mammals.

Until now, apoptosis is the best described antiviral re-
sponse in insects (Clark and Clem, 2003b). Apoptosis
reduces baculovirus replication in vitro, and AcMNPV
mutants lacking the antiapoptotic gene p35 have reduced
infectivity in 5. frugiperda larvae if compared to the wild
type virus (revised by Clem, 2001). More recently, apop-
tosis in vivo induced by baculovirus infection was demon-
strated. Apoptosis was shown to be cormrelated with reduced
viral propagation of AcMNPV in a non susceptible host
{Zhang et al., 2002) and with the reduced infectivity of an
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AcMNPV mutant lacking the antiapoptotic gene p35 in 5.
Jrugiperda (Clark and Clem, 2003a).

Cellular immune responses described against bac-
uloviruses comprises virus uptake in haemolymph, encap-
sulation and melanization of tracheal infection foci. It was
demonstrated to be important for the circumvention of
AcMMNPV infection in H. zea and M. sexta, an organism-
level strategy of resistance (Washbum et al, 1996, 2000,
Trudeau et al., 2001).

Granular haemocytes type 1 (ghl) were shown to present
numerous viral particles at their periphery, sometimes at
long cytoplasmic projections, in such a way never described
for any insect cell, in vive or in culture. It is probable that
AgMNPV finds in this cell type efficient machinery for
replication and an important source of BVs for systemic
infection.

The intense BVs protrusion was also observed in ghl
without visible signs of virus replication. But these cells
had phagocytosed free polyhedra. We showed that proba-
bly phagocytosed polyhedra were dissolved into phagolyso-
somes, but some apparently intact virus particles remained.
It is possible that ODVs resist to lysosomal digestion and
escape from this organelle, probably utilizing membrane fu-
sion. These free particles could be directed to the nucleus for
virus replication or to the plasma membrane for budding. In
this special case, at late times post-infection, ODVs could
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reinforce systemic spread of infection by infecting phago-
cytes. Further experiments are necessary to confirm putative
ODVs lysosomal evasion, nuclear or surface directing and
capability of haemocytes infection.

Different from ghl, infected gh? were scarcely found.
Their low frequency (5-8% of the haemocytes during 4th
instar) (Silveira et al., 2003) could be a reasonable explana-
tion, but we observed that even in late times post-infection,
these cells were easily encountered and the majority did not
show any signs of infection. It might mean that gh2 consti-
tute an haemocyte type less susceptible to AgMNPV infec-
tion. This visible difference of susceptibility, added to the
fact that gh2 did not present phagocytic behaviour, reinforce
the separation of different types of granulocytes (Brehélin
and Zachary, 1986), which has been questioned in literature
(Gupta, 1991).

Despite the occwrrence of phagocytosis and putative
cytotoxic destruction of infected cells, our results show
that, once AgMNPV BVs gain access to the haemolymph
of A. gemmatalis larvae, it encounters an effective media
for virus replication and systemic infection spread, maybe
one of the factors that make this insect fully permissive to
AgMMNPV. This is a valuable finding since infection spread
and death of larvae can also be achieved by intrahaemo-
coelic infection of baculovirus with minor involvement of
haemocytes, as observed for the system AcMNPV = 5.
Jrugiperda (Clark and Clem, 2002). Additional studies
should be of interest to evaluate the relative importance of
haemolymph for spread of AgMNPV infection, haemocytes
behavicur and its interactions with the wvirus, using the
natural route of infection, feeding the larvae on occlusion
bodies.
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Abstract

An Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV) mutant,
vApAg, induces apoptosis in a cell culture derived from Anticarsia gemmatalis (UFL-AG-
286), abrogating protein synthesis at late times post-infection and reducing viral progeny
production. This mutant is also less pathogenic for A. gemmatalis larvae by oral infection,
if compared to the wild-type virus. In this study we have investigated apoptosis induction in
vivo by accessing VApAg infection in A. gemmatalis hemocytes by intrahaemocoelic
inoculation. Light and transmission electron microscopy revealed that all types of
hemocytes can be infected by vApAg, but as previously demonstrated for AGMNPV, gh2
was shown to be less susceptible to baculovirus infection and replication. After 12 hours
post infection (h p. i.), typical cellular modifications, as nuclear hypertrophy, virogenic
stroma and nucleocapsids assembling were visualized. Apoptosis events became evident
after 24 h p. i., and cell death was massive after 72 h p. i. Despite cell death, there was
assembly of polyhedra and accumulation of fibrillar aggregates, in a similar fashion to what
happens in UFL-AG-286 cells infected with this mutant. Pl and ghl phagocytosed
apoptotic bodies, entire cells and polyhedra. Necrosis of infected cells was also observed.
Agarose gel electrophoresis revealed fragmentation of hemocytes DNA, at 48 and 72 h p. i.
The mean time to death was extended for vApAg-infected larvae if compared to the time to
death by infection with the wild-type virus. These results show correlation of apoptosis in

vivo and the reduced infectivity of vVApAg in A. gemmatalis larvae.
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1. Introduction

Apoptosis is a kind of programmed cell death conserved among different kingdoms,
playing important functions in immunity, development, cell differentiation and tissue
homeostasis. Apoptosis can be triggered by diverse stimuli, which results in cysteine
protease activation that drives cell shrinkage, DNA cleavage by endonucleases, and cell
fragmentation into apoptotic bodies [1, 2].

Apoptosis regulation by baculoviruses has been extensively studied since the
beginning of the 1990s, when a mutant of Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) was shown to induce apoptosis in a cell line derived
from Spodoptera frugiperda [3]. Recently, studies in this field allowed the recognition of
apoptosis as an important anti-viral response in insects, which lack acquired immunity
elements such as antibodies, for example [4].

In baculoviruses, two genes, p35 and iap, are described as responsible for blocking
apoptosis in the host cell, supporting viral replication. Mutation in these genes, or the
impairment of their expression, results in premature death and reduction in viral progeny
achievement in specific hosts, as demonstrated mainly for Ac MNPV and Bombyx mori
nucleopolyhedrovirus (BmNPV) [5]. In other cases, despite presenting intact anti-apoptotic
genes, baculoviruses like AcMNPV induce apoptosis and display reduced infectivity and
propagation in  Spodoptera  litura larvae [6]. Heliothis armigera single
nucleopolyhedrovirus (HaSNPV) induces apoptosis in a cell line derived from Trichoplusia
ni [7]. This demonstrates that the strategies to counteract apoptosis are one of the

determinants of baculovirus host range.
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The baculovirus Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV)
has been used for more than twenty years in Brazil to control the velvetbean caterpillar,
Anticarsia gemmatalis (Hiibner). It represents an important factor for the reduction in
production costs and environmental damages caused by chemical pesticides in soybean
(Glycine max) crops [8, 9]. AgMNPYV is a rod-shaped, enveloped virus with circular,
double-stranded, 133-kbp DNA genome, pathogenic to lepidopterans [10, 11].

During the construction of a recombinant baculovirus derived from AgMNPV,
besides recombinant and non-recombinant viruses, a mutant, vVApAg, was obtained which
induces premature death in a cell line highly permissive to AgMNPV (UFL-AG-286) [12].
However, in another cell line (BTI-Tn-5B1-4) (Tn-5B) [13], vApAg replicates normally.
UFL-AG-286 cells infected by vApAg die by apoptosis, presenting surface blebbing,
fragmentation into apoptotic bodies and oligonucleossomal fragmentation of DNA. Despite
apoptosis occurrence, budded viruses (BV) and polyhedral inclusion bodies (PIBs) are
produced [14], but in a reduced fashion if compared with the progeny obtained by the wild-
type virus in the same cell line [15]. The mortality of A. gemmatalis larvae by oral
inoculation with vApAg is also reduced, which suggests apoptosis occurrence in vivo
(Castro et al., unpublished).

Although it has long been reported that baculoviruses lacking an anti-apoptotic gene
have a reduction of in vivo infectivity, to date, there are only two reports concerning
baculovirus induction of apoptosis in vivo [6, 16].

In this work, we have investigated if the vApAg mutant induces apoptosis in vivo
by accessing VApAg infection in A. gemmatalis hemocytes by intrahaemocoelic

inoculation. Mortality and time to death of infected insects were determined. Light and
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transmission electron microscopy were used to follow the temporal events of infection in
hemocytes. Agarose gel electrophoresis was conducted to detect oligonucleossomal

fragmentation of DNA.

2. Materials and methods

2.1. Insects and viruses

A. gemmatalis eggs were provided by Embrapa Recursos Genéticos e Biotecnologia
and Embrapa Soja and reared on artificial diet [17] at 26 - 27 °C, with a 12:12 h dark/light
regime. The molts were monitored, and 4™ instar larvae (between 0 and 24 h after molt)
were used for all experiments.

AgMNPV isolate 2 D [11] was propagated in UFL-AG-286 cells [12, 18] and
vApAg was propagated in BTI-Tn-5B1-4 (Tn-5B) cells [13]. Cell cultures were maintained
in TC-100 medium (GIBCO-BRL Life Technologies, Grand Island, N.Y.) supplemented
with 10% fetal bovine serum at 27 °C. The inocula were tittered by the TCIDs, method,

following the protocol described by O Reilly et al. [19].

2.2. Bioassays
Insects were injected with 20 pl of viral inoculum directly into the haemocoel, by

using an insulin micro-syringe. Four different concentrations of inoculum were used for
AgMNPV (5 pfu/ml, 5x 10 pfu/ml, 5x 10° pfu/ml, 5x 10* pfu/ml) and for vApAg (5x 10’

pfu/ml, 5x 10* pfu/ml, 5x 10° pfu/ml, 5x 10° pfu/ml). Thirty larvae were inoculated with
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each concentration. Each larva was reared separate in a plastic cup. Development and
mortality were analyzed every day up to the end of the experiment. Deaths attributed to
inoculation trauma were not considered. Controls were obtained by the inoculation of an
equal volume of TC-100 medium (mock-infected) and by no inoculation. Larvae were
considered dead if they did not move after mechanical stimulation. The mean time to death

(MTD) was calculated according to Morales et al. [20].

2.3. Light and transmission electron microscopy

Hemolymph samples of insects infected with 20 pl of vApAg inoculum (10°
pfu/ml), as described, were collected in anticoagulant buffer (98 mM NaOH, 186 mM
NaCl, 1.7 mM EDTA, 41 mM citric acid, pH 4.5) [21] after different times post infection
(12, 24, 48 and 72 h p.i.) and observed under differential interferential contrast (DIC) in an
Axiophot Zeiss microscope. For transmission electron microscopy, the samples were fixed
for 30 min (2% glutaraldehyde, 2% paraformaldehyde in 0.1 M sodium cacodylate buffer
pH 7.4 with 5% sucrose), centrifuged at 750 g for 5 min, the pellet washed in the same
buffer, post-fixed (1% osmium tetroxide, 0.8% potassium ferricyanide in the same buffer),
contrasted in block with 0.5% uranyl acetate, dehydrated in acetone, and embedded in
Spurr’s resin. The ultrathin sections were contrasted with uranyl acetate/lead citrate and

observed in a TEM JEOL 100C and JEOL 1011 at 80 kV.
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2.4. Hemocyte identification
Larval A. gemmatalis hemocyte types were identified by structural and

ultrastructural characteristics described previously [22,23].

2.5. DNA extraction and oligonucleossomal fragmentation assay

Haemolymph samples obtained from insects inoculated with 20 ul of viral inoculum
(108 pfu/ml), as described, were collected in PBS pH 7.2 at 12, 24, 48 and 72 h p.i., and
submitted to DNA extraction according to Aljanabi and Martinez [24]. In brief, samples
were centrifuged at 1300 g for 6 min, the pellet ressuspended in 400 pl lysis buffer (0.4 M
NaCl, 10 mM Tris-HCI pH 8.0, 2 mM EDTA pH. 8.0), 1 mg/ml proteinase K, 2% SDS and
incubated at 50 °C for 1 h. Then, 400 pl of 6 M NaCl were added, the tubes were gently
vortexed and centrifuged at 16000 g for 20 min. Equal volume of isopropanol was added to
the supernatant, it was homogenized and maintained at —20 °C for at least 1 h. The DNA
was precipitated by centrifugation at 16000 g for 20 min, washed with 70% ethanol, dried
and ressuspended in 50 ul T E (10 mM Tris-HCI, 1 mM EDTA pH 8.0). Ribonuclease A
was added to a final concentration of 40 pg/ml. DNA concentration was estimated
according to phage A standards in 0.8% agarose gel eletrophoresis. Approximately 2 pug of
each sample were analyzed in a 3% agarose gel at 80 V and visualized under UV radiation

after incubation with ethidium bromide.
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3. Results

3.1. Bioassays

AgMNPV doses of 10, 10 and 10° (pfu/larva) resulted in death for 100% of larvae
(Fig. 1A), with mean times to death of 5.7, 5 and 4.4 days, respectively (Table 1). For these
times, no pupae formed. For 10" pfu/larva, 51.9% of larvae became pupae between 5 and 8
days, and 85.6% of the pupae emerged as moths between 12 and 17 days (Fig. 2A). For this
dose, the death of larvae (48.1%) occurred in a mean time of 6.5 days (Table 1). For
vApAg, the four doses tested (102, 103, 104, 10° pfu/larvae) resulted in 100% death (Fig.
1B), but the mean time to death was prolonged in comparison to AGMNPV (8, 6.3, 5.5 and
4.6 days, respectively) (Table 1). For the lowest dose of vApAg (100 pfu/larva), some
prepupae occurred (15%) but no pupae were formed (Fig. 2B). For both viruses,

liquefaction of dead larvae was observed.

3.2. Light and transmission electron microscopy (TEM)

Six hemocytes types were recognized in A. gemmatalis larvae based on structural
and ultrastructural characteristics, as described previously [22, 23]. They were
prohemocytes (pr), plasmatocytes (pl), granular hemocytes type 1 (ghl), granular
hemocytes type 2 (gh2), oenocytoids (oe), and spherulocytes (sph).

By DIC, the hemocyte morphology was similar to control, after 12 and 24 h p. i.
with a small number of fragmented cells (Fig. 3A). By the TEM, nuclei were hypertrophied
after 12 and 24 h p.i. (Fig. 4A-D), with a slight folding of the nuclear envelope. The

heterochromatin was marginated and virogenic stroma became evident, presenting
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nucleocapsids assembling. In the nuclear periphery, nucleocapsids were enveloped by
membranous profiles. In this period, fibrillar aggregates appeared and accumulated in the
cytoplasm (Fig. 4D). Nucleocapsids were directed to the cytoplasm by budding through the
nuclear envelope, and BVs were seen to protrude at the plasma membrane (Figs. 4B-C).
Chromatin condensation was observed eventually for some cells (not shown).

After 48 and 72 h, an extensive number of fragmented cells and PIBs could be
observed by DIC (Fig. 3B). By TEM, PIBs assembling, extensive nuclear and cytoplasmic
fibrillar aggregates were visualized (Figs. SA-B, 6A-C). For some cells, the nuclear
envelope was greatly expanded, forming a convoluted network through the adjacent
cytoplasm (Fig. 6A). These expanded nuclei eventually were broken, causing the mix of
nuclear and cytoplasmic compartments, and commonly finding PIBs or groups of
unenveloped nucleocapsids just beneath the plasma membrane (Fig.6B-C).

Endomembranes dilation, plasma membrane blebbing and cell fragmentation into
apoptotic bodies were observed at 12 h p. i., however, they became more frequent at late
times post-infection. Apoptosis was observed for cells that did not present viral cytopathic
effects or for infected cells in different phases of viral morphogenesis (Fig. 7A-E). The
pattern of cell fragmentation was shown to be variable (Fig. 7A-D). BV entry and intense
budding were observed for apoptotic cells or apoptotic bodies (Figs. 7B, D, E). It was not
possible to detect apoptotic bodies’ production for sph, despite their evident infection (Figs.
5B, 9A).

Phagocytic activity was observed at 12 h p.i. for pl and ghl and, such as apoptosis
events, it became more intense at late times post infection. These two hemocyte types were

observed to phagocytose apoptotic bodies, entire cells and free PIBs, but the engulfment of

88



large bodies, such as entire cells, was more common for pl (Fig. 8A-C). Necrosis of
infected cells, presenting a mature virogenic stroma or even PIBs, was frequently observed
(Fig. 9A-B). All hemocyte types were shown to be infected, but, for gh2, this occurred in

an extremely low frequency.

3.3. DNA oligonucleossomal fragmentation assay

Agarose gel electrophoresis of hemocyte DNA revealed that for mock (not shown)
and AgMNPV - infected insects, there was not DNA fragmentation (Fig.10A). For vApAg,
ladders were not visualized, but smears were found for 48 and 72 h p. i., periods when

apoptosis was more evident (Fig. 10B).

4. Discussion

By studying baculovirus interactions with their hosts, intriguing questions can be
elucidated related to the specificity of infection, such as the diversity of survival strategies
developed by both viruses and insects over coevolution for millions of years. In this
scenario, the knowledge about apoptosis as a defense mechanism in insects and its
regulation by baculoviruses are important results of efforts in this field.

In this work, we have demonstrated that intrahaemocoelic infection of A.
gemmatalis larvae with vApAg causes apoptosis in hemocytes after 24 h p.i., with the
occurrence of progeny production (BVs and PIBs). Despite massive apoptosis at 48 and 72
h p. i., BV doses of 107 pfu/larva or more induce disease development and death of 100%

of larvae. In comparison to intrahaemocoelic infection with AGMNPV BV, the mean time
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to death has been extended in an average of 2.5 days for the same doses (10 and 10°
pfu/larva).

Previous studies for A. gemmatalis larvae orally-inoculated with PIBs also revealed
infectivity reduction for vApAg. The LC 5y (concentration of virus to kill 50% of
individuals in a bioassay) of vApAg PIBs is 5 times higher than the LC 5o of AgMNPV
(Castro et al., unpublished), however, the mean time to death was similar for both (around 9
days). For other systems, apoptosis can reduce more drastically infectivity in vivo. In
Spodoptera frugiperda larvae, 1,000 fold more BV of AcMNPV p35 and 25 fold more
PIBs are required for a LC 50 in comparison to the wild-type or revertant viruses [25, 26].

The temporal sequence of vVApAg morphogenesis in A. gemmatalis hemocytes was
similar to that observed for UFL-AG-286 cells [14], for AgMNPV in hemocytes [23] and
for AgMNPV in other cells [27, 28]. However, symptoms appear earlier through
intrahaemocoelic infection than by oral infection, once a high number of BVs is available
to infect hemocytes, bypassing natural barriers and defenses such as midgut digestive
juices, peritrophic membrane [29] and midgut cell sloughing [30].

Cell fragmentation in apoptotic bodies started at 24 h p. i., but a major number of
apoptotic cells were observed at 48 and 72 h p. i., which indicates a slight delay if
compared to UFL-AG-286 cells infected with vApAg [14]. On agarose gels, there was
evidence of hemocyte DNA fragmentation (smears) at these times, but it was not possible
to visualize ladders, as shown for UFL-AG-286 cells [14]. Contrary to in vitro conditions,
the relative number of apoptotic cells in hemolymph must be lower than in cell culture
because of cell turnover and putative differences of susceptibility for the diverse types of

hemocytes. Besides this, the intense phagocytosis that occurs in hemolymph may promote a
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faster secondary degradation of apoptotic bodies DNA into random-size fragments.
Together, these factors may have hindered oligonucleossomal fragment resolution and
visualization in the gel.

Once cell fragmentation occurred at late times post-infection, the virus cycle of
replication was not completely abrogated, allowing BV and PIB production. The vApAg
progeny obtained in UFL-AG-286 cells was reduced 100 times when compared to the wild-
type virus [15], showing that apoptosis is correlated with a slight dropping in progeny
production in vitro. Preliminary studies of BVs titration in hemolymph indicate that there is
no significant difference between AgMNPV and vApAg levels of progeny production in
hemolymph for 48 and 72 h p. i., however additional data is necessary to confirm this
tendency. It is possible that in other tissues vApAg does not replicate so well as it does in
hemocytes, which can be the determinant of larval death delay.

Besides the usual way of cell fragmentation into apoptotic bodies, at late times post-
infection some cells presented nuclear disruption and cell architecture disorganization,
associated with an exacerbated expansion of the nuclear envelope. Cytoskeleton changes
triggered by baculoviral infection per se [27] associated with apoptosis may be the cause of
this unusual event in A. gemmatalis hemocytes.

We have found that all hemocyte types of A. gemmatalis presented signs of
infection, but gh2 appeared to be more resistant to baculovirus infection, as shown
previously for the wild-type virus [23]. So, there is no difference between AgMNPV and
vApAg in relation to the capacity of infection for the different types of hemocytes. Despite

infection, PIB assembly and eventual chromatin condensation, sph appear not to be
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fragmented into apoptotic bodies, a property that may be somewhat related to the unusual
morphology of this hemocyte type.

The infection by vApAg generated phagocytic responses by pl and ghl. Both
hemocyte types phagocytosed free virions, PIBs, cell remnants, apoptotic bodies and entire
cells. Previous observations for these cells infected by AgMNPV revealed pl as the only
cell to phagocytose entire cells [23], which was more frequent for vApAg also.

Another event previously reported for intrahaemocoelic infection with AgMNPV
and observed for vApAg-infected hemocytes, was the necrosis of infected cells; which
presented mature virogenic stroma or polyhedra. Together, phagocytosis and necrosis of
infected hemocytes are clues for a putative recognition of these virus-infected cells as
altered self, and the triggering of cytotoxic responses against them besides apoptosis.
Alternatively, necrosis might simply mean that virus is killing the cell. However, for
cultivated cells infected with AgMNPV, membrane rupture and necrosis are generally
observed only when the cells are full of PIBs and fibrillar agreggates, and not before the
total completion of the viral cycle, as frequently observed in this and in the previous study
[23].

Until now, cellular immune responses described against baculoviruses comprises
virus uptake in hemolymph, encapsulation and melanization of tracheal infection foci by
hemocytes. It has been demonstrated to be important for the circumvention of AcMNPV
infection in Helicoverpa zea and Manduca sexta, as an organism-level strategy of
resistance [32-34]. Besides this, the hemocytes resistance to infection and replication per se

is a limiting factor to baculovirus spread in organisms [34].
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For many years, apoptosis induced by mutant baculoviruses in cultivated insect cells
had been correlated with infectivity reduction in vivo [5], however only recently this type
of cell death was reported in baculovirus-infected insects. AcCMNPV was shown to induce
apoptosis in diverse tissues of a non-permissive host (Spodoptera litura) [6]. The same
happened for a p35 AcMNPV recombinant in S. frugiperda, which was correlated to
infectivity reduction [16]. These reports confirmed apoptosis as an important anti-viral
response in insects and one determinant of host species spectrum [4] and so does the
present work.

Two types of apoptosis inhibitors are described for baculoviruses: P35 protein and
inhibitor of apoptosis protein (IAP). P35 is a broad spectrum caspase inhibitor present only
in baculoviruses while IAP constitutes a protein family whose members are described in
baculoviruses, insects, nematodes and humans [5]. AgMNPV is known to posses at least
one type of iap gene (Carpes et al., unpublished) (GenBank accession number AY525121),
which was shown to encode a functional IAP since insect cells transfected with increasing
amounts of a plasmid containing the iap-3 of AgMNPV showed increased resistance to
apoptosis induced by vApAg (Carpes et al., unpublished). This gene (iap 3) was shown to
be disrupted by a transposable element in the vApAg virus (Carpes et al., unpublished),
which can be the cause of apoptosis induction in cell culture and in A. gemmatalis

hemocytes by this mutant virus.

This work brought a detailed description of the effects caused by an apoptosis-
inducing baculovirus in A. gemmatalis hemocytes. It was shown that despite apoptosis

induction, vApAg replicates in these cells, with the occurrence of phagocytosis of apoptotic
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bodies, virions, phagocytosis and necrosis of infected cells. Apoptosis occurrence was
correlated with a delay in larvae death. This report reinforces the anti-viral function of
apoptosis and demonstrated also other putative anti-viral responses represented by

phagocytosis and necrosis of infected cells.
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Fig. 3. DIC micrographs of A. gemmatalis larval hemocytes infected with vApAg. (A) 12 h
p-i. (B) 72 h p. i. Small arrowheads — cells presenting PIBs, large arrowheads — apoptotic

bodies. Bars represent 65 pm.
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Fig. 4. Transmission electron micrographs of A. gemmatalis larval hemocytes after 12 and 24 h p. i. with
vApAg. (A) Oenocitoid, presenting a hypertrophied nucleus (n) containing an immature virogenic stroma
(vs). Small arrowheads - nucleocapsids. (B) Granular hemocyte type 1 presenting some BVs budding at the
plasma membrane (large arrowheads) and phagolysosomes (p). Small arrowheads - nucleocapsids, m -
mitochondria. (C) Putative prohemocyte displaying a mature virogenic stroma (vs), nucleocapsids
transportation through the cytoplasm (large arrowheads) and an intense BVs budding at the plasma membrane
(arrows). Small arrowheads - nucleocapsids. (D) Plasmatocyte displaying nucleocapsids envelopment by
membranous profiles (e) and cytoplasmic fibrillar aggregates (*). N - nucleus, m - mitochondria. Bars

represent 1 pm.
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Fig. 5. Transmission electron micrographs of A. gemmatalis larval hemocytes after 48 and

72 h p. 1. with vApAg. (A) Plasmatocyte presenting nuclear and cytoplasmic fibrillar
aggregates (*), nuclear envelope folding (large arrowheads) and PIBs assembling (small
arrowheads). N -nucleus, m - mitochondria. (B) Spherulocyte. N - nucleus, p - PIBs, s -

spherule, * - fibrillar aggregate. Bars represent 1.5 um.
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Fig. 6. Transmission electron micrographs of A. gemmatalis larval hemocytes after 48 and

72 h p. 1. with vApAg, which presented cytoplasmic disorganization. (A) Unidentified
hemocyte. Note the intensely extended nuclear envelope (large arrowheads), and the
numerous nucleocapsids in the periphery of the cytoplasm (small arrowheads). N - nucleus,
* - fibrillar aggregate. (B) Unidentified hemocyte. The nucleus was broken and remnants of
the nuclear envelope (small arrowheads) were mixed with fibrillar agregates (*),
nucleocapsids (large arrowheads), mitochondria (m) and PIBs (p). (C) Unidentified
hemocyte. A great number of PIBs (p) were produced, the nuclear envelope was ruptured,
some PIBs (p) and free nucleocapsids (small arrowheads) lie beneath the plasma

membrane. * - Fibrillar aggregates. Bars represent 2 pum.
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Fig. 7. Transmission electron micrographs of A. gemmatalis larval hemocytes in apoptosis induced by
vApAg. (A) A putative prohemocyte presenting surface blebbing (large arrowheads). N - nucleus, m -
mitochondria, r - rough endoplasmic reticulum. (B) Granular hemocyte type 1. Note the aligned nucleocapsids
(nc) in the nucleus (N), surface blebbing (large arrowheads) and a BV (small arrowhead) entering the cell by
endocytosis (inset). (C) Plasmatocyte in apoptosis. * - Fibrillar aggregates, small arrowheads - nucleocapsids,
v - vesicles, p - PIBs, m - mitochondria. (D) Unidentified hemocyte in apoptosis. a - apoptotic bodies, * -
Fibrillar aggregates, small arrowheads - BVs, p - PIBs. (E) Apoptotic body probably derived from a granular
hemocyte type 1. Numerous BVs were budding at the plasma membrane (small arrowheads) (inset). m-
mitochondria. Bars represent 1 um. Insets bars represent 0.2 pm.
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Fig. 8. Phagocytic activity of A. gemmatalis larval hemocytes infected with vApAg. (A)

Granular hemocyte type 1 whose phagolysosomes contain cell debris (p). N - nucleus, m-
mitochondria. (B) A plasmatocyte presenting a phagolysosome containing an entire
transversal section of a cell (small arrowheads). N - plasmatocyte nucleus. (C) A
plasmatocyte that engulfed an infected cell (small arrowheads indicate the limits of the
phagosome). The same cell also has phagocytosed free PIBs (p). N - plasmatocyte nucleus,

nu - engulfed cell nucleus, * - fibrillar aggregates. Bars represent 2 pm.
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Fig. 9. Necrosis of infected cells. (A) A spherulocyte (sp) presenting a mature virogenic

stroma (vs) with nucleocapsids assembling (small arrowheads). Note the electron density
difference between the sph and part of the adjacent cells (a). S - spherules. (B) An
oenocytoid presenting PIBs assembling (p). A portion of the plasma membrane was
disrupted and part of the cytoplasmic content was extruded (small arrowhead). A

plasmatocyte (pl) is addered to the oenocitoyd surface. Bars represent 3 um.

109



M 12 24 48 72 M 12 24 48 72

! = 1

1kb P
1kb P

200 bp ¥ 200 bp P

Fig. 10. Three percent (3%) agarose gel electrophoresis of DNA extracted from A.
gemmatalis larval hemocytes infected with AgMNPV (A) and vApAg (B). Each lane
contains approximately 2 pg of DNA. M- 1kb plus DNA ladder. Arrows indicate smears.

Numbers indicate hours post-infection.
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Table 1. Mean time to death of A. gemmatalis larvae infected with different doses of

AgMNPV and vApAg.

Virus Dose Number of Mean time to death
(pfu/larva) dead larvae * (days)
0.1 13 6.5
AgMNPV 10 29 5.7
100 29 5
1000 27 4.4
100 26 8
VApAg 1000 28 6.3
10000 26 5.5
100000 24 4.6

“n= 30 for each treatment. Deaths attributed to injection trauma were not considered.
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Abstract

The Autographa californica  multiple nucleopolyhedrovirus (AcMNPV)
recombinant vP35del induces massive apoptosis in a cell culture derived from Anticarsia
gemmatalis. We studied the course of infection and apoptosis induction by recombinant
AcMNPV viruses expressing the enhanced green fluorescent protein (VHSGFP and
vHSGFP/P35del) in A. gemmatalis hemocytes. Insect development and mortality were
monitored, infection progress in hemocytes was followed by light and electron microscopy,
and infected cells were counted under fluorescence microscopy. For vHSGFP, 95% of
death occurred for a concentration higher than 4 x 10° PFU. The recombinant
vHSGFP/P35del caused lower mortality, higher numbers of pupae and moths than vHSGFP
for all doses tested. GFP expression was first observed at 3 h p.i., reaching proportions
around 8% at 48 h p.i., increasing for vVHSGFP (40% at 120 h p.i.) and decreasing for
vHSGFP/P35del (0% at 120 h p.i.). The virus vHSGFP/P35del induced apoptosis in A.
gemmatalis hemocytes. Some budded viruses were produced, and fragmented cells were
observed between 24 and 72 h p.i. The recombinant vVHSGFP induced typical cytopathic
effects of baculovirus infection, however with low production of occluded viruses until 120
h p.i. Plasmatocytes and granular hemocytes type 1, which presented phagocytic activity
against infected cells and apoptotic bodies, were the hemocyte-types more susceptible to
both viruses in contrast to spherulocytes and granular hemocytes type 2. These results show
that A. gemmatalis is a semi-permissive host for AcMNPV, that apoptosis reduces

infectivity and that the p35 gene is essential for blocking apoptosis in this system.
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Abbreviations

AcMNPYV - Autographa californica multiple nucleopolyhedrovirus
AgMNPYV - Anticarsia gemmatalis multiple nucleopolyhedrovirs
BmNPYV - Bombyx mori nucleopolyhedrovirus

BV - budded virus

DIC - differential interferential contrast

ghl — granular hemocyte type 1

gh2 — granular hemocyte type 2

h p.i. - hours post infection

IAP - inhibitor of apoptosis protein

LCs — leathal concentration to kill 50% of individuals in a bioassay
MTD - mean time to death

NPV - nucleopolyhedrovirus

oe - oenocytoid

OV - occluded virus

PFU - plaque forming unit

PIBs — polyhedral inclusion bodies

pl - plasmatocyte

pr - prohemocyte

sph - spherulocyte

TEM - transmission electron microscopy
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1. Introduction

The family Baculoviridae consists of enveloped, double-stranded DNA viruses,
which are pathogenic to arthropods, especially lepidoptera larvae. Baculoviruses are
divided in two genera, Granulovirus and Nucleopolyhedrovirus. Autographa californica
multiple nucleopolyhedrovirus (AcMNPV), is the type-species of the Nucleopolyhedrovirus
genus and the best-known species among baculoviruses [3].

Infection specificity and consequent safety in relation to non-target organisms are
characteristics that support these viruses as agents of great potential for integrated pest
management [2, 24]. Baculoviruses are also useful as heterologous genes expression
vectors, since their genome supports large DNA inserts at non-essential gene loci. Foreign
proteins can be successfully expressed upon infection of a permissive insect cell line [18,
26].

Apoptosis is a phenomenon of cellular self-destruction that can be triggered by
diverse stimuli, such as lack of growth factors, DNA damage, ligand-receptor interactions,
inhibitors of gene transcription and translation, and viral infections, among others. By
activating an apoptotic response, the host cell can abort viral infection, avoiding its spread
to the whole organism. For survival and progeny production, viruses had to circumvent this
response along evolution, and one strategy was the acquisition of anti-apoptotic genes [21,
35].

Baculoviruses are known to possess at least two types of anti-apoptotic genes: p35
and iap. The gene p35 encodes a broad - spectrum caspase inhibitor, described in five

baculovirus species up to date [10, 13, 14, 19, 28]. Another way of apoptosis inhibition by
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P35, still not completely understood, is related to reactive oxygen species (ROS)
neutralization, and prevention of cytochrome C liberation by the mitochondria [29]. The
IAPs (inhibitor of apoptosis protein), which were first described in Cydia pomonella
granulovirus (CpGV), are also found in organisms ranging from yeasts to humans. IAPs are
metalloproteins that inhibit apoptosis at the level of upstream pathways of caspase
activation or by interacting directly with these enzymes [9].

AcMNPV possesses p35 and iap genes, however, until now, anti-apoptotic function
was observed only for p35 in this virus. Apoptosis induction by p35Smutant (p35) ACMNPV
viruses is best characterized for Spodoptera frugiperda and its derived cell line - SF-21,
with a reduction in infectivity and progeny production [7, 9]. In other cases, despite
presenting intact anti-apoptotic genes, AcCMNPV induces apoptosis and displays reduced
infectivity and propagation in some insect cell lineages [5, 27, 41] and in Spodoptera litura
larvae [40]. These and others studies demonstrate that apoptosis is an important anti-viral
response in insects, which lack acquired immunity, and that the strategies to counteract cell
death are one of the determinants of baculovirus host-range [7].

Despite a great amount of information related to mutant baculovirus induction of
apoptosis in vitro, only recently baculovirus induction of apoptosis in vivo was reported [6,
40].

In a previous study [33], the virus vP35del, derived from AcMNPV, which has a
deletion in the p35 gene, induced massive apoptosis in a cell line derived from A.
gemmatalis (UFL-AG-286) [30]. Apoptosis occurred between 9 and 16 h p.i., with a total
lack of progeny production [33]. In contrast, a mutant (vApAg) derived from A. gemmatalis

multiple nucleopolyhedrovirus (AgMNPV), induced apoptosis in a delayed manner,
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between 24 and 48 h, with some progeny production [4, 33]. Recently, it was observed that
vApAg induces apoptosis in A. gemmatalis larval hemocytes in a way very similar to
apoptosis induction in UFL-AG-286 cells (Silveira et al., submitted).

In this work, we investigated apoptosis induction in vivo by an AcCMNPV p35” virus
in A. gemmatalis larval hemocytes and its effects on infectivity. Recombinant viruses
containing the egfp gene were inoculated intrahaemocoelically into 4" instar larvae. Insect
development and mortality were monitored, infection progress in hemocytes was followed
by light and transmission electron microscopy, and infected cells were counted under

fluorescence microscopy.

2. Materials and methods

2.1. Insects and viruses

A. gemmatalis 1% instar larvae, obtained from Embrapa (Brazil), were reared on
artificial diet [17] at 24-27 °C, with a 12:12 h dark/light regime. The molts were monitored,
and 4™ instar larvae (between 12 and 24 h after molt) were used for all experiments.

The recombinants vVHSGFP and vHSGFP/P35del were propagated in BTI-Tn-5B1-4
(Tn-5B) cells [15] and maintained in TC-100 medium (GIBCO-BRL Life Technologies,
Grand Island, N.Y.) supplemented with 10% fetal bovine serum at 27°C. The viruses
VHSGFP and vHSGFP/P35del are derived from AcMNPV L1 strain and have the gene egfp
under control of the Drosophila melanogaster constitutive promoter hsp 70 at a site

adjacent to the polyhedrin gene [6]. Additionally, VHSGFP/P35del has the anti-apoptotic
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gene p35 deleted [8]. The inocula were titered by the TCIDsy method following the

protocol described by OReilly et al. [26].

2.2. Bioassays

To observe the effects of viruses on insect mortality and development, larvae were
injected with 20 ul of viral inoculum directly into the haemocoel by using an insulin micro-
syringe. Three different concentrations of inoculum were used (2 x 10° PFU/ml, 2 x 10’
PFU/ml, 2 x 108 PFU/ml) for each virus, and twenty larvae were inoculated for each one.
Each larva was reared separately in a plastic cup. Mortality and development were reported
every day until the time for adult emergence. Larvae were considered dead if they did not
react to mechanical stimulation. Deaths attributed to injection trauma were not considered.
Controls were obtained by the inoculation of an equal volume of TC-100 medium and by

no inoculation.

2.3. Infected cell countings

To verify the percentage of infected cells during the time of infection and the
structural alterations promoted by viruses in hemocytes, insects were injected with 20 ul of
viral inoculum at the highest concentration (2 x 10°® PFU/ml), as described. Hemolymph
samples were collected in anticoagulant buffer (98 mM NaOH, 186 mM NaCl, 1.7 mM
EDTA, 41 mM citric acid, pH 4.5) [23], observed directly in a fluorescence microscopy

under the blue excitation filter, and by DIC in an Axiophot Zeiss microscope. For each time
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after infection (3, 24, 48, 72, 96 and 120 h), at least seven hundred cells were counted in

two sub-samples obtained from a mix of hemolymph collected from ten insects.

2.4. Transmission electron microscopy

To observe the ultrastructural alterations induced in hemocytes by viral infection,
hemolymph samples were collected from insects injected with 20 pl of viral inoculum (2 x
108 PFU/ml) after 12, 24, 48, 72, 96 and 120 h p.i. Samples were fixed for 30 minutes (2%
glutaraldehyde, 2% paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.4 with 5%
sucrose), centrifuged at 750 g for 5 minutes, the pellet washed in the same buffer, post-
fixed (1% osmium tetroxide, 0.8% potassium ferricyanide in the same buffer), contrasted in
block with 0.5% uranyl acetate, dehydrated in acetone, and embedded in Spurr’s resin. The
ultrathin sections were contrasted with uranyl acetate/lead citrate and observed in a TEM

JEOL 100C and JEOL 1011 at 80 kV.

2.5. Hemocyte identification
A. gemmatalis larval hemocyte-types were identified by structural and

ultrastructural characteristics described previously [32, 34].
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3. Results

3.1. Bioassays

Increasing doses of VHSGFP resulted in increasing larval mortality, decreasing
larval pupation, and decreasing adult emergence. The dose of 4 x 10* PFU/larva resulted in
21% death, while 79% of individuals formed pupae and 53% from these emerged as moths
(Fig. 1A). For 4 x 10° PEU/larva, larval mortality was around 53%, and 47% of pupae were
formed, but none of them emerged as adults (Fig. 1B). For 4 x 10° PFU/larva, 95% of
individuals died. One pupa was formed (5%), but it did not emerge as an adult (Fig. 1C).
For vHSGFP/P35del, the same tendency was observed, but in comparison to the previous
system, the viral effects were milder. No larvae injected with 4 x 10* PFU died. All of them
became pupa, and 70% emerged as adults. (Fig. 2A). For 4 x 10° PFU/larva, larval
mortality was around 22%, and 78% of individuals formed pupa, however only one (5.3%)
resulted in adult (Fig. 2B). For 4 x 10° PFU/larva, 60% of individuals died, 40% became
pupa, but none emerged (Fig. 2C).

For the vHSGFP highest dose, some liquefaction of dead larvae was observed, but
the majority of them and for lower doses, there was melanization of cadavers (not shown).
Some pupae were abnormal for larvae inoculated with either vVHSGFP (4 x 10*and 4 x 10’
PFU/larva) or vHSGFP/P35del (all doses), especially for the latter. Despite molting
inhibition, the larva body hypertrophied in a way that the normal proportions between the
body and the head were lost. Later, the body reduced in size, melanized and hardened.

Prolegs and head persisted (not shown). None of the abnormal pupae emerged.
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3.2. Hemocytes identification

Six hemocyte types were recognized in A. gemmatalis larvae based on structural
and ultrastructural characteristics previously described [32, 34]. They were prohemocytes
(pr), plasmatocytes (pl), granular hemocytes type 1 (ghl), granular hemocytes type 2 (gh2),

oenocytoids (oe), and spherulocytes (sph).

3.3. DIC, fluorescence microscopy and cell counting

Fluorescence occurred preferentially for ghl and pl for all times post-infection
studied, generally. These cells were promptly recognized because of their characteristic
shapes. Ghl are round, rich in thin surface projections (filopodia) and spread
symmetrically, maintaining a circular shape. Pl are somewhat elongated or fusiform, and
spread in the slide maintaining this asymmetrical shape.

For both systems, GFP expression was observed from 3 h p.i., (around 3%) (Fig. 3).
The amount of fluorescent cells remained similar for both viruses until 48 h p.i. (8-12%).
After 72 h p.i., the increasing tendency continued for VHSGFP, which reached 40% of
fluorescence at 120 h p.i. For vHSGFP/P35del, a plateau (9% of cells fluorescent) was
established between 24 and 72 h p.i. Then, the number of fluorescent cells decreased,
reaching values around 0.01% after 120 h p.i. (Fig. 3).

For vHSGFP/P35del, apoptotic cells, recognized because of their fragmentation into
apoptotic bodies, were eventually found at 12 h p.i., more frequently found at 24 and 48 h
p.i., becoming rare after 96 h p.i. (Fig. 4A - D). After 48 h p.i., there was some polyhedra
assembly for VHSGFP (Figs. 4E, F), which did not occur for vHSGFP/P35del. After 96 h

p.i., the number of gh2 slightly increased for both systems. These cells were intact and had

123



an extremely low rate of fluorescence (Figs. 4G, H). Infected sph were also rarely found

(not shown).

3.4. Transmission electron microscopy

At 12 h p.i., the major part of the hemocytes was intact for both systems. For
VHSGFP rare cells, especially pl and ghl, presented viral morphogenesis signals as nuclear
hypertrophy, nucleocapsids assembling, envelopment, nuclear envelope folding with BVs
protrusion through the cytoplasm, and, eventually, fibrillar aggregates accumulation (Figs.
5A-D). After 48 h p.i., some polyhedra assembly was visualized, but until late times post
infection (120 h p.i.), the number of cells presenting polyhedra was very low (Fig. SE-F).
At late times post infection (72 - 120 h p.i.), a higher number of hemocytes displayed the
events described above. Fibrillar aggregates were larger and nuclear envelope folds were
more extensive, sometimes forming organized arrays of tubes throughout the cytoplasm
(Fig. 5C). Pr, pl, ghl, oe and, eventually, sph were shown to be susceptible to vVHSGFP.

For vHSGFP/P35del, after 12 h p.i., some nuclear hypertrophy and nuclear
envelope folding also occurred, but, in some cases, these events were associated with
surface blebbing, chromatin condensation and fragmentation into apoptotic bodies (Figs.
6A-F). Many apoptotic cells presented segregation of organelles in some of the apoptotic
bodies formed (Figs. 6E, F). Despite chromatin condensation occurrence, apoptotic body
formation for sph was not observed (Fig. 6C). Exocytosis of ghl unstructured granules
contents was observed in association to filopodia emission directed to an apoptotic oe (Fig.
6D). Apoptosis events became more frequent at 24 and 48 h p.i., when some nucleocapsid

assembly and envelopment were also found, despite cell death (Fig. 6B). Apoptosis and
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replication events decreased after 96 h p.i., and there were no polyhedra assembling. PlI,
ghl, pr, oe and, eventually, sph were shown to be susceptible to VHSGFP/P35del,
especially the two first cell types, as happened for vHSGFP.

Necrosis of infected cells and phagocytic activity of pl and ghl were observed for
both systems (Figs. 7A-F). Gh1l were shown to emit thin and long projections, which could
be directed to small cell fragments, forming multiple phagosomes simultaneously (Figs.
7A-B), or to be directed to entire cells or cell fragments of large dimensions (Fig. 7C). Pl

were shown to engulf entire cells more frequently than ghl (Fig. 7E).

4. Discussion

In this work, we have shown that AcCMNPV lacking the p35 gene causes apoptosis
in A. gemmatalis hemocytes. However, the intensity and speed of death were different from
that induced in a cell line derived from A. gemmatalis. In hemocytes, apoptosis occurred
between 24 and 72 h p.i. in a low frequency with the occurrence of some nucleocapsids
assembling and enveloping, in contrast to the rapid (until 16 h) and massive apoptosis
without progeny production induced in UFL-AG-286 cells [33]. One possible reason for
this discrepancy could be the difference between the two cellular models relative to cell
susceptibility to AcMNPV, despite UFL-AG-286 cells being derived from the same
organism, which suggests tissue-specific susceptibility.

UFL-AG-286 cells are permissive to AcMNPV [31]. However, we have
demonstrated that between 24 and 48 h p.i., only 8% of hemocytes were infected by

VHSGFP and vHSGFP/P35del, and after 120 h p.i. vVHSGFP reaches only 40% of infection
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in hemocytes, which indicates a low rate of infection in these cells, similar to what was
found for the same recombinant in S. frugiperda hemocytes [6]. Another explanation could
be the turnover of hemocytes by cell division in circulation and in hemopoetic organs,
added to putative factors that can neutralize virions, which does not occur in vitro.
However, vApAg, which is derived from AgMNPV, has been shown to induce a more
intense apoptosis in A. gemmatalis hemocytes between 24 and 72 h p.i., in very similar
experimental conditions (Silveira et al., submitted). This reinforces the hypothesis that a
less intense apoptosis induction by vHSGFP/P35del is related to the reduced susceptibility
of A. gemmatalis hemocytes to ACMNPV.

A. gemmatalis larvae have been shown to be semi-permissive or permissive to high-
doses of AcMNPV by intrahaemocoelic infection, since 95% of larval mortality was
obtained with the injection of a dose higher than 4 x 10° PFU. In Trichoplusia ni, this virus
induces 95% of death with a injection of less than 1 PFU [6], and AgMNPV causes 50% of
death in A. gemmatalis with 0.1 PFU (Silveira et al., submitted).

The lack of the p35 gene further reduced the infectivity level, with a maximum
larval mortality of 60%, obtained with a 10 times higher dose than the one used for
VHSGFP, for a similar mortality (53%). This probably can be related to a dropping in BV
production and consequent reduction in systemic virus spread. For other systems, apoptosis
can more drastically reduce infectivity in vivo. In S. frugiperda larvae, 1,000 fold more BV
of AcCMNPYV p35 and 25 fold more PIBs are required to reach an LCsj in comparison to the
wild-type or revertant viruses [11, 12].

Besides mortality, another deleterious effect attributed to viral infection, mainly

caused by vHSGFP/P35del, was the production of abnormal pupae. They were derived
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from larvae that survived to infection and attempted to form pupae despite incomplete
molting. This probably derives from the successful expression of the enzyme EGT
(ecdisteroyd UDP- glucosyltransferase), which inhibits molting by inactivating the
ecdysone hormone [25]. This anomalous phenotype was reported before in S. frugiperda
larvae infected by VHSGFP/P35del, which presented decreasing tissue fluorescence during
the time of infection [8]. This effect suggests a milder infection that does not result in larval
death, but that was sufficient to impair the normal development.

Insect hemocytes are a complex of cell types that circulate in hemolymph. They are
involved in defense responses such as wound repair, phagocytosis, nodulation,
encapsulation, coagulation, synthesis and secretion of immunological factors [22].
Hemolymph has been shown to contribute to baculovirus dissemination in permissive hosts
[1, 16, 39]. However, hemocyte resistance, apoptosis or an effective cellular immune
response against infection, like melanization of tracheal foci, may restrict the replication of
NPVs in specific virus-host combinations [6, 8, 36- 38, 40].

We have found that pr, pl, ghl and oe from A. gemmatalis presented signs of
infection, but sph and gh2 appeared to be more resistant to AcCMNPYV infection. Gh2 have
also shown some resistance to AgMNPV and vApAg [32, Silveira et al. submitted]. The
resistance of sph to ACMNPV may be one of the factors that limit the permissiveness of A.
gemmatalis to AcCMNPV. Kislev et al. [20] showed NPV replication events in hemocytes
from Spodoptera litorallis after oral infection, intrahaemocoelic injection of polyhedra and
of free ODVs. For the three modes of infection, PI were shown to be the major cell type for
NPV replication. Cells classified as adipohemocytes at that time, which presented clear

characteristics of sph, also did not become infected in these experiments.
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Phagocytic activity of pl and ghl was frequently observed against infected cells and
apoptotic bodies, which has been observed before for insects infected with AgMNPV and
vApAg [32, Silveira et al. submitted]. Pl and ghl are reported as the only Lepidoptera
larval hemocytes capable of adhering to foreign surfaces, important for phagocytosis,
nodulation and encapsulation [22].

A recurrent event found for A. gemmatalis hemocytes infected by baculoviruses is
the necrosis of infected cells, which generally presented mature virogenic stroma. Together,
phagocytosis and necrosis of infected hemocytes are clues for a putative recognition of
these virus-infected cells as altered self, and the triggering of cytotoxic responses against
them, besides apoptosis [32].

To date, apoptosis is the best-described anti-viral response in insects [7]. Apoptosis
reduces baculovirus replication in vitro, and AcCMNPV mutants lacking the p35 gene have
reduced infectivity in S. frugiperda larvae if compared to the wild-type virus [9]. More
recently, apoptosis in vivo induced by baculovirus infection was demonstrated. Apoptosis
has shown to be correlated with reduced viral propagation of AcMNPV in a non-
susceptible host, S. litura [40] and with the reduced infectivity of vHSGFP/P35del in S.
frugiperda [8].

In this work, it was shown that an AcMNPV p35° virus induces apoptosis in vivo in
larval hemocytes from a semi-permissive host upon intrahaemocoelic injection with some
reduction in infectivity. This corroborates the current belief that apoptosis is an important
element in insect immunity against viral infections. Other defense weapons demonstrated

here were phagocytosis and necrosis of infected cells, which requires rigorous investigation
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for a better understanding about the anti-viral immunity in insects, as well the differentiated

susceptibility of the different hemocyte-types to baculovirus infection.
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Fig. 1. Bioassay composition over time of infection for larvae infected with different doses

of VHSGFP. A - 4 x 10° PFU. B - 4 x 10° PFU. C - 4 x 10° PFU. n = 20 for each treatment.

138



Percentage of individuals in the sample

Percentage of individuals in the sample

100%

80%

60%

40%

20%

0%

100%

80%

60%

40%

20%

0%

B Moths
B Pupae
W Prepupae

OLarvae

1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time post infection (days)

M Dead

B Moths

B Pupae

W Prepupae

OLarvae

7 8 9 10 11 12 13 14 15 16 17

2 3 4 5 6
Time post infection (days)

139




Percentage of individuals in the sample

100% 1 M/ " |
80% +
60% -
40% +
M Dead
209 B Pupae
B Prepupae
OlLarvae
0% T T T T T T T
8 9 10 11 12 13 14 15

1 2 3 4 5 6 7
Time post infection (days)

Fig. 2. Bioassay composition over time of infection for larvae infected with different doses
of VHSGFP/P35del. A - 4 x 10" PFU. B - 4 x 10’ PFU. C - 4 x 10° PFU. n = 20 for each

treatment.

140



60% -

50% -
o
>
8 - & - -VHSGFP
£ 40% - —@— vHSGFP/P35del 4
?
o .
o ... L ’
2 30% - i ______ .
© .
o .
()] ,
© - £
£ 20% - -
[}]
o .
[}]
m 4

10%

0%

72 96 120

Time post infection (hours)

Fig. 3. Percentage of egfp-expressing cells over time of infection with vHSGFP and
vHSGFP/P35del. Larvae were injected with 4 x 10° PFU and cohorts of ten insects were

sacrificed for hemolymph collection at each time. Values are plotted as means £ SD.

141



Fig. 4. DIC and fluorescence microscopy micrographs of A. gemmatalis hemocytes infected by

vHSGFP/P35del (A-D) and vHSGFP (E-H). A - D — 24 h p.i. Arrows indicate apoptotic bodies,

arrowheads indicate gh2. E - F — 120 h p.i. Arrows indicate cells presenting polyhedra. G — H - 120

h p.i. Arrow indicate ghl, small arrowheads indicate gh2. Bars represent 20 pum.
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Fig. 5. TEM micrographs of A. gemmatalis hemocytes infected by vHSGFP. A — A putative plasmatocyte,
presenting nucleocapsids assembling and initial enveloping (large arrowhead). Note some groups of long
immature nucleocapsids (small arrowhead). N — nucleus. B — A putative plasmatocyte presenting
nucleocapsids assembling and enveloping (small arrowhead), a nuclear fibrillar aggregate (*) associated to a
membranous profile (arrow) and nuclear envelope folding (large arrowheads). N — nucleus. C — Putative
granular hemocyte type 1 presenting a peculiar profile of the nuclear envelope that protrudes as organized
tubes throughout the cytoplasm (large arrowheads). N — nucleus; (*) fibrillar aggregate; small arrowheads —
nucleocapsids. D — Formation of transport vesicles containing nucleocapsids (arrowheads). N — nucleus; C —
cytoplasm. E — A putative plasmatocyte, presenting polyhedra assembling (*). N — nucleus; C — cytoplasm. F
— A necrotic cell with the nucleus filled with polyhedra (*), fibrillar aggregates (large arrowheads), and
membranous profiles (small arrowheads). Bars represent 1.5 pm.
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Fig. 6. TEM micrographs of A. gemmatalis hemocytes infected by vHSGFP/P35del. A — A putative granular
hemocyte type 1 presenting surface blebbing (arrowheads). N — nucleus, m — mitochondria, g — Golgi
complex. B — A plasmatocyte presenting nucleocapsids enveloping (small arrowheads) and some convolution
of the nuclear envelope (large arrowheads). N — nucleus. C — A spherulocyte presenting chromatin
condensation (arrowheads). S — spherule. D — An oenocitoyd presenting chromatin condensation. Large
arrowheads indicate the nucleus. A ghl (g) liberated the contents of an unstructured granule (small
arrowheads) over the oe surface. E — A putative apoptotic plasmatocyte. The nucleus (N) displays some
patches of condensed chromatin (small arrowheads). Organelles are segregated in some apoptotic bodies
(large arrowheads). F — A putative apoptotic plasmatocyte. N — nucleus. Bars represent 2 pm.
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Fig. 7. Phagocytic activity and infected cell necrosis of A. gemmatalis hemocytes infected by vHSGFP and
vHSGFP/P35del. TEM micrographs. A, B - vHSGFP. A granular hemocyte type 1 (g) emitted long and thin
projections to engulf remnants of an infected-cell. Small arrowheads indicate BVs. N- nucleus; m -
mitochondria; p - phagossomes. C - vHSGFP/P35del. An apoptotic body (a) was surrounded by ghl (g)
phylopodia (small arrowheads). N - ghl nucleus; nu - nuclear remnants in the apoptotic body; s - structured
granule. D - vHSGFP/P35del. A ghl presenting phagosomes containing cell remnants (p). Arrowheads
indicate a phagosome presenting a relatively intact apoptotic body. N- nucleus. E - vHSGFP/P35del. A
plasmatocyte that had engulfed an entire cell. Arrowheads indicate phagosome limits. EN - engulfed cell
nucleus; PN - plasmatocyte nucleus. F - vHSGFP. A necrotic cell presenting a mature virogenic stroma (vs).
Arrowheads indicate nucleocapsids. Bars represent 1.5 pm.
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4. CONCLUSOES GERAIS E PERSPECTIVAS

O conjunto de dados obtidos neste trabalho e a sua andlise com base na bibliografia
existente possibilitaram as seguintes conclusdes:

e Larvas de Anticarsia gemmatalis possuem seis tipos de hemdcitos ultra-
estruturalmente distintos, apresentando semelhanca geral com o conjunto de hemdcitos de
outros lepidépteros, inclusive com relacdo ao ndmero total destas células (CTH) e as
proporg¢des dos diferentes tipos celulares (CDH) ao longo do desenvolvimento larval;

e Esferuldcitos possuem atividade de fenoloxidase;

e A infectividade de AcMNPV em larvas de A. gemmatalis por injecdo
intrahemocélica de BV é bem menor que aquela de AgMNPV, sendo necessdria uma dose
da ordem de 10° vezes maior para causar uma mortalide préxima a 100% em um bioensaio.
Desta forma, A. gemmatalis pode ser considerado um hospedeiro semi-permissivo a
AcMNPV;

e Todos os tipos de hemdcitos de A. gemmatalis sdao susceptiveis a infeccdo
intrahemocélica por BV de AgMNPV, vApAg, vHSGFP e vHSGFP/P35del, porém
granuldcitos tipo 2 mostram-se bastante tolerantes a infeccao e replicacdo em comparagao
com os demais tipos celulares. Esferuldcitos mostram-se especialmente tolerantes aos virus
derivados de AcMNPV, podendo constituir um dos fatores que colaboram para a baixa
infectividade destes virus em A. gemmatalis. Plasmatdcitos e granuldcitos tipo 1 sdo mais
susceptiveis, sendo que o ultimo tipo celular aparenta permitir uma grande producdo de

BVs de AgMNPV;
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e A seqiiéncia de eventos da morfogénese de AgMNPV e de vApAg em hemdcitos €
semelhante ao que ja foi descrito para estes mesmos virus em células UFL-AG-286, bem
como para AgMNPYV em intestino médio e traquedcitos de A. gemmatalis;

e Granuldcitos tipo 1 e plasmatdcitos sdo células fagociticas, capazes de engolfar
células inteiras, fragmentos celulares, corpos apoptéticos, BV e poliedros quando da
infeccao por baculovirus;

e Hemodcitos infectados por baculovirus, apresentando sinais de montagem de
nucleocapsideos, parecem ser alvos de uma resposta citotoxica que causa ruptura da
membrana plasmatica e morte por necrose;

e E possivel que virions presentes em fagossomos tenham a capacidade de escapar 2
digestdo, com potencial para infectar a célula fagocitica;

e A inativacdo do gene iap3 de AgMNPV resulta na indugdo de apoptose em
hemdcitos larvais de A. gemmatalis infectados, causando aumento do tempo de morte das
larvas em condi¢des de laboratdrio. Apesar da ocorréncia de morte celular, observa-se a
montagem de BV e OV, da mesma forma que observado previamente em células UFL-AG-
286 infectadas pelo virus vApAg;

e Ao contrario do observado para células UFL-AG-286, ndo foi possivel a deteccdo
de fragmentos de 200 pares de bases ou multiplos em gel de agarose para hemdcitos
infectados por VApAg, provavelmente em virtude de uma menor propor¢cdo de células
apoptodticas na hemolinfa e pela ocorréncia de fagocitose de células apoptéticas neste

sistema;
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e A delecdo do gene p35 de AcMNPV resulta na induciao de apoptose em hemocitos
larvais de A. gemmatalis, causando reducdo do nimero de hemdcitos infectados em tempos
tardios de infeccdo e reducdo na infectividade de larvas em condi¢des de laboratdrio. Ao
contrario do que foi observado previamente em células UFL-AG-286 infectadas pelo virus
vP35del, detectou-se eventualmente a montagem de BV. Outra diferenca € que a ocorréncia
de apoptose € mais lenta e menos intensa em hemdcitos, provavelmente devido a menor
permissividade destas células a AcCMNPV em comparacdo com células UFL-AG-286 e a
presenca de possiveis fatores antivirais in vivo;

e Insetos mortos pela infeccdo com VHSGFP e vHSGFP/P35del nao sao liquefeitos
em sua maioria. Além de causar mortalidade, a infec¢ao por ambos os virus, principalmente
por vHSGFP/P35del, provoca a formagao de pupas andmalas;

Diante da variedade de estratégias apresentadas por diferentes virus animais que os
fazem capazes de interferir na resposta apoptética de células hospedeiras para favorecer a
multiplicacdo de sua progénie, € possivel concluir que a apoptose € um mecanismo de
defesa celular importante e conservado que teve de ser superado para que a evolucao dos
virus fosse possivel. No caso dos insetos, a apoptose tem papel importante na imunidade
contra virus, uma vez que mecanismos de imunidade adquirida estdo ausentes nos

invertebrados.

Algumas questdes instigantes e hipoteses levantadas neste trabalho sdo possiveis

alvos de pesquisas futuras, com potencial para esclarecer aspectos da relagdo patdégeno-
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hospedeiro, bem como levar a otimiza¢do dos baculovirus como agentes de controle
bioldgico e vetores de expressao de genes heterélogos.

Granuldcitos tipo 1 parecem ser especialmente susceptiveis a infeccdo e replicacao
de baculovirus, seguidos dos plasmatdcitos. E possivel que, em virtude de serem
fagociticos, granuldcitos tipo 1 e plasmatdeitos possuam maior nimero de receptores para
adesdo e entrada dos virus. Por serem células também especializadas em sintese e secre¢ao,
granuldcitos tipo 1 podem possuir uma "maquinaria celular" mais eficiente para a
replicacdo viral do que a dos outros tipos de hemdcitos. Granuldcitos tipo 2 e esferuldcitos,
0s quais aparentam ser mais resistentes a baculovirus, também sdo células secretoras,
porém ndo apresentam atividade fagocitica, o que sinaliza para uma importancia especial
dos mecanismos de adesdo e entrada no virus na determinacio da maior susceptibilidade de
plasmatdcitos e granuldcitos tipo 1.

Tendo em vista a grande susceptibilidade de granulécitos tipo 1, uma linhagem
celular derivada deste tipo de hemdcito pode ser capaz de permitir maior producdo de
proteinas heter6logas do que as linhagens disponiveis na atualidade, um valioso
instrumento biotecnoldgico em potencial.

Um possivel mecanismo de escape a digestdo lisossomal por parte de virus
derivados de corpos de oclusdo poderia contribuir para o estabelecimento da infeccao
sist€émica, uma vez que € frequente a ocorréncia de fagocitose de poliedros por parte de
plasmatdcitos e granuldcitos tipo 1. Este escape pode ser promovido pela proteina de fusao
presente no envelope do ODV, que permite a sua entrada nas células do epitélio intestinal,
ou por alguma outra proteina capaz de promover a fusdo do envelope viral com a

membrana lisossomal e liberacdo dos nucleocapsideos no citoplasma.
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A investigagdo do processo infeccioso de baculovirus mutantes indutores de
apoptose utilizando a via natural de infeccdo — ingestdo de corpos de oclusio — ¢é
fundamental para uma avaliagdo mais precisa do impacto da apoptose na infeccdo por
baculovirus. Além da hemolinfa, outros tecidos devem ser estudados para verificar
possiveis diferencas de susceptibilidade a replicacdo viral e a indugdo de apoptose.

O estudo da possivel inducdo de necrose em hemdcitos infectados, bem como do
padrao de expressdo génica de hemdcitos quando da infeccdo por baculovirus pode
produzir resultados esclarecedores a respeito de outros mecanismos de imunidade de

insetos contra virus além da apoptose.
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