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RESUMO

Mariz, F.C. Desenvolvimento de duas plataformas biotecnolédgicas baseadas em Pichia
pastoris e Leishmania tarentolae para producédo de candidatos vacinais contra o0s
Papilomavirus humano (HPV) e bovino (BPV).

O Papilomavirus (PV) é um reconhecido agente de lesdes hiperproliferativas benignas que,
sob determinadas circunstancias, podem evoluir para lesdes cancerosas. Em humanos, o HPV
estd relacionado ao desenvolvimento do cancer cervical e anogenital, enquanto o BPV é o
agente de canceres em bovinos e equinos. Atualmente, duas vacinas estdo licenciadas para
profilaxia contra o HPV, as quais se baseiam em particulas semelhantes ao virus (VLPs,
virus-like particles) obtidas a partir da producdo da proteina L1 em sistemas de expressdo
heter6loga. Apesar de comprovadamente eficazes, ambas as vacinas apresentam importantes
limitacOes relacionadas ao baixo espectro de protecdo e elevado custo, o que impede sua
implementacdo sobretudo nos paises em desenvolvimento. Neste trabalho, apresentamos o
desenvolvimento de duas plataformas biotecnoldgicas para producdo de candidatos vacinais
contra 0 HPV e BPV. Uma das plataformas emprega um sistema genético baseado no
promotor constitutivo do gene PGK1 da levedura Pichia pastoris para expressao intracelular
da proteina L1 de HPV16. Em paralelo, diferentes candidatos vacinais do HPV e BPV foram
desenvolvidos para expressdo em Leishmania tarentolae através do emprego de distintos
sistemas genéticos. As analises de expressdo por dot blotting e western blotting com
anticorpos monoclonais demonstram a presenga dos candidatos vacinais no lisado das
leveduras recombinantes, enquanto evidéncias obtidas por microscopia eletrénica de
transmissdo sugerem a formacdo de VLPs no citoplasma dos clones cultivados. Em
contrapartida, as analises por ultracentrifugacdo e purificacdo com resina de heparina-
sepharose evidenciaram a formacdo de capsémeros e VLPs quiméricas a partir dos candidatos
vacinais produzidos em L. tarentolae. Interessantemente, nossos ensaios apresentam
evidéncias de uma modificacdo pos-traducional ainda ndo revelada em espécies de
Leishmania, denominada SUMOilacdo. Demonstramos por diferentes abordagens que tal
modificacdo, ao ser realizada na proteina L2, ocorre através de um padrdo semelhante ao
descrito em células de mamiferos. Futuros ensaios focardo na determinacdo dos niveis de
producdo a partir de cultivos em biorreator e na imunogenicidade de candidatos vacinais
desenvolvidos. Esses resultados demonstram a viabilidade do emprego de P. pastoris e L.
tarentolae como plataforma vacinal para o desenvolvimento de abordagens potencialmente
mais econémicas e de largo espectro contra a papilomatose humana e animal.

Palavras-chave: Papilomavirus. Pichia pastoris. PGK1. Leishmania tarentolae. VLPs.
SUMOQilagéo.



ABSTRACT

Mariz, F.C. Development of two biotechnologic platforms based on Pichia pastoris and
Leishmania tarentolae strains for producing of candidate vaccines against human and
animal papillomatosis.

Infection by Papillomavirus (PV) is a well-known cause for the establishment of
hyperproliferative and benign lesions (warts) that can evolve to carcinoma under specific
circumstances. In human, HPV is related to cervical and other anogenital cancer, while BPV
is the causal agent of different types of cancer in cattle. The current HPV vaccines licensed
for prophylaxis against cervical cancer are based on virus-like particles (VLPs) obtained
through the expression of major capsid L1 protein in heterologous expression systems.
Although highly effective, both vaccines present important limitations related to their low
spectrum of protection and high cost, which compromises their implementation worldwide,
mainly in developing countries. Herein, we present the development of two biotechnologic
platforms for production of vaccine candidates against HPV and BPV. The first one employs
a genetic system based on the Pichia pastoris PGK1 constitutive promoter for intracellular
expression of HPV16 L1 protein. In parallel, we designed different HPV16 and BPV1 vaccine
candidates for expression in the protozoan Leishmania tarentolae through distinct genetic
systems. Expression analysis by dot blotting and western blotting using monoclonal
antibodies demonstrated the detection of L1 protein in the total protein lysate of recombinant
yeasts, in addition to the electron microscopy evidences suggesting VLP assembling within
the cytosol of the clones. In the other hand, ultracentrifugation and purification on heparin-
sepharose resin evidenced the assembling of capsomeres and VLP by expressing of L1-based
candidates in L. tarentolae. Interestingly, our set of data indicates the occurrence of a post-
translational modification by small ubiquitine-like modifier (SUMO) still not revealed in
Leishmania species. For the first time, we demonstrate that such modification
(SUMOylation), when presented in the L. tarentolae-expressed HPV16 L2 protein, takes
place in a mammalian-like pattern. Future studies will focus on immunogenicity assays with
the vaccine candidates developed here. The data presented here demonstrated the feasibility of
P. pastoris PGK1-based system and L. tarentolae as platforms for the developing of low cost
and large spectrum vaccine strategies against human and animal papillomatosis.

Keywords: Papillomavirus. Pichia pastoris. PGK1. Leishmania tarentolae. VLPs.
SUMOylation.
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Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

1. INTRODUCAO

Os Papilomavirus constituem um grupo de virus DNA dupla fita associado ao
desenvolvimento de lesGes epiteliais hiperproliferativas e tumores em diferentes espécies de
animais. Em humanos, a infecdo persistente pelo papilomavirus (HPV, Papilomavirus
humano) é a doenca sexualmente transmissivel (DST) mais comumente relatada no mundo e
tem como seu principal acometimento o cancer de colo do Gtero ou cancer cervical. Das quase
266.000 mulheres que vao ao 6bito por ano em decorréncia desse quadro no mundo, quase
90% encontram-se nos paises em desenvolvimento. De maneira similar, a infecgdo persistente
pelo Papilomavirus bovino (BPV) estd associada ao desenvolvimento de canceres no trato
gastrointestinal, na bexiga urinaria e no tecido cutaneo em diferentes espécies de bovinos e
equinos. O Brasil se destaca mundialmente tanto pela elevada prevaléncia de cancer cervical
quanto pelo grande nuimero de animais infectados por BPV no seu rebanho, o maior do
mundo.

Abordagens preventivas constituem a melhor opcdo para combater as doencas
relacionadas a infecgdo pelo papilomavirus. Com excecdo do melanoma, o cancer cervical € o
tipo de cancer que apresenta maior potencial de prevencdo. Desde 2009, duas vacinas
profilaticas sdo comercializadas para protecdo contra os HPVs tipos 16 e 18, 0s mais
comumente encontrados em neoplasias cervicais. Essas vacinas anti-HPV sdo baseadas em
particulas semelhantes ao virus (virus-like particles, VLPs) obtidas a partir da producdo da
principal proteina do capsideo viral (L1) em plataformas biotecnoldgicas ou sistemas de
expressdo heterdloga. Apesar de comprovadamente eficazes, essas vacinas apresentam
importantes limitagc6es: (i) elevado custo; (ii) baixo espectro de protecdo. Consequentemente,
diferentes grupos de pesquisa em todo mundo tém explorado o desenvolvimento de novas
plataformas vacinais capazes de diminuir os custos de producéo e atender as demandas atuais.
Em paralelo, nenhuma abordagem vacinal esta disponivel para controle da papilomatose
animal até o momento. O combate veterinario ao BPV tem se baseado exclusivamente no
tratamento de lesbes e tumores por remocdo cirdrgica ou tratamento quimico, mas tais
abordagens apresentam baixa percentual de sucesso e elevada recorréncia. Frequentemente,
uma significativa parte do rebanho é abatida na tentativa de conter a propagacao viral nas

areas de criacéo.
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No presente trabalho, relatamos o desenvolvimento de duas plataformas
biotecnoldgicas baseadas em linhagens da levedura Pichia pastoris e do parasita ndo
patogénico a humanos Leishmania tarentolae para expressao de antigenos vacinais do HPV16
e BPVL1. Desenvolvemos um sistema genético para expressdo intracelular da proteina L1 de
HPV16 sob regulagdo do promotor constitutivo Ppgki de P. pastoris, paralelamente a outros
sistemas genéticos para producdo intracelular da proteina capsidial L2 de HPV e de versdes
quimeéricas da proteina L1 em L. tarentolae, buscando a obtencao de VLPs ou subunidades do
capsideo viral denominadas capsémeros. Nessas quimeras de L1, foram adicionados epitopos
da proteina capsidial L2 e da oncoproteina E5, os quais sdo capazes de induzir resposta
humoral de protecdo cruzada contra varios tipos de HPV e resposta terapéutica baseada em
linfocitos T, respectivamente. A confirmacdo da expressdo desses antigenos de HPV nas
linhagens recombinantes foi realizada por dot blotting, western blotting e imunofluorescéncia
utilizando um conjunto de anticorpos monoclonais, enquanto a caracteriza¢ao estrutural dos
capsomeros e VLPs foi realizada por sedimentacdo em gradiente de sacarose, cromatografia
de afinidade e microscopia eletronica de transmissdo. Uma abordagem adicional empregou a
expressao de antigenos baseados na oncoproteina E5 de BPV1 e HPV16 em L. tarentolae.
Neste caso, obtivemos sucesso apenas na expressao da versdo antigénica do BPV1, enquanto
os dados obtidos por western blotting e northern blotting sugerem que a expressdo dos
antigenos baseados em E5 de HPV ¢é altamente instavel.

O desenvolvimento de plataformas vacinais alternativas, além de contornar o0s
gargalos atualmente existentes, diversifica as opg¢des de protecdo disponiveis e gera
competi¢cdo no mercado, constituindo uma estratégia capaz de diminuir os custos das vacinas
anti-HPV atualmente licenciadas. Também propomos neste trabalho o desenvolvimento de
candidatos vacinais com propriedades de protecdo de largo espectro e terapéutica contra o
HPV. Adicionalmente, salientamos a auséncia de qualquer estratégia vacinal contra o BPV e a
importancia de uma plataforma para producdo de antigenos com finalidade terapéutica num
contexto onde o pais possui 0 maior rebanho bovino do mundo, mas ndo dispde de qualquer
medida de controle contra a papilomatose bovina. Estudos para otimizagdo da producéo e

avaliacdo da funcionalidade imunoldgica dos antigenos estdo em fase de execucao.
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2. REVISAO BIBLIOGRAFICA

2.1 O PAPILOMAVIRUS

Os papilomavirus (PVs) estdo dispersos entre os vertebrados de homeotérmicos e se
diversificaram ao longo da histéria evolutiva desse grupo (GOTTSCHLING et al., 2007). S&o
capazes de infectar diferentes espécies de mamiferos placentais das ordens Primata (humanos,
chimpanzés, bonobo, gorila, macaco, colobus, macaco aranha), Carnivora (gato e cachorro),
Perissodactilo (cavalos), Artiodactilo (gado, ovelha, cervo, alce), Cetaceo (golfinho),
Lagomorfo (coelho e coelho cottontail), Sirenia (peixe-boi) e Rodentia (rato, hamster e porco-
espinho). Também sdo capazes de infectar outros hospedeiros distantes, como marsupiais,
passaros e répteis (GARCIA-VALLVE et al., 2006; GOTTSCHLING et al., 2007;
DOORSLAER, 2013). S&o virus que possuem tropismo por queratindcitos indiferenciados da
camada basal do epitélio mucoso e cutaneo, estando etiologicamente relacionados ao
desenvolvimento de lesdes hiperproliferativas (HOWLEY & LOWY, 2001). Essas lesdes,
conhecidas como verrugas, sao geralmente benignas e a infeccdo € normalmente eliminada
pela resposta imune do hospedeiro, a qual é direcionada contra antigenos virais. Contudo,
ocasionalmente as lesdes ndo regridem e, sob a acdo de cofatores apropriados, podem
progredir para cancer (BRIEN; CAMPO, 2002; ZUR HAUSEN, 2002).

De especial importancia nesse ambito é o potencial oncogénico do Papilomavirus
Humano (HPV) e do Papilomavirus bovino (BPV). O primeiro é o agente causal de lesdes
anogenitais denominadas condiloma acuminado, constituindo a doenga sexualmente
transmissivel (DST) mais comum em humanos — estima-se que 50% das mulheres seja
infectada pelo menos uma vez na vida — e estando associado a virtualmente todos os casos de
cancer do colo do utero, ou cancer cervical (IARC WORKING GROUP, 2005; BRUNI et al.,
2015a). O BPV, por sua vez, é o agente causador da papilomatose animal, um conjunto de
doencas de relevancia veterinaria que afeta o0 gado causando importantes perdas econémicas e
depreciacdo da saude animal (FREITAS et al., 2011; BOCANETI et al., 2016). O estudo de
ambos 0s agentes tem promovido grandes avangos ndo apenas na compreensdo da
carcinogénese viral como também no desenvolvimento de abordagens vacinais para controle e

terapia de doencas infecciosas diversas.
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2.1.1 Classificacgéo e estrutura viral

A familia Papillomaviridae compreende pequenos virus compostos por um capsideo
icosaédrico ndo envelopado. Os membros dessa familia, denominados Papilomavirus (PVs),
possuem genoma de DNA dupla-fita circular com aproximadamente 8000 pb, organizado em
trés principais regides: a longa regido de controle (LCR — Long Control Region ou URR —
Usptream Regulatory Region), que contém sequéncias regulatorias da transcricdo e expressao
génica virais e corresponde a 7-11% do conteido gendmico; a regido de expressdo precoce E
(Early), que abrange 50% do genoma e contém ORFs (Open Reading Frames ou Quadro
Aberto de Leitura) responsaveis pela codificacdo de proteinas (E1-7) envolvidas na replicacdo
viral e transformacédo celular; a regido de expressdo tardia L (Late), que codifica as duas
proteinas estruturais L1 e L2 capazes de se auto-montarem no virion (figura 1) (DE
VILLIERS et al., 2004; BRAVO; FELEZ-SANCHEZ, 2015). Os elementos conservados e
que sdo compartilhados por todos os PVs sdo a LCR, as ORFs precoces E1, E2 (e
possivelmente E4, que esta localizada dentro de E2) e as ORFs L1 e L2 (GARCIA-VALLVE;
ALONSO; BRAVO, 2005).

Promotor tardio
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.Q Promotor induzivel
" LCR p .% LCR % pela diferenciagao
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6000 BPV-
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Figura 1. Comparacdo entre a configuracdo dos genomas de dois PVs, o BPV1 e do HPV18. No diagrama, o
DNA dupla-fita circular com aproximadamente 8000 pb dos PVs esta ilustrado como um circulo verde onde
estdo esquematizadas 3 distintas regifes: a LCR (linhas pontilhadas pretas), a regido de expressdo precoce (em
vermelho) e regido de expressdo tardia (em laranja). Enquanto o genoma de BPV1 apresenta 8 ORFs dentro da
regido precoce, o genoma do HPV18 apresenta 7, as quais Sdo arranjadas de maneira caracteristicamente
diferente. Além disso, a disposicdo dos promotores (indicados pela letra P e por setas) e dos sitios de
poliadenilacéo nos genomas de BPV1 e HPV18 também é distinta. Todas as ORFs, no entanto, sdo transcritas no
mesmo sentido para todos os PVs. Fonte: adaptado de Bragard; Goubau; Michiels, 2015.
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Atualmente, em torno de 210 genotipos descritos de PVs estdo classificados em 29
géneros, com base em analises filogenéticas das sequéncias de nucleotideos do gene L1
(figura 2) (BERNARD et al., 2010). Dois tercos desse total (aproximadamente 160 genotipos)
correspondem a HPVs, enquanto dos 60 genOtipos de PVs animais restantes, 13 sdo
caracterizados como BPVs (FREITAS et al., 2011; BRAVO; FELEZ-SANCHEZ, 2015).
Cerca de 60 gendtipos de HPVs estdo classificados dentro do género Alphapapillomavirus
(AlphaPVs), dentre os quais estdo todos 0s tipos oncogénicos associados a canceres
anogenitais. Outros 100 tipos de HPV estdo classificados entre 0s géneros Beta e GammaPVs.
Dois outros géneros, 0 Mu e o NuPVs, englobam apenas trés tipos de HPV, para os quais nao
ha nenhum outro gendtipo proximamente relacionado (BRAVO; FELEZ-SANCHEZ, 2015).
Por outro lado, os BPVs sao classificados em trés géneros: DeltaPVs (BPV1, 2 e 13), XiPVs
(BPV3, 4,6,9, 10,11 e 12) e o EpsilonPVs (BPV5 e 8). Interessantemente, 0 BPV7 ndo ainda
ndo foi classificado em nenhum género da familia Papillomaviridae (FREITAS et al., 2011).

Além das relacBes filogenéticas, outros critérios podem ser utilizados para
classificacdo dos PVs. Obviamente que o propoésito dessas classificacbes € um melhor
enfoque clinico. Seguindo critérios de tropismo tecidual e caracteristicas histopatoldgicas das
lesGes provocadas, por exemplo, os Delta-BPVs (BPV1, 2 e 13) sdo classificados como PVs
cuténeos, os Xi-BPVs sdo epiteliotropicos e o Epsilon-BPVs sdo cutaneos e epiteliotrépicos
(BOCANETI et al., 2016). Adicionalmente, a International Agency for the Research on
Cancer (IARC) classifica os HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 ¢ 59 como de alto
risco carcinogénico a humanos, enquanto outros genétipos (HPV5, 8 e 68, por exemplo) sdo
classificados como de baixo risco (IARC WORKING GROUP, 2005).

De qualquer forma, é importante salientar que essas classificacdes ndo sao definitivas.
Mesmo isolados proximamente relacionados podem apresentar fenétipos divergentes. Dois
exemplos ilustram bem esse contexto. Embora os HPV16 e 31 se encontrem no mesmo
género e possuam tropismos similares, 0 HPV16 apresenta uma prevaléncia 15 vezes maior
do que o HPV31. De maneira analoga, os HPV6 e 11 sdo do mesmo género e causam lesdes
produtivas similares, mas divergem no tropismo (o HPV6 esta associado a verrugas genitais,
enquanto o HPV11 esta geralmente associado a papilomatose respiratérias) (BRAVO;
FELEZ-SANCHEZ, 2015).
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Figura 2. Reconstrucdo filogenética da familia Papillomaviridae a partir do concatenamento dos genes E1-E2-
L1. As cores salientam e relacionam os PVs aos quatro super-taxa da familia e os PVs rotulados em pretos ndo
estdo classificados em nenhum super-taxa. As silhuetas representam os hospedeiros infectados pelos genétipos
correspondentes. O potencial carcinogénico dos HPVs esta indicado de acordo com a IARC: pontos pretos
indicam gendtipos de alto risco carcinogénico, enquanto os pontos brancos indicam os de baixo risco. Fonte:
adaptado de Bravo; de Sanjose; Gottschling, 2010.

2.1.2 Historia natural da infeccéo pelo PV

Atualmente, é bem aceito que tanto humanos quanto os demais mamiferos sao
colonizados por vérios PVs, os quais causam infec¢Ges assintomaéticas na pele e mucosas. De

maneira que os PVs compdem uma parte fundamental da microbiota da pele normal de
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mamiferos, sendo adquiridos durante os primeiros estagios de vida (SYRJANEN, 2010g;
BRAVO; FELEZ-SANCHEZ, 2015). Apesar de serem considerados virus epiteliotropicos
espécie especificos, transmissiveis por contato direto ou fomites contaminados, relevantes
guestionamentos existem quanto as suas vias de transmissdo, seu tropismo tecidual e sua
especificidade pelo hospedeiro (FREITAS et al., 2013).

Embora esteja bem adaptado a microbiota do hospedeiro, certas infecgbes pelo PV
podem passar de apresentacdes clinicas autolimitantes e benignas, denominadas de verrugas,
para tumores malignos. Em humanos, a infeccdo cronica por certos tipos de HPVs
oncogénicos € um problema de satde publica pela correlagdo com o desenvolvimento de
neoplasias do trato anogenital, incluindo cérvice, vulva, vagina, pénis e anus (ZUR HAUSEN,
2002). Ademais, associam-se também ao HPV alguns tipos de canceres nao genitais, como de
cabeca (SYRJANEN, 2005; BRUNI et al., 2015a), laringeo, esofagico, pulmonar (MAMMAS
et al., 2011; BRUNI et al., 2015a) e de pele (STERLING, 2005). De maneira semelhante,
certas circunstancias conduzem a transformacdo de lesdes e tumores benignos causados pelo
BPV no tecido epitelial cutaneo e mucoso até carcinomas de células escamosas em bovinos e
equinos (CAMPO, 2002; NASIR; CAMPO, 2008).

O ciclo de infeccdo do PV é ndo litico e esta intrinsecamente relacionado aos estagios
de diferenciagéo das células epiteliais do hospedeiro (figura 3) (BRAVO; FELEZ-SANCHEZ,
2015). A ocorréncia ou ndo de ciclo infeccioso produtivo depende da natureza do sitio
epitelial onde a infeccdo se estabelece (DOORBAR et al., 2012). De acordo com o modelo
atualmente proposto, a infeccdo requer o acesso do virion a queratindcitos da lamina basal,
provavelmente através de microlesdes e abrasées (WOODMAN; COLLINS; YOUNG, 2007;
DOORBAR et al., 2012). A demonstragdo em modelos animais de que o ciclo infeccioso
pode ser iniciado a partir da abrasdo da pele seguida de exposi¢cdo ao genoma viral desprovido
de capsideo sugere que o estabelecimento da infeccdo ndo requer o virus na forma de virion
(CLADEL et al., 2008).
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Figura 3. Diagrama esquematico do ciclo viral durante infeccdo produtiva pelo PV. As diferentes camadas
celulares do epitélio estdo indicadas a direita. A infeccéo se estabelece a partir de microlesdes que permitem o
acesso dos virions a lamina basal. As células basais infectadas constituem o reservatério da infec¢do, mantendo o
genoma viral em baixas cdpias epissomais. A medida que se dividem, as células-filhas migram em diregdo a
camada superficial do epitélio, acompanhando a diferenciagdo tecidual. Diferentes eventos do ciclo viral séo
estimulados pelos distintos estagios de diferenciacdo do epitélio e estdo descritos a esquerda do diagrama. O
conjunto de setas e a coloracdo das células no epitélio ilustram a regulagdo da expressdo génica e da replicacéo
do genoma virais de acordo com as fases ou camadas teciduais nas quais ocorrem. As siglas PE e PL se referem
aos promotores precoce (Early) e tardio (Late), respectivamente, também referidos como p97 e p670. As siglas
PAE e PAL se referem ao sitio de poliadenilagdo precoce (Poly-Adenylation Early) e tardio (Poly-Adenylation
Late), respectivamente. Fonte: adaptado de Doorbar et al., 2012.

O estégio inicial do ciclo viral na célula basal epitelial consiste, caracteristicamente, na
estabilizacdo do epissomo viral. A expressao dos genes virais ocorre através de um complexo
padrdo de eventos envolvendo a ativacdo de diferentes promotores virais em funcdo do
estagio de diferenciacdo epitelial (figura 3), bem como o processamento de distintos RNAS
precursores policistronicos até RNAs maduros (YANG; OKAYAMA; HOWLEY, 1985;
JOHANSSON; SCHWARTZ, 2013). As proteinas E1 (helicase) e E2 atuam na amplificacdo
inicial do genoma viral formando um complexo que se liga a origem de replicacdo viral e
recruta a maquinaria celular necessaria, mas sdo dispensaveis tdo logo o numero de copias se
estabilize (MOHR et al., 1990; FRATTINI; LAIMINST, 1994; CONGER et al., 1999). A
proteina E2 funciona, ainda, como um fator de transcri¢do ativador ou inibidor dos demais
genes E, e tem papel critico na segregacdo do epissomo viral nas células basais (DOORBAR
etal., 2012).

As proteinas E5, E6 e E7 séo produzidas a partir do mesmo RNA policistronico
codificante das proteinas E1 e E2. De maneira geral, tanto E6 quanto E7 comprometem os

mecanismos de controle do ciclo celular, conduzindo os queratindcitos em diferenciagédo a
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uma proliferagdo descontrolada (ZUR HAUSEN, 2002; WOODMAN; COLLINS; YOUNG,
2007). Adicionalmente, a proteina E5 suporta a malignizagdo das células infectadas induzindo
uma hiperproliferacdo e inibindo a apoptose celular (VENUTI et al., 2011). O resultado de
uma infeccdo crénica pelo PV, portanto, é uma proliferacdo celular descontrolada e o acimulo
de danos genéticos que predispdem a malignizacdo das células e o desenvolvimento de
tumores.

A medida que os queratindcitos migram em direcdo a camada apical do epitélio a
atuacdo transformante do PV se intensifica e a progressdo da diferenciacdo celular estimula
novos eventos. O estagio final do ciclo viral caracteriza-se pelo alto nivel de expressdo da
proteina E4 e das proteinas estruturais L1 e L2, todas corroborando para a formagdo dos
virions e sua posterior liberacdo (figuras 3). A proteina E4 atua nesse sentido ao promover o
rompimento do citoesqueleto citoplasmatico e dos filamentos de queratina (DOORBAR et al.,
2012). As proteinas L1 e L2 superexpressas no citoplasma das células infectadas sdo dirigidas
até o nucleo para encapsidacdo do genoma viral e automontagem dos virions. Estas particulas
sdo liberadas, portanto, pelo processo normal de descamacéo, sem a ocorréncia de lise celular
(FLORIN et al., 2002).

Recentemente, tem sido proposta a hipotese de que a formacdo das lesdes pelo PV tem
inicio com a infeccdo de células-tronco basais, ao contrario da proposta infeccdo de
queratindcitos basais (DOORBAR et al.,, 2012). Essa concep¢do fundamenta-se na
persisténcia de lesdes por longos periodos e nas observac@es indicativas de laténcia viral. O
periodo de laténcia viral tem sido invocado para justificar os estagios de transiéncia na
deteccdo de genoma viral em individuos com deteccéo prévia comprovada (GRAVITT, 2011,
FREITAS et al., 2013). A laténcia do PV seria caracterizada por um estagio de expressao
proteica significativamente diminuido e manutencdo do epissomo viral restrita as camadas
basais do epitélio, onde as células infectadas aparentemente permanecem controladas por uma
memdaria imunoldgica responsiva. Fatores capazes de suprimir o sistema imune, no entanto,
causariam a reativacdo viral. 1sso tem sido suportado por modelos animais (MAGLENNON;
MCINTOSH; DOORBAR, 2011, 2014) e por achados em pacientes imunossuprimidos
infectados pelo HPV (SCHMOOK et al., 2003).
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2.1.3 A carcinogése pelo HPV e BPV

A atuacdo do PV na carcinogénese é largamente investigada e melhor compreendida
para 0 HPV e céancer cervical. Embora os eventos moleculares descritos a seguir possam ser
aplicados a outros canceres humanos e animais associados aos PVs, os detalhes moleculares
variam entre os diferentes tipos de PVs e mesmo entre os canceres humanos induzidos pelo
HPV. Nesse sentido, considerando que o BPV tem sido largamente explorado como modelo
experimental in vivo para a carcinogénese pelo PV (CAMPO, 2006), é oportuno estabelecer
um paralelo entre os processos carcinogénicos do HPV e BPV.

O céancer cervical é caracterizado por fases progressivas bem definidas, classificadas
em neoplasia intraepitelial cervical (NIC) do tipo 1 ao 3, a partir de critérios cito e
histoldgicos e com base no aspecto morfologico atipico (displasico) e progressivo das células
epiteliais (WOODMAN; COLLINS; YOUNG, 2007; MOSCICKI et al., 2012). Aceita-se,
atualmente, que os niveis de expressdo das proteinas E6 e E7 aumentam com a progressao das
lesbes, estando diretamente relacionada ao fendtipo neopléasico das lesdes cervicais
(DOORBAR et al., 2012).

As proteinas E6 quanto E7 apresentam propriedades oncogénicas por perturbarem os
mecanismos de controle do ciclo celular e conduzirem os queratindcitos em diferenciacao a
um estagio de proliferacdo descontrolada. A oncogenicidade dessas proteinas é explicada
através de dois modelos de interacbes com proteinas supressoras de tumor, nos quais a
proteina E6 interage com a proteina p53 e E7 se liga a proteina pRB, inativando e degradando
tais supressores (DYSON et al., 1989; WERNESS; LEVINE; HOWLEY, 1990). A
degradacdo de p53 por E6 inibe a capacidade celular de reparar danos ao DNA (aumento a
frequéncia de rearranjos, mutacdes e aneuploidias) ao mesmo tempo que impede a entrada da
célula em apoptose. Por sua vez, a interferéncia na correta atuacao da proteina pRB conduz ao
estimulo inadequado da progressdo do ciclo celular das células infectadas (VOUSDEN,
1993). Salienta-se, contudo, que esses mecanismos envolvendo as proteinas E6 e E7 sdo
apenas a base geral para a investigagdo e compreensdo de outros eventos implicados no
desenvolvimento carcinogénico pelo PV (ZUR HAUSEN, 2002).

Embora algumas evidéncias demonstrem que modificacbes hormonais (DE
VILLIERS, 2003; GARIGLIO et al., 2009) e epigenéticas (DING et al., 2009) podem

provocar a desregulacdo na expressao desses oncogenes virais, a integracdo do epissomo viral
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no genoma da célula infectada é, sem duvida, o evento molecular melhor associado a esse
cenario. Nas lesdes cervicais de alto grau e cancer, o0 DNA epissomal do HPV apresenta-se
integrado ao cromossomo do hospedeiro devido a uma quebra na regido entre E1/E2, com
consequente perda destes genes (figura 4) (WOODMAN; COLLINS; YOUNG, 2007). Isso
resulta no aumento da estabilidade dos transcritos virais, descontrole da expressdo dos
oncogenes E6 e E7 - uma vez que E2 atua inibindo a transcricdo dos mesmos - e consequente
malignizacdo dos tumores (DOORBAR et al., 2012). Ainda que a integracdo do DNA viral
esteja associada a progressao maligna das lesGes até canceres invasivos, ndo esta claro se este
evento é crucial para a carcinogénese cervical (WOODMAN; COLLINS; YOUNG, 2007).
Neste ponto, faz-se uma importante distin¢do entre a carcinogénese pelo HPV e pelo BPV.
Diferentemente do que se observa para o0 HPV e para a carcinogénese cervical, 0 genoma do
BPV € permanentemente mantido na forma epissomal nos diferentes tipos de céanceres
induzidos em bovinos e equinos (CAMPO, 2002; NASIR; CAMPO, 2008; BOCANETI et al.,
2016).
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Figura 4. Integracdo do DNA do HPV no genoma da célula hospedeira. A quebra do genoma viral, geralmente
dentro da ORF E2, promove a perda completa ou parcial (ORFs parciais estdo representadas com asteriscos) de
regides adjacentes que incluem as ORFs E4, E5 e L2. Tal evento predispde a recombina¢do do DNA viral em
sitios frageis do genoma das células infectadas. A sintese de transcritos virais passa a ser regulada por
promotores celulares que flanqueiam a regido onde o DNA viral se integra. A quebra da ORF E2 favorece a
superexpressao dos genes E6 e E7, uma vez que a proteina E2 atua como um inibidor transcricional dos genes
precoces. A desregulacdo da expressdo viral é potencializada pelo aumento na estabilidade dos RNAm virais
quiméricos produzidos apds integragdo. Fonte: adaptado de zur Hausen, 2002.
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Um segundo paralelo importante entre a carcinogénese pelo HPV e BPV esta
relacionado a atuacdo dos oncogenes virais durante o processo. Para as infec¢des pelo HPV, é
comumente aceito que a proteina E5 desempenha um papel de menor protagonismo na
transformacdo celular quando comparado com E6 e E7. Para o BPV, no entanto, E5
representa a principal oncoproteina viral, atuando de maneira preponderante tanto na
transformac&o celular, via interacdo direta com o receptor do fator de crescimento plaquetério
(Platelet Derived Growth Factor Receptor B, PDGFB-R), como na evasdo viral do sistema
imunolodgico, devido a supressdao do complexo principal de histocompatibilidade de classe |
(Major Histocompatiblity Complex class I, MHC-1) (VENUTI et al., 2011), enquanto E6 e E7
séo caracterizadas como coadjuvantes no processo (CAMPO, 2006; NASIR; CAMPO, 2008).
Isso tem estimulado a investigacdo de E5 na carcinogénese pelo HPV e um namero crescente
de evidéncias tem sugerido que sua atuacdo € mais importante do que acredita-se (VENUTI et
al., 2011). Esta proteina tem sido implicada na ativacdo desregulada do crescimento,
diferenciacéo e divisdo celular, bem como na inibicdo de supressores de tumor (HWANG;
NOTTOLI; DIMAIO, 1995; DIMAIO; MATTOON, 2001; TSAI; CHEN, 2003; VENUTI et
al., 2011) durante os estagios iniciais da transformacéo celular, mas seu papel ndo parece ser
relevante para manutencao da neoplasia maligna das células infectadas visto que a delecéo do
gene E5 ja foi relatada em casos de cancer cervical (DIMAIO; MATTOON, 2001; ZUR
HAUSEN, 2002).

O ultimo e interessante paralelo que a carcinogése pelo BPV demonstra é a existéncia
de cofatores relevantes na carcinogénese pelo PV. Tanto estudos de campo (OLSON et al.,
1959) como infecgBes experimentais (CAMPO et al., 1992) demonstram que cofatores
ambientais ou genéticos sdo necessarios para que as lesdes induzidas pelo BPV progridam até
canceres de células escamosas (figura 5). A samambaia (Pteridium aquinilum) tem sido
identificada como principal cofator ambiental na carcinogénese induzida pelo BPV no gado
(CAMPO; JARRETT, 1986; CAMPO, 2006). Diferentes agentes imunossupressores tém sido
caracterizados na samambaia e a ingestdo de brotos dessa planta causa duas marcantes
alteracbes hematolégicas nos animais: acentuada diminuicdo dos leucocitos
polimorfonucleares e uma crénica queda no nimero de linfocitos circulantes (GAUKROGER
et al., 1993; CONNOLLY et al., 1998; BENISTON et al., 2001; CAMPO, 2006).
Adicionalmente, animais alimentados a base de brotos de samambaia desenvolvem elevadas

anormalidade cromossémicas pela acdo de agentes mutagénicos presentes nessa planta
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(LEAL et al., 2003). Foi demonstrado que a ingestdo cronica de samambaia associada a
infecgdo persistente pelo BPV constitui a causa da hematiria enzootica (HE) cronica, do
cancer de bexiga urinario e do trato gastrointestinal (GI) em bovinos (CAMPO, 2006). Em
animais imunocompetentes (ndo alimentados com samambaia), os papilomas causados pelo
BPV nesses sitios corpdreos sdo poucos e regridem dentro de 12 meses. Essas observagdes
conduziram, posteriormente, a identificacdo de cofatores ambientais (como por exemplo
tabagismo, uso de contraceptivos e paridade) (IARC WORKING GROUP, 2005) e genéticos

(DE FREITAS et al., 2012a) relevantes também para a carcinogénese cervical pelo HPV.

Samambaia

Carcindgenos e mutagénicos

BPV1,2e4

imunossupressio
Oncoproteinas
virais
Y

Mucosa normal ....................ooeeinn Papiloma ....................... Carcinoma
| —J T

regressao Inibi¢ao do MHC por ES

Figura 5. A carcinogénese pelo BPV. Diagrama esquematico representando o processo carcinogénico envolvido
na progressdo neoplésica de papilomas na bexiga causados pelos BPV1 e 2, e no trato Gl pelo BPV4. A
associacao entre a infecgdo viral e a ingestdo de samambaia é fundamental, visto que os papilomas causados
pelos BPV1, 2 e 4 regridem naturalmente em animais imunocompetentes. Sob a agdo dos agentes
imunossupressores e carcinogénicos presentes na samambaia, no entanto, as lesdes papilomatosas progridem até
cancer, através de diferentes mecanismos moleculares (por exemplo, mutagdo em p53, superativa¢éo do receptor
EGF e da via c-H-ras). Fonte: adaptado de Borzachiello; Roperto, 2008.

2.1.4 Epidemiologia do cancer cervical

Apesar da infeccdo pelo HPV estar relacionada ao desenvolvimento de outras doengas
coletivamente conhecidas como papilomatose humana (verrugas dérmicas, condiloma
acuminado e papilomatose respiratoria, além de canceres anogenital, de cabeca e pescoco)
(SYRJANEN, 2010b; BRUNI et al., 2015a), o cancer cervical é sem divida o mais grave

acometimento deste virus em termos de satde publica. Estimativas de 2012 indicam que mais
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de 520.000 mulheres desenvolvem cancer de cérvice uterina anualmente e 265.000 irdo a
Obito em decorréncia dessa doenca. Na populacdo feminina, o cancer cervical representa o
quarto tipo de cancer mais comumente diagnosticado, representando 7,5% das mortes por
cancer em mulheres (FERLAY et al., 2014).

Estima-se que 15% da populagdo feminina mundial seja afetada pelo cancer de colo
uterino, sendo observadas as maiores taxas de incidéncia na Africa e América Latina (figura
6), enquanto a India apresenta o maior nimero de casos (20%) (BRUNI et al., 2015a). Nesse
interim, € caracteristica a discrepancia entre as taxas de incidéncia relatadas pelos paises
desenvolvidos e em desenvolvimento. No mundo desenvolvido, o cancer cervical representa
apenas o décimo primeiro tipo de cancer mais comum e a sexta maior causa de morte por
cancer na populacdo em geral, enquanto nos paises em desenvolvimento é o segundo para
ambas as estatisticas (FERLAY et al., 2014). Quase 90% dos 6bitos ocorrem nos paises em
desenvolvimento, onde os programas de controle e prevencdo do cancer cervical sao
ineficazes ou inexistentes (figura 6) (BRUNI et al., 2015a). Nos paises desenvolvidos, a
sobrevida média estimada em cinco anos varia de 51% a 66%; nos paises em
desenvolvimento, onde 0s casos sdo encontrados em estados relativamente avancados, a
sobrevida média é menor, cerca de 40% apds cinco anos; a média mundial é estimada em 49%
(MINISTERIO DA SAUDE/INCA, 2009).

B Africa 17.5

Asia 6.4

Americas - 59

Oceania 45
P

Europe 3.8

OEEBOD

0 10 20

Figura 6. Mortalidade mundial pelo céncer cervical. (A) Taxa de mortalidade anual do cancer cervical (a cada
100,000 mulheres), padronizada por idade (ASR, age-standardized incidence rates). (B) Taxa de mortalidade
anual pelo cncer cervical por continente (a cada 100,000). Fonte: adaptado de Bruni et al., 2015.

As estimativas brasileiras seguem a tendéncia dos paises em desenvolvimento, mas

significativos avancos foram alcancados. Desde 1995, observa-se uma diminuigdo na
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incidéncia do cancer de colo uterino no pais (figura 7A). Atualmente, o Brasil apresenta uma
incidéncia de 16,3 casos (para cada 100.000 habitantes) de cancer cervical (padronizado por
idade), o que representa a segunda menor incidéncia registrada na América do Sul (o Chile
possui a menor taxa de incidéncia, 12,8 casos) (BRUNI et al., 2015b) (figura 7C). Dada a
dimensdo continental do pais, isso representa 41% dos 45.005 casos estimados para a América
do Sul (BRUNI et al., 2015a). Para 2012, foram estimados cerca de 18 mil novos casos de
cancer do célo do Utero, representando o segundo tipo de cancer mais comum em mulheres
com excecdo aos tumores de pele ndo melanoma (INSTITUTO NACIONAL DO CANCER
JOSE ALENCAR GOMES DA SILVA, 2011). A incidéncia de cancer cervical evidencia-se a
partir da faixa etaria de 20-29 anos e o risco aumenta rapidamente até atingir seu pico etario
entre 45-55 anos (figura 7D) (BRUNI et al., 2015b).

Ainda que o pais tenha avancado na prevencdo do cancer cervical, tal evolugédo se deu
de maneira desigual. A excecdo dos tumores de pele ndo melanoma, o cancer de colo uterino
continua sendo o mais incidente na Regido Norte (24 casos), o segundo mais incidente nas
Regides Centro-Oeste (28 casos) e Nordeste (18 casos), o terceiro na Regido Sudeste (15
casos) e 0 quarto mais incidente na Regido Sul (14 casos) (INSTITUTO NACIONAL DO
CANCER JOSE ALENCAR GOMES DA SILVA, 2011). Segundo o INCA, os estados do
Mato Grosso do Sul (35 casos), Amazonas (34 casos) e Mato Grosso (33 casos) lideram as
estatisticas de incidéncia, com taxas equiparaveis aquelas relatadas em Suriname (38 casos,
terceira maior incidéncia nas Américas) ou nos paises da Africa Oriental (42 casos, maiores
taxas do mundo) (figura 7B) (INSTITUTO NACIONAL DO CANCER JOSE ALENCAR
GOMES DA SILVA, 2011; BRUNI et al., 2015a). Em comparacdo com as estimativas de
2008 (MINISTERIO DA SAUDE/INCA, 2009), Pernambuco apresentou uma melhora nos
rankings nacional e regional, apresentando a décima primeira maior incidéncia do pais (20
casos) e a quarta maior incidéncia no Nordeste. Acompanhando a melhora estadual, a taxa
relatada na capital Recife, que durante a década de 1980 era a maior do mundo (83,2 casos)
(NETO, 1991), atualmente é a décima sexta maior do pais (INSTITUTO NACIONAL DO
CANCER JOSE ALENCAR GOMES DA SILVA, 2011).

Quanto a prevaléncia dos gendtipos, os levantamentos epidemiol6gicos demonstram
que o HPV16 é responsavel por 50-60% dos casos mundiais de cancer de colo uterino. O
segundo gendtipo mais prevalente é o HPV18, estando presente em 10% dos canceres

cervicais relatados no mundo, enquanto os genétipos -31, -33, -35, -45, -52 e -58 contribuem
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com 20% das lesdes cancerosas do colo uterino adicionais (IARC WORKING GROUP, 2005;
BRUNI et al., 2015a).

2.1.5 Epidemiologia da papilomatose animal pelo BPV

Ao contrario da papilomatose humana, no entanto, a verdadeira extensdo da
patogénese pelo BPV, bem como suas implicacdes econdmicas a criagdo do gado, € dificil de
determinar porque sua epidemiologia é escassamente reconhecida. Inicialmente isolado em
equinos (BRAVO; DE SANJOSE; GOTTSCHLING, 2010), o BPV passou a ser largamente
caracterizado como agente etiolégico de papilomas em bovinos. Diferentes linhas de
evidéncias, detalhadamente discutidas por Freitas et al., (2011), demonstram que o BPV é o
unico PV capaz de transpassar a barreira da especificidade pelo hospedeiro e infectar bovinos,
espécies proximamente relacionadas (como bufalos e girafas) e espécies ndo relacionadas
(além de equinos, antas, antilopes, bisdes e felinos). O BPV é tido, portanto, como um
playground para estudos de evolucéo e carcinogénese na familia Papillomaviridae.

Varios relatos da incidéncia do BPV tem sido feitos em regides geograficamente
distantes mas onde existe grande densidade de espécies ruminantes, como Italia, Reino Unido,
Alemanha, Jap&o, india, Estados Unidos e Brasil (CAMPO, 1995; LIOI et al., 2004; OGAWA
et al., 2004; SINGH; SOMVANSHI; TIWARI, 2009; SCHMITT; FIEDLER; MULLER,
2010; CARVALHO et al., 2012). Atualmente, 12 BPVs estdo associados com papilomas
cutaneos ou fibropapilomas, os quais podem se espalhar por todo o corpo dos bovinos (figura
8) (BOCANETI et al., 2016). A existéncia de co-infeccBes com varios tipos de BPVs, seja
numa mesma lesdo ou ndo, tem sido comumente relatada no gado (SCHMITT; FIEDLER;
MULLER, 2010; CARVALHO et al., 2012; BATISTA et al., 2013). Adicionalmente, os
BPV1 e 2 sdo vastamente reconhecidos como agentes etioldgicas de sarcéides em equinos
(CHAMBERS et al., 2003a; NASIR; CAMPO, 2008).

A principal relevancia clinica da papilomatose cutanea em bovinos se da a partir da
infeccdo pelo BPV6 nos tetos e Uberes, a qual frequentemente tende & disseminacdo de
papilomas e fibropapilomas secundarios e terciarios, causando ulceragdes e sangramentos que
predispdem o surgimento de infec¢Bes bacterianas secundarias e mastite. Infecgdes pelo BPV

nesses sitios corporeos sao mais prolongadas e menos propensas a resolugdo esponténea,
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ainda que as razdes para isso sejam desconhecidas (CAMPO, 2006). InspecOes realizadas em
abatedouros na Escécia, Estados Unidos e Japdo demonstraram que 36%, 25% e 39% das
vacas apresentavam, respectivamente, papilomas nas tetas (HATAMA, 2011). A infeccédo
pode se alastrar rapidamente pelo rebanho, como ja relatado em 2007 no norte do Japéo,
quando lesbes papilomatosas nos tetos de bovinos se tornaram epidémicas e acometeram 80%
do animais em um intervalo de apenas 4 meses (MAEDA et al., 2007). Em casos severos, 0s
animais sdo sacrificados (CAMPO, 2006).

Intestino grosso

Intestino delgado

Figura 8. Os tumores induzidos pelo BPV afetam diferentes sitios corpéreos em bovinos. (A) Papilomas
esofagicos (seta branca). (B) Papilomas cutaneos (seta preta). (C) Multiplos papilomas nos tetos (seta preta).
Cancer de bexiga (seta preta). Fonte: adaptado de Bocaneti et al., 2016.

Para além de tumores cutaneos benignos, a infeccéo persistente pelo BPV4, associado
a pastagem dos animais em areas infestadas por samambaia, constitui um risco para o
desenvolvimento de carcinoma de mucosas em bovinos, especificamente no trato GI superior
e inferior (CAMPO, 2006). Inspecdes em abatedouros na Escécia e no norte do Inglaterra
relataram a incidéncia de cancer no trato Gl em 19% dos bovinos examinados (JARRETT et

al., 1978). No Brasil, tumores de pele e subcutaneos representam o segundo tipo de neoplasia
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mais comum em bovinos, sendo os tumores do trato Gl o tipo mais comumente encontrado
(LUCENA et al., 2011).

O envolvimento da samambaia com as infec¢Bes pelo BPV1 e 2 na carcinogénese da
bexiga urinaria é reconhecido ha mais tempo (OLSON et al., 1959). Ambos os tipos de BPVs
infectam o epitélio da bexiga urinaria e estabelecem uma infeccdo abortiva (sem producao de
virions), a exemplo do que ocorre para os tumores do trato GI. O cancer pode ter origem
mesenquimal ou epitelial, com maultiplos tumores se desenvolvendo no mesmo 0rgéao
(BORZACCHIELLO; ROPERTO, 2008). A incidéncia do cancer de bexiga em bovinos
acompanha a distribuicdo geogréafica da samambaia; é elevada nas regides tropicais e
subtropicais, onde ha larga distribuicdo dessa planta e, por consequéncia, 0s animais a
ingerem cronicamente; € baixa nas areas onde tal planta esta ausente (PAMUKCU; PRICE;
BRYAN, 1976). Em bovinos, os tumores de bexiga urinaria estdo comumente associados a
HE em 90% dos animais adultos e ja foram registrados na Europa, ilhas Azores, Quénia,
Brasil, Nova Zelandia, india e China (BORZACCHIELLO; ROPERTO, 2008). Em estudo
retrospectivo brasileiro, o cancer de bexiga foi descrito como o quinto mais comumente
relatado no gado (LUCENA et al., 2011).

Sendo o Unico PV capaz de transpor o limite da espécie-especificidade, o BPV
estabelece infeccbes de pele em equinos que se desenvolvem em sarcéides. Trata-se de
tumores fibroblasticos de pele locais e invasivos que podem se desenvolver como lesdes
Unicas ou multiplas em diferentes formas. Apresentam predilecdo por sitios corporeos
expostos a traumas, raramente regridem (diferentemente dos papilomas equinos) e sao
comumente refratarios a tratamento — de 20 a 50% das lesdes se reestabelecem ap0Os
tratamento cirdrgico (CHAMBERS et al., 2003a; NASIR; CAMPO, 2008). Essas lesdes ja
foram relatadas em cavalos, mulas e jumentos, constituindo o tipo de tumor de pele mais
comum em equinos — de 12,9% a 67% de todos os tumores relatados nesses animais (NASIR;
CAMPO, 2008). Em cavalos, os sarcoOides constituem 35-90% de todos as complicacfes
neopléasicas de pele (GOODRICH et al., 1998) e alguns relatos sugerem uma incidéncia de 0,6
casos/animal/ano em jumentos (NASIR; CAMPO, 2008). Ainda que alguns estudos sugiram
uma prevaléncia de 1-12% para o sarcéides equino (GOODRICH et al., 1998), a exemplo do
que ocorre para a papilomatose bovina, os estudos epidemioldgicos sdo escassos.

Tanto o BPV1, e menos comumente, o BPV2 estdo envolvidos com a patogénese do

sarcOide equino. Todavia, tem sido demonstrado que sarcOides sdo causados por variantes

37



Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

especificas do BPV que infectam e estabelecem tumores preferencialmente em equinos
(CHAMBERS et al., 2003b; NASIR et al., 2007). Ainda que ndo existam relatos sugerindo
uma predilecdo por sexo, o desenvolvimento de sarcéides pelo BPV em equinos costuma
acometer animais jovens e estdo associados a uma predisposicdo genética, resumidamente
discutida por Nasir & Campo, 2008. Apesar de ser uma condicdo restrita a pele,
frequentemente os animais acometidos por sarcOide sdo eutanasiados por constituirem um
reservatorio viral com risco potencial para disseminacdo. Esse risco é potencializada por
evidéncias demonstrando que moscas sao capazes de atuarem como vetores na transmissao de
BPV entre cavalos (FINLAY et al., 2009).

2.2 RESPOSTA IMUNE CONTRA O PV E O DESENVOLVIMENTO DE VACINAS

A resposta imune contra o PV é pobre, sobretudo porque o ciclo viral se restringe as
camadas acima da membrana basal e sem a ocorréncia de lise celular. Isso limita o contato
entre antigenos virais e células do sistema imune tipicamente localizadas abaixo da membrana
basal. Adicionalmente, diferentes mecanismos de evaséo viral tem sido descritos para os PVs,
0s quais coletivamente inibem a deplecdo viral pelas células de Langerhans intraepiteliais
(BRIEN; CAMPO, 2002; CAMPO; RODEN, 2010). Em conjunto, esses eventos explicam
parcialmente a auséncia de resposta inflamatdria local e persisténcia dos papilomas. A
observacao de que altos titulos de anticorpos anti-PVs sdo obtidos em animais com lesdes
ulcerativas ou tumores com sangramento suportam essa ideia (CAMPO, 2006) e sugerem que,
apesar do fraco reconhecimento das proteinas virais pelo sistema imune do hospedeiro, as
proteinas virais sdo imunogeénicas.

A protecdo contra as infeccbes pelo PVs foi relacionada a inducdo de anticorpos
neutralizantes ha 50 anos atrés (CHAMBERS; EVANS; WEISER, 1960), mas apenas na
década de 1990 ficou esclarecido que a neutralizagdo viral é dirigida por anticorpos contra a
proteina capsidial L1 (KIRNBAUER et al., 1996; GHIM et al., 2000). Uma observag&o chave,
no entanto, demonstrou que a transmissao passiva de soro é incapaz de promover a regressao
de papilomas estabelecidos, apesar de proteger animais ndo infectados. Devido a expressdo
das proteinas L1 e L2 estar restrita as células diferenciadas da camada apical do epitélio, a

resposta imune induzida por essas proteinas ndo tem algum efeito nas células basais
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infectadas do epitélio — as quais mantém a infecgdo do HPV (SCHILLER; LOWY, 2012). De
fato, apOs as demonstragdes iniciais de que infiltrados celulares estavam associados a
regressao de papilomas (PARISH, 1961), diferentes trabalhos — detalhadamente discutidos em
(NICHOLLS; STANLEY, 2000) - comprovaram que a resolucdo espontanea das lesbes
papilomatosas é dependente de uma resposta linfocitéria dirigida contra as proteinas precoces
do PVs, sobretudo E5, E6 e E7. A obtencéo desses achados constituiu o corpo de evidéncias
necessario para o desenvolvimento de diferentes abordagens vacinais contra o PV observado

massivamente nas duas Ultimas décadas.

2.2.1 Vacinas autologa, heteréloga e baseadas em virions purificados

A vacinagdo contra PVs foi inicialmente avaliada na década de 1930 (SHOPE, 1937)
em coelhos e teve seus estudos estendidos para bovinos na década de 1950 e 1990 (OLSON;
SKIDMORE, 1959; OLSON; SEGRE; SKIDMORE, 1960; JARRETT et al., 1990a). Tais
estudos envolveram a inoculacdo de extratos de verrugas no animal de origem (vacinagdo
autdloga) e em animais diferentes (vacinacdo heter6loga), e demonstraram que as vacinas
investigadas eram mais eficientes do que a infeccdo natural para promover tanto protecéo
contra novas lesdes como a regressdo daquelas pré-existentes. Adicionalmente, Jarrett et al.
(1990a), empregando virions purificados pela primeira vez, demonstraram que 0s anticorpos
neutralizantes produzidos no soro dos animais vacinados (CHRISTENSEN; KREIDER, 1990;
JARRETT et al., 1990a) eram tipo especificos — animais imunizados contra 0 BPV6 ndo eram
imunes ao seu homélogo BPV1 (JARRETT et al., 1990b).

No entanto, a observagdo de que o emprego de PVs “vivos” constitui um risco para o
desenvolvimento de neoplasias (BREGMAN et al., 1987; NICHOLLS; STANLEY, 2000),
associada a complexidade em mimetizar a diferenciacdo do epitélio estratificado em cultura
de células para producdo de particulas virais com fins vacinais, (PYEON; LAMBERT,;

AHLQUIST, 2005) — constituiram fatores limitantes para as referidas estratégias vacinais.
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2.2.2 Vacinas recombinantes baseadas nas proteinas L1 e L2

A imunizacdo de animais com versdes recombinantes das proteinas L1 e L2,
produzidas em bactérias e obtidas na forma de fuses com outras proteinas, como beta-
galactosidase, glutationa-S-transferase e trpE, sob condigOes desnaturantes, demonstrou a
existéncia de epitopos neutralizantes nas proteinas capsidiais, ainda que os titulos de
anticorpos produzidos tenham sido baixos (JARRETT et al., 1991; LIN et al., 1992; CAMPO
et al., 1993). A importancia da estrutura terciaria da proteina L1 na geracdo de epitopos
conformacionais foi esclarecida por Lin et al. (1993), que demonstraram a auséncia de
qualquer resposta protetora quando subfragmentos e versdes desnaturadas de L1 foram
empregadas para imunizacao. Posteriormente, diferentes trabalhos demonstraram que, quando
produzida em Escherichia coli, a proteina L1 espontaneamente forma estruturas pentaméricas
(CHEN et al.,, 2000, 2001) - os quais apresentam epitopos conformacionais e s&o
denominadas capsdémeros (figura 9B) — capazes de induzir altos titulos de anticorpos
neutralizantes e proteger animais imunizados (YUAN et al., 2001). Interessantemente e ao
contrario do que se observa para outros PVs, a proteina L2 de BPV2 é capaz de promover a
regressdo de tumores quando administrada profilaticamente ou apds desafio experimental.
Além disso, os titulos de anticorpos neutralizantes induzidos contra L2 s&o significativamente
menores do que aqueles observados para L1 (JARRETT et al., 1991).

2.2.3 Vacinas baseadas em particulas semelhantes ao virus (VLPs)

Kirnbauer et al. (1992 e 1993) demonstraram pioneiramente que particulas
semelhantes ao virus (virus-like particles, VLPs) podem ser obtidas a partir da superexpressao
da proteina L1 e da coexpressdo de ambas as proteinas L1 e L2 em células de inseto e
leveduras. Tais particulas sdo espontaneamente montadas pela associacdo de 72 capsémeros
de L1 (e 72 cdpias de L2, quando esta proteina é coexpressa) em células eucaridticas e ndo
apresentam genoma viral, sendo estrutural e antigenicamente semelhantes aos virions (figura
9) (SCHILLER; LOWY, 2000; SCHILLER; MULLER, 2015). A eficiéncia de vacinas
baseadas em VLPs de PVs foi inicialmente validada em bovinos e coelhos, atingindo quase

100% de protecdo mesmo com particulas baseadas apenas em L1 (CHRISTENSEN et al.,
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1996; KIRNBAUER et al., 1996), e posteriormente em caninos (SUZICH et al., 1995). Esses
trabalhos, portanto, constituem a base de evidéncias para o desenvolvimento das atuais

vacinas anti-HPV.

Virion
dTA

D

v
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Figura 9. Caracterizagdo estrutural dos virions, VLPs e capsémeros do PV. (A) A particula viral e as VLPs do
PV séo formadas por um capsideo icosaédrico ndo envelopado, com diametro entre 55-60 nanémetros, resultante
da associacéo entre capsomeros da proteina L1 (losangos coloridos). (B) A associagdo entre 0s capsomeros é
mediada por uma a-hélice C-terminal da proteina L1, denominada h4 (circulo preto ponteado). (C) Nos virions
(ou quando coexpressa com L1), cada molécula da proteina L2 produzida (em vermelho) se associa com um
capsdmero (em azul), totalizando 72 cépias de L2 por particula viral ou VLP. (D) As VLPs - sejam apenas de L1
guanto aquelas baseadas em ambas as proteinas capsidiais L1 e L2 - sdo morfologicamente idénticas aos virions
nativos, apresentando epitopos conformacionais reconheciveis pelos anticorpos neutralizantes. Uma vez que tais
epitopos localizam-se nas regides de loops dos monémeros de L1 (B, setas pretas), tais estruturas também séo
apresentadas pelos capsdmeros (20 nm), porém em menor quantidade quando comparada as VLPs (D). Fonte:
adaptado de Chen et al. (2000); Buck et al. (2008).

2.2.4 Vacinas baseadas em VLPs contra o HPV

Desde 2006, duas vacinas baseadas em VLPs do HPV estdo mundialmente licenciadas
para uso e constituem as primeiras abordagens vacinais a serem desenvolvidas para protecdo
contra DSTs causadas por virus que infectam o trato anogenital. A vacina bivalente
Cervarix®, fabricada pela GlaxoSmithKline (GSK, Bélgica), contém VLPs dos HPV16 e
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HPV18 produzidas a partir de células de inseto Trichoplusia ni Hi5 infectadas com
baculovirus recombinante expressando L1. A vacina quadrivalente Gardasil®, fabricada pela
Merck & Co. Inc. (Estados Unidos), contém VLPs dos HPV6 e HPV11 — responsaveis pela
maioria das verrugas genitais - em adicdo as VLPs dos HPV16 e HPV18, sendo todas
produzidas a partir de leveduras Saccharomyces cerevisiae recombinantes (INGLIS; SHAW,
KOENIG, 2006). Ensaios clinicos para ambas as vacinas demonstraram quase 100% de
eficacia na profilaxia contra os genotipos alvo (HARPER et al., 2004; VILLA et al., 2006;
SCHILLER et al., 2008) e seguranca, ndao tendo sido relacionada alguma causalidade entre
eventuais efeitos adversos serios e a vacinacao (REITER et al., 2009).

Apesar do sucesso descrito, as duas vacinas anti-HPV possuem importantes limitagdes
que restringem tanto suas disponibilidades quanto seus potenciais efeitos em termos de saude
publica. Por basearem-se em VLPs da proteina L1, tais vacinas: (i) apresentam baixo espectro
de protecdo, pois ndo possuem atividade terapéutica contra infeccGes preexistentes nem
conferem protecdo contra os demais 11 HPVs de alto risco, responsaveis por 30% dos casos
de cancer cervical (STANLEY; LOWY; FRAZER, 2006; HILDESHEIM et al., 2007;
KUDENCHUK et al., 2007); (ii) demandam elevados custos de fabricacédo e distribuicdo por
empregarem sistemas eucariotos de expressdo e uma cadeia de refrigeracdo para conservacéo,
respectivamente, o que encarece seu preco final ($150/dose, sendo necessarios trés doses para
protecdo completa) (HAKIM; DINH, 2009; CAMPO; RODEN, 2010; HANSON et al., 2015;
SCHILLER; MULLER, 2015).

Na tentativa de contornar essas limitacdes, a Merck teve uma vacina nonavalente
recentemente licenciada para protecdo contra os HPV31, HPV33, HPV45, HPV52 3 HPV58,
além dos demais genotipos j& contemplados na vacina quadrivalente. Os ensaios clinicos
demonstraram 0s mesmos hiveis de eficacia e seguranca das atuais vacinas (CANCER
DISCOVERY, 2014). Apesar do aumento no espectro de protecdo, a hova vacina emprega o
mesmo protocolo de obtencdo das VLPs em leveduras recombinantes e, portanto, € muito
provavel que possua a mesma limitagéo relativa ao preco.

Em conjunto, essas consideracdes tornam urgente o desenvolvimento de novas
estratégias de vacinagdo contra o HPV com dois principais objetivos: aumento do espectro de
protecdo (seja contemplando protecdo contra genotipos adicionais ou protecdo terapéutica) e

barateamento dos custos. Tais abordagens sdo referidas por alguns autores como vacinas de
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segunda geragdo (STANLEY; GISSMANN; NARDELLI-HAEFLIGER, 2008; SCHILLER,;
MULLER, 2015).

2.2.5 Vacinas de segunda geragéo contra o HPV

Uma segunda geracao de vacinas contra o HPV tem sido extensivamente investigada e
revisada na literatura (NICHOLLS; STANLEY, 2000; SCHILLER; LOWY, 2000;
STANLEY; GISSMANN; NARDELLI-HAEFLIGER, 2008; CAMPO; RODEN, 2010;
PADMANABHAN et al., 2010; SU et al., 2010; DE FREITAS et al., 2012b; SCHILLER;
MULLER, 2015). Os trabalhos envolvem esforcos tanto do setor académico quanto da
industria farmacéutica, concentrados, sobretudo, nos paises em desenvolvimento. Tais
estratégias podem ser subdivididas em quatro categorias: (i) vacinas baseadas em proteinas ou
subunidades (ii) vacinas baseadas em peptideos purificados; (iii) vacinas baseadas em vetores

microbianos e (iv) vacinas baseadas em DNA.

2.2.6 Vacinas de segunda geracao baseadas em subunidades da proteina L1

As abordagens mais atrativas nesse contexto baseiam-se no desenvolvimento de
sistemas recombinantes de expressdo de baixo custo para producdo de VLPs, bem como no
emprego de capsémeros de L1 como imundgenos. Diferentes hospedeiros vém sendo
empregados como plataformas vacinais de baixo custo para producdo de VLPs, mas especial
atencdo tem sido investida em E. coli (HU et al., 2014) e na levedura metilotrofica Pichia
pastoris (BAZAN et al., 2009; HANUMANTHA RAO et al., 2011), tanto a partir de ensaios
pré-clinicos quanto clinicos (SCHILLER; MULLER, 2015).

Em comparagdo com as VLPs, todavia, os capsomeros de L1 sdo termoestaveis e tém
0 potencial de descartar a necessidade de refrigeragédo das vacinas (STANLEY; GISSMANN,;
NARDELLI-HAEFLIGER, 2008), diminuindo sensivelmente os custos de fabricacdo e
distribuicdo. Uma importante preocupacdo, contudo, € que a resposta imune induzida por
capsémeros é de menor duracdo quando comparada as VLPs (THONES et al., 2008). Embora

isso tenha desestimulado a realizacdo de ensaios clinicos por algum tempo, inovadoras e
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interessantes perspectivas foram recentemente desenvolvidas a partir da producdo de
capsdémeros de HPV16 conjugados a adjuvantes bioldgicos (subunidade beta da enterotoxina
termo estavel de E. coli) em plantas recombinantes (Nicotiana tabacum), direcionando a
producdo para os cloroplastos (WAHEED et al., 2011). Tal abordagem sera avaliada por um

consarcio europeu através de ensaios clinicos aprovados recentemente (EUROSTARS, 2015).

2.2.7 Vacinas de segunda geracdo baseadas na proteina L2

Abordagens vacinais baseadas na proteina capsidial L2 foram detalhadamente
revisadas por Stanley; Gissmann; Nardelli-Haefliger (2008), Campo & Roden (2010) e
Schiller & Muller (2015). Embora epitopos neutralizantes presentes em L2 ndo sejam
expostos no virion livre (DAY et al., 2010), Pastrana et al. (2005) demonstraram, a partir de
observacdes prévias (JARRETT et al., 1991; RODEN et al., 2000), que imundgenos baseados
em L2 sdo capazes de induzir a producdo de anticorpos neutralizantes de resposta cruzada
contra PVs homologos e heterlogos. Como a resposta imune ndo é dependente de estrutura
terciaria (e sim de epitopos lineares) (RODEN et al., 2000), esse cenario abre perspectiva para
0 estabelecimento de uma plataforma vacinal a partir de sistemas recombinantes procariotos,
visando uma vacina profilatica de largo espectro e baixo custo, contra diferentes HPVs

genitais e cutaneos.
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Figura 10. Diagrama ilustrativo da proteina L2 do PV. A proteina L2 apresenta pouco menos de 500
aminodcidos, tendo uma por¢do N-terminal (residuos 1-120) altamente conservada entre os diferentes tipos de
PV. E justamente nessa porgdo onde encontram-se os epitopos neutralizantes de resposta cruzada, marcados
pelas ilustragdes de anticorpos em vermelho. Outras regides também estdo caracterizadas no diagrama, como o
dominio de ligagdo ao DNA viral (retangulo em bege, por¢do N-terminal) e o dominio de ligagdo a L1 (retangulo
em azul escuro, C-terminal), importantes para formagdo do virions nativo, e o sitio de clivagem por furina (seta
preta), fundamental para as etapas iniciais de interacdo com receptores celulares e infeccdo. Fonte: adaptado de
Wang; Roden, 2013.
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Dois programas para desenvolvimento de vacinas empregando peptideos de L2 (HPV)
multimerizados, produzidos em E. coli, foram desenvolvidos por institutos indiano (Shantha
Biotechnics, Hyderabad) e norte-americano (Acambis, Boston) e demonstraram protecéo tipo
especifica e cruzada a partir de desafios realizados em camundongos (JAGU et al., 2013). No
entanto, ambos o0s programas foram interrompidos, muito provavelmente pelos baixos titulos
de anticorpos neutralizantes induzidos por L2 quando comparados com VLPs de L1 (RODEN
et al., 2000; PASTRANA et al., 2005; JAGU et al., 2013). Assim como ocorre para 0S
capsbmeros, portanto, o principal questionamento acerca das vacinas baseadas em L2 diz
respeito & duracdo da resposta induzida.

Na tentativa de contornar a baixa imunogenicidade de L2, VLPs quiméricas — nas
quais epitopos de resposta cruzada de L2 sdo expostos na superficie da proteina L1 de HPV e
de proteinas capsidiais de outros virus (por exemplo, Adenovirus) - vem sendo documentado
com sucesso na geracdo de protecdo humoral cruzada a partir do desafio cérvico vaginal em
camundongos (NIETO et al, 2012; PINEO; HITZEROTH; RYBICKI, 2013;
SCHELLENBACHER et al., 2013). Destaque recente vem sendo dado aos trabalhos de
Tumban et al. (2012, 2013, 2015) empregando com sucesso uma vacina baseada em VLPs
quiméricas de bacteri6fagos em ensaios pré-clinicos. Alternativamente, 0 emprego de vetores
microbianos é atrativo por potencializar a resposta imune contra L2 e fornecer diferentes rotas
de entrega dos imundgenos, como a administracdo oral de Lactobacillus casei recombinantes

expressando uma porcao N-terminal de L2 (YOON et al., 2012).

2.2.8 Vacinas de segunda geracao com propriedades profilaticas e terapéuticas

N&o héa vacinas terapéuticas licenciadas contra o HPV, assim como ndo ha em fases de
teste para licenciamento a curto e médio prazo. Apesar de alguma eficdcia documentada em
ensaio clinico (KENTER et al., 2009), nenhuma abordagem vacinal terapéutica demonstrou
eficAcia em ensaios clinicos de fase 3 randomizados. Os estudos envolvendo estratégias
vacinais terapéuticas tém focado na geracdo de resposta imune mediada por celulas, sobretudo
linfécitos T CD8, contra as proteinas virais expressas ao longo do epitélio, particularmente as
Oncoproteinas E5, E6 e E7. O detalhamento das principais estratégias terapéuticas exploradas
contra 0 HPV foi revisado por Schiller & Lowy (2000), Stanley; Gissmann; Nardelli-
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Haefliger (2008) e, mais recentemente, por Su et al. (2010) e Venuti et al. (2011). De acordo
com Schiller & Muller (2015), as justificativas para o insucesso no estabelecimento de uma
vacina terapéutica contra 0 HPV incluem limitac6es nos modelos animais utilizados, geracédo
de moderada resposta imune celular nos ensaios clinicos e direcionamento das vacinas para
lesbes cervicais de alto grau e cénceres que ja desenvolveram mecanismos de evasdo
imunolégica.

Diante do exposto, as abordagens melhor caracterizadas consistem na geracdo de
proteinas quiméricas com propriedades profilatico-terapéuticas. Um conjunto de trabalhos
revisado por Schiller; Lowy (2000) incorporaram epitopos de E6 e E7 fusionados a L1 e L2
para geracdo de VVLPs quiméricas capazes de induzir altos titulos de anticorpos neutralizantes
e regressdo de lesBes estabelecidas mediante ativacdo de linfocitos T CD4 e CDS8.
Infelizmente, tais VLPs quiméricas demonstraram baixa imunogenicidade para as doses de
reforco (boosting), de maneira que os ensaios clinicos obtidos ndo foram suficientemente
encorajadores para a companhia Medigene (Alemanha) continuar o seu programa de
desenvolvimento. Outros estudos exploraram a fusdo de L2 com E7 e de L2 com E6 e E7, em
vacinas denominadas TA-GW e TA-CIN, respectivamente, sendo ambos os imundgenos
produzidos em E. coli (SU et al., 2010; SCHILLER; MULLER, 2015). Ambas as abordagens
foram avaliadas com relativo sucesso na inducdo de resposta celular (LACEY et al., 1999;
DAAYANA et al., 2010), mas ndo existem relatos sobre novos ensaios clinicos a partir de tais

vacinas.

2.2.9 Vacinas contra o BPV

N&o ha vacina licenciada contra o BPV atualmente, apesar do seu emprego como
modelo animal nos pioneiros estudos de vacinacdo contra o PV. Como previamente
mencionado, diferentes abordagens vacinais contra o BPV, tanto profilaticas quanto
terapéuticas, ja demonstraram niveis de sucesso similares aquelas relacionadas ao HPV
(CAMPO, 2002, 2006; BORZACCHIELLO; ROPERTO, 2008; BOCANETI et al., 2016), de
maneira que o principal impeditivo para a comercializagdo de uma vacina contra a

papilomatose animal parece estar relacionado a restrigdes de mercado.
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Como a maioria das infecgbes pelo BPV néo resulta em tumores e canceres, e
considerando um contexto de extensas cria¢des de gado, especula-se que os criadores estariam
mais propensos a investir em vacinas terapéuticas para combate a papilomatose bovina e
equina, isto é, ao tratamento das lesBes e ndo ao virus. Nesse sentido, uma vacina profilatico-
terapéutica baseada em VLPs quiméricas do BPV1 foi avaliada contra o sarcéide equino,
tanto em ensaios pré-clinicos (ASHRAFI et al., 2008) quanto clinicos de fase | (MATTIL-
FRITZ et al., 2008). O principal gargalo dessa estratégia, no entanto, € que a resposta
terapéutica induzida contra a proteina E7 é fraca, muito provavelmente por ndo se tratar da
principal oncoproteina viral para o BPV (ASHRAFI et al., 2008) — a vacina foi desenvolvida
com base em VLPs quiméricas do HPV.

2.3 SISTEMAS DE EXPRESSAO HETEROLOGA PARA PRODUCAO DE
IMUNOGENOS DO PAPILOMAVIRUS

O dominio da propriedade intelectual relacionada a tecnologia das atuais vacinas anti-
HPV, exclusivamente licenciado a Merck e GSK nos paises desenvolvidos e em
desenvolvimento de renda média, restringe o desenvolvimento de vacinas similares (isto é,
baseadas em VLPs de L1 dos genétipos contemplados, obtidas a partir das mesmas
plataformas vacinais) por outras companhias. Isso tem estimulado, todavia, o
desenvolvimento de novas plataformas vacinais ou a comercializacdo de versdes genéricas
das vacinas anti-HPV, sobretudo nos paises em desenvolvimento (PADMANABHAN et al.,
2010; SCHILLER; MULLER, 2015).

N&o ha um sistema de expressao heterdloga universalmente aplicavel para producéo
de proteinas recombinantes. Apesar de E. coli ter sido largamente utilizada para este proposito
nas ultimas 4 décadas, a producéo de VLPs de HPV a partir deste hospedeiro é limitada e de
baixo (EDWARDS et al., 2000). Adicionalmente, a expressdo heter6loga em células de
mamiferos e plantas é demasiadamente cara e lenta para fins de alto rendimento.

Uma extensa lista de sistemas heterdlogos de expressdo, empregados com fins vacinais
contra a papilomatose humana, bovina e equina, ja foi comentada no tépico 2.2. Cada sistema

recombinante referido apresenta potencialidades especificas no que tange as estratégias de
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obtencédo e de administracdo vacinal. O desafio atual nesse interim é estabelecimento de uma
plataforma vacinal baseado em um sistema recombinante capaz de produzir, a baixos custos,

imundgenos geradores de uma protecdo de espectro ampliado contra 0 HPV e BPV.

2.3.1 Sistemas baseados em Pichia pastoris

Em comparagdo com os demais hospedeiros eucarioticos, como células de mamiferos,
de inseto e plantas, as leveduras constituem os hospedeiros mais explorados e caracterizados
como sistemas heter6logos de expressao. Estes organismos atingem altas densidades celulares
sob crescimento em meios ou condigdes de cultura simples, representando a melhor relacédo
custo-beneficio quando se necessita de versdes recombinantes de proteinas produzidas em
larga escala (miligramas a gramas) e devidamente modificadas por vias pds traducionais
eucaridticas (MACAULEY-PATRICK et al., 2005).

A exemplo dos sistemas procariotos, a manipulacio de P. pastoris dispde de
ferramentas genéticas e protocolos bem estabelecidos (como genoma sequenciado, diferentes
vetores de expresséo e transformacdo por DNA sob elevada taxa de eficiéncia, por exemplo),
aliado a capacidade de crescimento em meio minimo sob elevadissima densidade celular
(>100 gL de peso seco) (MACAULEY-PATRICK et al., 2005). Adicionalmente, as
linhagens de P. pastoris empregadas para expressdo recombinante apresentam marcantes
estabilidade genética para elementos recombinantes e habilidade para realizar modificacdes
proteicas tipicamente observadas em eucariotos superiores (SUNGA; TOLSTORUKOV;
CREGG, 2008).

As leveduras do género Pichia, em conjunto com espécies do género Hansenula,
Candida, e Torulopsis, sdo organismos metilotroficos, isto €, capazes de crescer utilizando
metanol como Unica fonte de carbono e energia (GELLISSEN et al., 2005). Essa caracteristica
tem sido explorada para producdo de proteinas recombinantes, visto que a via de
metabolizacdo do metanol em P. pastoris é rigidamente regulada por um promotor induzivel
altamente produtivo, derivado do gene da enzima alcool oxidase (alcohol oxidase I, AOX1)
(SUNGA; TOLSTORUKOV; CREGG, 2008). O emprego de P. pastoris como sistema de
expressao heterdloga foi detalhadamente revisado por Daly; Hearn, (2005), Macauley-Patrick

et al. (2005) e Ahmad; Hirz; Pichler, (2014). O emprego do sistema/plataforma baseado na via
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metandlica de Pichia para expressdo heterdloga, no entanto, estd licenciado a companhia
Research Corporation Technologies (RCT), Inc., Tucson, Arizona, o que limita suas
aplicacdes para fins industriais e, em paralelo, tem estimulado o desenvolvimento de
plataformas de expressdo alternativas (MACAULEY-PATRICK et al., 2005). Dois trabalhos
baseados nesta plataforma, j& mencionados anteriormente, demonstraram que VLPs de HPV
produzidas em P. pastoris apresentem adequadamente epitopos conformacionais
neutralizantes (BAZAN et al., 2009), sendo capazes de eficientemente imunizar camundongos
contra desafios contra pseudovirions relacionados (HANUMANTHA RAO et al., 2011).

Em 2005, de Almeida; de Moraes; Torres isolaram o gene da 3-fosfoglicerato quinase
(phosphoglycerate kinase I, PGK1) de P. pastoris e caracterizaram seu promotor constitutivo.
Os autores demonstraram pioneiramente a funcionalidade deste promotor (Ppcki) na
expressdo recombinante da a-amilase de Bacillus subtilis quando as leveduras foram
cultivadas na presencga de glicose, glicerol e metanol. Recentemente, 0 emprego do Ppgki
também foi avaliado para expressdo extracelular da proteina L1 de HPV16 (MARIZ, 2012),
sugerindo o potencial desse sistema para estabelecimento de uma plataforma vacinal para

producao de VLPs.

2.3.2 Sistemas baseados em Leishmania tarentolae

Tripanossomatideos (membros da familia Trypanosomatidae) sdo protozoarios
unicelulares e uniflagelados representantes de um grupo de eucariontes denominados
Kinetoplastideos (Ordem Kinetoplasdida). Tais organismos sdo caracterizados pela presenca
de kinetoplasto, uma regido rica em DNA extranuclear contida numa Unica e grande
mitocondria. Membros desse grupo incluem parasitas capazes de colonizar plantas, humanos
e animais, sendo de particular interesse a relacdo desses parasitas com doengas humanas: o
Trypanosoma cruzi, Trypanosoma brucei e Leishmania spp. sdo, respectivamente os agentes
causais da doenca de Chagas, doenga do sono e leishmanioses cutaneas e viscerais (STUART
et al., 2008; WHO, 2010).

O interesse no emprego de Tripanossomatideos para expressdao heteréloga
fundamenta-se na ideia de que os baixos niveis de expressdo observados em sistemas

eucariotos (em comparacdo aos obtidos nos sistemas procariotos) estdo relacionados
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principalmente a dois mecanismos: um processo de transcri¢cdo lento e finamente regulado
pela RNA polimerase Il (Pol Il) e a acoplagem dessa lenta transcricdo com as etapas de
processamento do RNA mensageiro (MRNA) (CIRSTEA, 2007). Isso promoveria, em ultima
analise, baixas concentracGes de MRNA heter6logo nos sistemas eucariéticos, tanto pela baixa
producdo quanto pela alta taxa de degradacao desses transcritos.

As particularidades inerentes aos mecanismos de regulacdo da expressdo génica em
Tripanossomatideos oferecem oportunidades para contornar esses gargalos. Particularmente
para as especies de Leishmania, diversos estudos sugerem que 0s cromossomos desses
microrganismos sao principalmente diploides, embora a aneuploidia também seja relatada
(GALINDO; RAMIREZ OCHOA, 1989). A distribuicio de genes no tende a obedecer a
clusterizacdo tipica de procariotos, de maneira que é possivel observar regides ricas em
grupamentos de genes sem nenhuma relacdo funcional (TEIXEIRA, 1998). Outras
particularidades se referem & elevada plasticidade cromossdmica devido a recorrentes eventos
de recombinacdo nas regiGes teloméricas e subteloméricas (WINCKER et al., 1996), e
presenca de elementos nucleares extracromossomais (epissomos) (DUBESSAY et al., 2001).
De suma importancia para o contexto de expressdo heterdloga nesse organismo é o fato de
que Leishmania apresenta escassos promotores para a RNA polimerase | (Pol I) e, até o
momento, ndo ha relatos de promotores classicos para a Pol Il devidamente caracterizados
(CLAYTON, 2002). O inicio da transcricdo nesses organismos, portanto, assume um certo
carater randémico e menos regulado do que nos demais eucariotos, ndo representando um
papel central na regulacdo da expressdo génica.

A conversdo de transcritos imaturos policistronicos (pré mRNA) em mRNA maduro
monocistronico representa a via de regulagdo da expressdo génica mais importante para as
espécies de Leishmania (CLAYTON, 2002). Um conjunto de caracteristicas genéticas unicas,
envolvendo particularidades na edi¢do de RNA e transcricdo policistrénica seguida de trans-
splicing, tem sido descrito para esses organismos. As vias de modificagdo do mRNA
(processamento alternativo e a poliadenilacdo) alteram a estabilidade dessa molécula e esse
mecanismo pode ser regulado pela presenga ou conformacdo de sequéncias regulatorias ndo
traduzidas (Unstranslated Regions, UTRS) a jusante e a montante das sequéncias codificantes
(HAILE; PAPADOPOULOU, 2007). Essas caracteristicas asseguram a esses parasitas uma

reprogramacao instantanea da expressdo génica, associada existéncia de duas formas
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evolutivas distintas (promastigota e amastigota) prontamente adaptadas as rapidas mudangas
no ambiente onde vivem (insetos vetores e hospedeiros mamiferos)(CIRSTEA, 2007).

Ao contrario das Leishmanias de interesse médico, a espécie Leishmania tarentolae é
um protozoario ndo patogénico capaz de infectar lagartos do género Gekkonidae
(PAPADOPOULOU; ROY; OUELLETTE, 1994; AZIZI et al., 2009). Inicialmente isolada da
espécie Tarentolae mauritanica, L. tarentolae foi explorada em culturas axénicas por muitos
anos como modelo ndo patogénico para estudos de biologia molecular de
Tripanossomatideos. Recentemente, este parasita foi estabelecido como um atrativo sistema
eucariotico de expressdo heter6loga (KUSHNIR et al., 2005; MUREEYV et al., 2007; BASILE;
PETICCA, 2009; DORTAY; MUELLER-ROEBER, 2010; NI1IMI, 2012), principalmente pela
capacidade de realizar padrdes de modificaces pds traducionais similares aos encontrados em
mamiferos (BREITLING et al., 2002) e pelo advento de diferentes ferramentas de engenharia
genética para esse organismo (BEVERLEY; CLAYTON, 1993; CLAYTON, 1999). Em
comparagdo com celulas de mamiferos e de inseto, a cultura de L. tarentolae é capaz de
atingir taxas de crescimento mais elevadas em meios simples contendo apenas hemina como
ingrediente de origem animal, sendo adaptavel inclusive a tecnologias de fermentacédo
(FRITSCHE et al., 2008). Considerando que esses protozoarios sdao bem descritos como nédo
patogénicos a mamiferos e, portanto, aprovados para uso em laboratorios de biosseguranca de
nivel 1 (American Type Culture Collection ATCC-30267), diferentes trabalhos também tém
investigado L. tarentolae como vetor vacinal contra doengas humanas (BRETON et al., 2007)
e animais (SALJOUGHIAN; TAHERI; RAFATI, 2014).
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Figura 11. Regulacdo da expressdo génica em Leishmania. A transcricdo € policistrbnica e 0 mRNA
monocistronico é produzido por poliadenilagdo acoplada ao trans-splicing. O mRNA resultante contém um mini
éxon na extremidade 5’ e uma cauda poli-A 3. Uma vez completado o processamento, 0 mRNA maduro é
liberado do local de transcricdo e exportado ao citoplasma. Neste ponto, o transcrito pode estar ainda associado a
proteinas ligadoras de RNA (RNA binding proteins, RBPs). A depender de sua associagdo com proteinas
diversas, o transcrito poderd ser silenciado (mediante compartimentalizacdo em estruturas subcelulares),
traduzido (nos ribossomos) ou degradado, estando cada uma dessas etapas sob rigido controle celular. Fonte:

adaptado de Requena, 2011.
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3. JUSTIFICATIVAS

Recentemente, duas vacinas profilaticas foram desenvolvidas para prevencdo do
cancer de colo uterino, a principal complicacdo médica associada a infeccdo pelo HPV. No
entanto, a implementacdo de programas de vacinacdo baseados nas vacinas Gardasil® e
Cervarix® representa um desafio devido aos seus elevados custos e baixo espectro de
protecdo, sobretudo porque as regibes mundialmente mais afetadas sdo representadas por
paises de baixa renda.

O Brasil entrou recentemente para o seleto grupo de paises que disponibilizam uma
vacinacdo anti-HPV mediante programas publicos. Trata-se, contudo, de um cenario
ilustrativo dos principais gargalos associados as vacinas contra o HPV. O Ministério da Saude
investiu R$ 1,1 bilhdo na compra da vacina Gardasil® entre 2014-2018, mas tal vacina ndo
protegerd os estimados 16,340 novos individuos que desenvolverdo céncer cervical nos
proximos anos porque ndo tem efeito sobre infeccBes ja estabelecidas. Pelo acordo fechado, o
valor da dose é o menor do mercado (R$ 30) mas muito acima dos valores praticados com as
demais vacinas do SUS (em torno de R$ 1-5) (BAKER et al., 2015; MINISTERIO DA
SAUDE, 2015). Ademais, a baixa ades&o (60%) anunciada pelo Ministério de Sadde para a
segunda dose da vacina — o que ja foi relatado também em paises desenvolvidos - coloca o
sucesso do programa de vacinacdo em perspectiva. Este cenario claramente demonstra a
necessidade de desenvolver uma vacina anti-HPV de segunda geracéo.

No ambito veterinario, a papilomatose bovina, causada pelo BPV, tem sido apontada
como uma crescente preocupacao econdmica e a saude animal, sem que haja protocolos de
prevencdo e terapias comprovadamente eficazes para seu controle. Pode-se tomar o exemplo
do Brasil, novamente, para ilustrar a relevancia do tema exposto, visto que o pais possui 0
terceiro maior rebanho de gado mundial e onde a papilomatose bovina vem sendo apontada
como uma doenga veterinaria endémica.

O emprego de P. pastoris como plataforma para producdo de imundgenos do HPV ¢
relatado como uma alternativa para desenvolvimento de vacinas de baixo custo contra o
cancer cervical. Enquanto os demais trabalhos tém explorado esta levedura através de um
sistema genético comercial baseado no promotor induzivel do gene AOX1, - 0 que implica o
pagamento de royalties a Invitrogen - neste trabalho desenvolvemos um sistema préprio para

producdo da proteina L1 do HPV16 empregando o promotor constitutivo do gene PGK1. Tal

53



Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

abordagem permite a producdo através de um protocolo mais simples, seguro e barato,
empregando glicose ao invés de metanol como fonte de carbono indutora.

O desenvolvimento de imundgenos com propriedades profilatico-terapéuticas
representa uma atrativa estratégia para aumentar o espectro de protecdo contra o HPV. Nesse
ambito, desenvolvemos neste trabalho diferentes antigenos baseados em capsémeros e VLPs
quiméricas do HPV16, a partir da fusdo de epitopos das proteinas L2 e E5 em diferentes
regibes da proteina L1, ou a partir da producdo de VLPs baseadas nas proteinas L1 e L2
inteiras. Paralelamente, estabelecemos diferentes sistemas genéticos para producdo das
referidas particulas em linhagens de L. tarentolae, um protozoario ndo patogénico a humanos
recentemente estabelecido para desenvolvimento de vacinas vetorizadas.

O estabelecimento de plataformas biotecnoldgicas para producdo de vacinas contra o
HPV que atenda as demandas nacionais e diminua o custo de producdo, deve contribuir
substancialmente para a eficacia dos programas de prevencédo contra o cancer cervical no pais,
sobretudo diante de um cenario econdmico controverso como o atual. Salientamos a auséncia
de qualquer abordagem vacinal dirigida contra o BPV por mero desinteresse mercadologico,
visto que o conhecimento técnico cientifico necessario para tal constitui a base das atuais
vacinas anti-HPV. Sabendo-se que a forte vulnerabilidade econémica do complexo industrial
de saude brasileiro é sua elevada dependéncia de importacdes, sobretudo no campo das
tecnologias de base biotecnoldgica, ponderamos que a producdo nacional de vacinas

representa uma importante retomada de posicdo estratégica.
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4. OBJETIVOS

4.1 OBJETIVO GERAL

O presente trabalho teve como objetivo principal o desenvolvimento e avaliagdo de
duas plataformas biotecnoldgicas baseadas em Pichia pastoris e Leishmania tarentolae para

producdo de imunogenos de HPV-16.

4.2 OBJETIVOS ESPECIFICOS

1. Construir um vetor para expressao intracelular da proteina L1 sob regulacdo do
promotor constitutivo Ppgky de P. pastoris;

2. Avaliar a expressdo intracelular da proteina L1 sob regulacdo do promotor
constitutivo Ppgk1 de P. pastoris;

3. Caracterizar a producdo intracelular de VLPs a partir da expressdo do gene L1 de
HPV16 sob regulacdo do promotor constitutivo Ppgky de P. pastoris;

4. Construir diferentes candidatos vacinais a partir dos genes L1, L2 e E5 de HPV16
e E5 de BPV1;

5. Construir vetores para expressao dos candidatos vacinais em L. tarentolae;

6. Avaliar a expressdo intracelular dos referidos candidatos vacinais em L. tarentolae;

7. Caracterizar a producdo de capsémeros e VLPs quiméricas de HPV16 em L.

tarentolae.
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5. MATERIAL E METODOS

5.1 MATERIAL

5.1.1 Linhagens de microrganismos

A linhagem TOP 10 de Escherichia coli (Invitrogen), genotipo [F* {proAB, laclq,
lacZAM15, Tnl0 (TetR)} mcrA, A(mrr-hsdRMS-mcrBC), ¢80lacZAM15, AlacX74, deoR,
recAl, A-araD139, A(ara-leu)7697, galU, galK, rpsL(StrR), endAl, nupG] foi rotineiramente
empregada para propagacgao e amplificagdo de DNAs plasmidiais e construgdes moleculares
realizadas ao longo do trabalho. As linhagens Pichia pastoris X-33, possuindo gendtipo
selvagem e fendtipo Mut® e His®, e Leishmania tarentolae Parrot-Tarll foram utilizadas para

expressdo dos antigenos de HPV16 e BPV1 explorados neste trabalho.

5.1.2 Plasmideos

O plasmideo pPGKA30-L1H16, desenvolvido como descrito por Mariz (2012),
contém o sinal a-mating factor e o gene L1 de HPV16, ambos com codons otimizados para P.
pastoris. Além disso, estdo presentes no referido plasmideo o promotor Ppgk1 € 0 gene Sh ble
de resisténcia a Zeocina™ (Invitrogen®). A referida construcdo foi utilizada para
transformacdo de bactérias E. coli TOP10 e manipulado geneticamente para permitir a
expressao intracelular do gene L1 em P. pastoris.

O plasmideo pGEM-T Easy (Promega®) foi utilizado para clonagem e sequenciamento
das construcbes obtidas para expressdo em L. tarentolae. Quatro séries de vetores foram
desenvolvidos para expressdo no referido protozoario, todos possuindo como arcabouco o
plasmideo pSP72 (Promega). No vetor pSP-BT1.YNEOa (PADMANABHAN et al., 2012), a
ORF BT1 de L. tarentolae (FADILI et al., 2004) apresenta um cassete de expressdo
denominado YNEOa, onde NEO é o gene da neomicina fosfotransferase de resisténcia ao
antibiotico Geneticina (G418) e esta flanqueado por um trato de polipirimidina referido por Y
(PAPADOPOULOU; ROY; OUELLETTE, 1994) e uma regido intergénica do gene da alfa
tubulina de L. enriettii referida por a (MCNICOLL et al., 2005). No vetor pSP-aaNEO, o
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cassete de expressdo denominado aaNEO foi diretamente clonado no vetor pSP72 e esta
disposto de forma a permitir o flanqueamento do inserto por duas regides o, seguida pelo gene
NEO. O vetor pSP-YHYGo apresenta um cassete de expressdo denominado YHYGa, onde
HYG é o gene da higromicina fosfotransferase de resisténcia a Higromicina B (Sigma®)
flanqueado pelos fragmentos Y e a. No ultimo vetor empregado, 0 pSP-rRNAp-aaNeo, 0
cassete de expressdo foi diretamente clonado no vetor pSP72 e emprega o promotor do gene
de RNA ribossomal (rRNA) 18S (YAN et al., 1999) seguido do fragmento aaNEO.

Os plasmideos pCl-E50tH16 e pCl-E5Smulti (CORDEIRO et al., 2015), bem como o
pCI-E5BPV (LIRA, 2010), foram utilizados para obtencdo e expressdo dos respectivos
candidatos vacinais E50tH16, ESmulti e ESBPV1 em L. tarentolae.

5.1.3 Tampdes, solugdes e meios de cultura

Todos os tampdes e solugdes utilizados rotineiramente para realizacdo das técnicas de
clonagem molecular e de analise da expressdo proteica foram desenvolvidas como descrito
por Sambrook; Russel (2001).

As linhagens bacterianas desenvolvidas foram cultivadas em meio Luria-Bertani (LB:
triptona 1%, extrato de levedura 0.5% e NaCl 1%) na presenca de ampicilina (100 pg/ml), por
16 horas. Para meio sélido, foram acrescentados 15¢/L de agar. Para cultivo de P. pastoris em
meio liquido, uma coldnia de levedura foi pré-inoculada em meio YPD (extrato de levedura
1%, peptona 2% e glicose 2%) ou YPDS (extrato de levedura 1%, peptona 2%, glicose 2%,
sorbitol 1M, 20g/L é&gar) suplementado com Zeocina™ (100ug/ml) (Invitrogen®). Para
cultivo de L. tarentolae, as linhagens foram propagadas em meio SDM-79 (BRUN;
SCHONENBERGER, 1979) suplementado com 5ug/ml de hemina e 10% de soro fetal
bovino (SFB).

5.1.4 Enzimas, kits e anticorpos

As enzimas de restricdo empregadas foram adquiridas da New England Biolabs (NEB)

e usadas de acordo com as recomendacOes do fabricante. Para as reacGes de PCR
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convencionais, foi empregada a Taqg DNA polymerase (Invitrogen), enquanto as PCRs de
fusdo foram desenvolvidas com a enzima Phusion® High-Fidelity DNA polymerase (NEB).
Para as clonagens rotineiras em construcfes baseadas no vetor pSP72, foi utilizada a enzima
T4 DNA ligase da NEB. O marcador de peso molecular 1 Kb DNA Plus Ladder (Promega) foi
utilizado rotineiramente para as analises de DNA. Eventualmente, outros marcadores foram
empregados e estdo descriminados quando conveniente durante a descrigdo dos resultados.
Para as andlises proteicas, foram utilizados os marcadores de peso molecular
PageRuler™ Prestained Protein Ladder Color Burst (Fermentas Inc.) e LMW (GE
Healthcare). As reacOes de imunodetecgdo desenvolvidas no trabalho empregaram os
seguintes anticorpos monoclonais de camundongo: anti-L1 de HPV16 CamVir-1 (Chemicon
Inc.), anti-L2 de HPV16 2JGmab#8 (Santa Cruz Biotechnology, SCB), anti-6xHis (Sigma-
Aldrich) e anti-HA (ABM, Inc.), anti-a-tubulina de Trypanosoma brucei TAT-1 (Sigma-
Aldrich), anti-neomicina-fosfotransferase 2 (ABM, Inc.); e o anticorpo policlonal anti-
TcSUMO de T. cruzi gerado em coelho (cedido gentilmente pela Dra. Vanina E. Alvarez (11B-
INTECH). Como anticorpo secundario, foram utilizados o anti-lgG de camundongo
conjugado a peroxidase alcalina e o Alexia 488, ambos produzidos em cabra. As reacdes de
quimioluminescéncia foram reveladas com o kit ECL Prime Western blotting (Amersham) e

detectadas mediante uso de filmes radiograficos Hyperfilm™ ECL (Amersham).
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5.2 METODOS

5.2.1 Desenho de primers, genes e sequenciamento

As sequéncias utilizadas para desenvolvimento dos trabalhos estdo disponiveis no
NCBI (National Cancer for Biotechnology Information, http://www.ncbi.nlm.nih.gov/) e no

TriTrypDB Kinetoplastid Genomics Resource (http://tritrypdb.org/tritrypdb/), estando

descritas também no Apéndice deste trabalho. As andlises de sequéncias e alinhamentos de
DNA foram conduzidas pelo ClustalWw Multiple Alignment Tool, disponivel no programa
BioEdit  Sequence  Alignment Editor (verséo 7.0.5.3) (HALL, 1999,

http://www.mbio.ncsu.edu/bioedit/bioedit.html). Para inspecdo de sequencias proteicas, 0

alinhamento local das mesmas foi realizado mediante emprego do PSI-BLASTp
(ALTSCHUL, 1997, https://blast.ncbi.nim.nih.gov/Blast.cgi). O desenho de primers (Tabelas 1

e 2), genes de interesse e estratégias de clonagem foram conduzidos no ApE Plasmid Editor

(versdo 2.0.47, http://biologylabs.utah.edu/jorgensen/wayned/ape/) e, quando conveniente, a

investigacao do uso preferencial de cédons (codon usage) foi realizada a partir do Graphical

Codon Usage Analyser (http://gcua.schoedl.de/). As reacGes de sequenciamento de DNA

foram realizadas em sequenciador automatico ABI PRISM 3100 Genetic Analyser (Applied
Biosystems) do NPT-CPgAM/FIOCRUZ.

Tabela 1. Sequéncias dos primers utilizados para as analises envolvendo os sistemas genéticos baseados no
promotor Ppgk; de P. pastoris.

Genes Sequéncias 5°-3° Regidao Produto
Direto: 124 ot
CTCGAGAAAAGAGAGGCTGAAGCT i
LlotH16 e 1568 pb
GCGGCCGCTTAATGATGATGATGATG 1440-1568 nt
ATG
Direto: .
GGTCAACCTTTAGGAGTTGG 352-371 nt
L1otH16 interno 443 pb
Reverso: 776-795 nt
GACGAACATTTGTTCCCTTC
PGK1:
AT ACTTEATEEETETETEE 319-339 nt (no promotor PGK1) 2064 pb (;PGKA3a-L1HI6)
Cassete PGK1 P 1817 pb (pPGKA3-L1H16)

AR RTICEE AT TR CRTEE 1159-1179 nt (na regiao AOXTT)
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A predicdo de estrutura tridimensional das proteinas investigadas foi conduzida no I-
TASSER (Iterative Threading Assembly Refinement) (YANG et al., 2015), e SWISS-Model
(BORDOLI et al., 2008), utilizando como modelo a estrutura cristalografica de pentdmeros da
proteina L1 de HPV16 obtidos por Chen et al. (2000) por difracdo de raio X (1DZL, 3.5 A).
Apos criacdo, os modelos gerados foram refinados empregando o ModRefiner (XU; ZHANG,
2011). Para alinhamento e avaliagdo das estruturas preditas, foram empregados 0s programas
TM-align (ZHANG, 2005) e MolProbity (CHEN et al., 2010), respectivamente. Para predicdo
de modificacdes pos-traducionais, foi empregado o programa GPS (Group-based Prediction
System) versdo 2.0 (XUE et al., 2005). Todos os programas estdo disponiveis abertamente

para uso online.

5.2.2 Cultivo de microrganismos

Para transformacdo de bactérias E. coli com as construgcdes baseadas no plasmideo
pGEMT-Easy (Promega), foram seguidas as recomendacdes do fabricante. As bactérias
recombinantes para as construcgdes baseadas no vetor pSP72 (Promega) foram rotineiramente
propagadas em placas ou meio liquido LB contendo 100 pg/ml. Para transformacdo de
bactérias E. coli com o cassete de expressdo pPGKA-L1H16, foi utilizado o meio LB Low
Salt acrescido de 25 pg/ml de Zeocina™. As células foram rotineiramente cultivadas a 37°C,
em agitador orbital (100 rpm) quando conveniente.

Para cultivo de P. pastoris em meio liquido, uma coldnia de levedura foi pré-inoculada
em meio YPD e incubada por 2-3 dias para reindculo em volume apropriado. A preparacao de
leveduras eletrocompetentes, geracdo de transformantes e obtencdo de clones com multiplas
copias do sistema genético foram desenvolvidos como descrito por Sunga; Tolstorukov;
Cregg (2008). Para selegdo de leveduras transformantes, foram empregadas placas YPDS
suplementadas com Zeocina™ (Invitrogen) e incubacdo por 2-3 dias ou até observagdo das
colénias. Circunstancialmente, clones de P. pastoris foram cultivados em placa deep-well
contendo 1ml/poco de meio YPD e Zeocina™ e devidamente selada. A rotina de cultivo
desses microrganismos empregou incubacdo a 30°C e, quando necessario, agitacdo vigorosa
(300 rpm).
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Para cultivo de L. tarentolae, as linhagens foram continuadamente mantidas em
suspensdo com diluicdes regulares de 1:10 até 1:50 em meio SDM-79 suplementado, em
garrafas de 25cm? sem agitacéo a 26°C. Quando conveniente, células promastigotas em fase
estacionaria foram diluidas para 10° células/ml e propagadas por 4-7 dias para transfeccéo ou
obtencédo de sedimento celular. Esses protozoarios foram transfectados com 10-15 pug de DNA
e selecionados em antibiotico apropriado (40 pg/ml de G-418 e 100 pg/ml de Higromicina,

Sigma), de acordo com protocolo estabelecido por Papadopoulou; Roy; Ouellette (1992).

5.2.3 Manipulacéao de acidos nucleicos e proteinas

As técnicas de clonagem molecular foram desenvolvidas como descrito por Sambrook;
Russel (2001). As reagdes de PCR convencionais empregaram a seguinte ciclagem padréo:
desnaturagdo inicial a 98°C por 2’; 30 ciclos de desnaturagdo a 98°C por 1°, anelamento a
58°C por 30’ e extensdo a 72°C por 1’; extensdo final a 72°C por 3’. Para desenvolvimento
de alguns candidatos vacinais, foi empregada uma estratégia baseada em PCR de fusdo
(DERBISE et al., 2003). O DNA gendmico e o RNA total foram isolados das linhagens de L.
tarentolae através do emprego de DNAzol™ e TRIzol™ (Invitrogen), respectivamente,
segundo recomendacdes do fabricante.

A preparacdo de extratos proteicos de P. pastoris para analise da expressdo foi
conduzida com tampdo de lise apropriado e pérolas de vidro como descrito em Cregg et al.
(2009). Para as anélises de expressdo em L. tarentolae, 10° células em fase logaritmica de
crescimento foram centrifugadas, ressuspensas diretamente em tampdo Laemmli e fervidas

por 5.

5.2.4 Imunodeteccdes e Northern blotting

Nas imunodetecgOes por Western blotting, o extrato proteico total das linhagens
recombinantes foram inicial extratificados em SDS-PAGE, transferidos para membranas de
fluoreto de polivinilidina (PVDF, Millipore) em sistema semi seco e submetidos ao blotting

segundo Sambrook; Russel (2001). Quando conveniente, as membranas foram coradas por
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Ponceau-S Red 0.4% para visualizacdo das proteinas aderidas. Especificamente para 0s
ensaios envolvendo extratos proteicos de protozoarios recombinantes, o controle do
carregamento de proteinas no gel foi avaliado mediante hibridizacdo com anticorpo anti-
tubulina (SCB) quando conveniente e segundo recomendactes do fabricante. Nos ensaios de
imunodetecgdo por Dot blotting, o extrato proteico das leveduras recombinantes foi
diretamente transferido para membranas de PVDF com o auxilio de um suporte de
hibridizacdo (blotter). As reacGes foram reveladas seguindo instru¢es do kit ECL Prime
Western blotting.

Para os ensaios de Northern blotting, as amostras de RNA total foram inicialmente
incubadas com DNase I por 20 a 37°C. Posteriormente, 0 RNA total foi resolvido em gel de
agarose 1% desnaturante, transferido para membranas de nylon (Roche), hibridizados e
lavadas como descrito em Sambrook; Russel (2001). Sondas marcadas radioativamente com

[a-3*P]dCTP foram utilizadas para hibridizacAo.

5.2.5 Ensaios de imunolocalizacao

Para os estudos de imunolocalizacdo em L. tarentolae, 10" células promastigotas em
fase logaritmica foram centrifugadas, lavadas com PBS e fixadas com paraformaldeido a 3%.
A permeabilizacdo dos parasitas foi conduzida com NP-40 a 0,1% para subsequente marcacgédo
com 0s anticorpos primarios. Uma segunda hibridizacdo com Alexia-488 foi desenvolvida
para subsequente marcacdo do DNA celular com DAPI (4°, 6’- diamidino-2-phenylindole,
dihydrochloride, Molecular Probes). A visualizacdo das células foi realizada com o
microscopio confocal Leica SPII-AOBS do Nucleo de Plataformas Tecnoldgicas (NPT) do
Centro de Pesquisas Aggeu Magalhdes (CPgAM), FIOCRUZ-PE.

5.2.6 Ultracentrifugagdo em gradiente de sacarose

Aproximadamente 2 x 10° células promastigotas em fase logaritmica de crescimento
foram centrifugadas, lavadas e ressuspensas em tampao PBS-NaCl 0,5M (pH 7,2 acrescido de

polissorbato 80) acrescido de coquetel inibidor de proteases (Roche). A lise das células foi
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realizada mediante 10 ciclos de resfriamento em nitrogénio liquido e aquecimento a 37°C,
seguido de centrifugacdo por 15’ a 13.000 rpm, 4°C. O clarificado final foi, entdo, depositado
no topo de um gradiente de sacarose 10-60% preparado em Hepes-NaCl. O gradiente foi
centrifugado a 35.000 rpm por 90’ usando um rotor SW40Ti rotor (Beckman) a 4°C. Um total
de 12 fragOes foram coletadas a partir do topo do tubo de centrifugacdo e posteriormente
avaliadas por Western blotting empregando o anticorpo CamVir-1.

5.2.7 Purificacdo com resina de heparina-sepharose

As purificacGes de proteinas empregando a resina heparina-sepharose foram baseadas
no protocolo descrito por Kim et al. (2010) com modificacdes. Extratos proteicos clarificados,
obtidos como descrito no item anterior, foram submetidos a precipitagdo com sulfato de
amonia a 45% por 4 horas, a 4°C e subsequente centrifuga¢do a 13.000 rpm durante 10°, a
4°C. ApoOs ressuspensdo do precipitado proteico em 2 ml de tampdo PBS-NaCl 0,5M,
procedeu-se o protocolo de dialise contra tampdo de desmontagem (PBS-NaCl 0,1M, DTT
2mM, pH 8,2) e remontagem (PBS-NaCl 0,5M, pH 6) de VLPs, ambos os tamp&es contendo
polissorbato 80 a 0,01%.

A seguir, o precipitado proteico dialisado foi aplicado a resina de heparina-sepharose
pré-equilibrada com PBS-NaCl 0,5M e incubado por 30’ a 4°C. Apds lavagem com 0 mesmo
tampdo, as eluicBes foram coletadas em fracGes contendo PBS-NaCl 1-1,5M e submetidas a

Western blotting empregando anticorpo CamVir-1.

5.2.8 Microscopia eletronica de transmissdo e imunocitoquimica

As amostras de proteinas purificadas com a resina de heparina-sepharose foram
adsorvidas a grades de cobre cobertas com carbono, secadas e negativamente coradas com
acido fosfotlngstico a 2%.

Linhagens recombinantes expressando o0s candidatos vacinais também foram
submetidas a preparacdo para posterior analise por microscopia eletrénica de transmissao

(MET). Para as leveduras, o protocolo de preparacdo seguiu as recomendacgdes descritas por
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(FALCON et al., 1999). No caso dos protozoarios, células promastigotas em fase estacionaria
foram fixadas por 1 hora a 4°C em tampé&o cacodilato a 0,1M, pH 7,2, contendo glutaraldeido
a 2% e paraformaldeido a 4%; pos-fixadas no mesmo tampéo, agora contendo tetroxido de
osmio (OsO4) a 1%, cloreto de célcio (CaCl,) a 5mM e ferrocianeto de potassio 0,8%;
desidratadas em solugfes de acetona em concentracdes seriadas de 50-100%; embebidas por
72 horas a 60°C em resina PolyBed 812 (PolyScience). Cortes ultrafinos desse material foram
posteriormente corados com acetato de uranila e citrato de chumbo a 5%.

Alternativamente, as linhagens de L. tarentolae também foram processadas para
ensaios de imunomarcacdo e posterior visualizagdo ao MET. Neste caso, formas
promastigotas foram fixadas em tamp&o cacodilato contendo glutaraldeido a 0,2% e &cido
picrico a 0,8%. A seguir, procedeu-se uma etapa de incubacdo em cloreto de amdnia a 50mM
para sequestro de grupamentos aldeidicos livres, desidratacdo em solucbes de etanol 30-100%
e imersdo em resina Lowicryl K4M (Sigma) a 32°C. Cortes ultrafinos desse material foram
coletados em grades de niquel e apropriadamente corados como descrito, imediatamente ap6s
o0s procedimentos de marcacdo com anticorpo CamVir-1 e anticorpo secundario anti-lgG de
camundongo conjugado a particulas de ouro de 10 nm. Ambos os anticorpos foram diluidos
em solugéo tampdo contendo PBS 1x e BSA 3%.

Todas as imagens foram capturadas e analisadas no MET Zeiss EM109 do NPT do
CPgAM.

65



Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

6. RESULTADOS

6.1 CONSTRUCAO DOS CANDIDATOS VACINAIS PARA EXPRESSAO EM L.

tarentolae

Com o intuito de explorar imunogenos capazes de promover um largo espectro de
protecdo, trés candidatos vacinais quiméricos foram desenvolvidos para expressdo em L.
tarentolae. Em todos os casos, 0s genes quiméricos estdo baseados na proteina L1 de HPV16
segundo modificagdes ilustradas na figura 12 e descritas a seguir (sequéncia completa dos
genes disponivel no Apéndice). A regido correspondente a a-hélice h4 de L1 foi substituida
por um epitopo de reacao cruzada presente na proteina L2 de HPV16 (PINEO; HITZEROTH,;
RYBICKI, 2013) ou por uma sequéncia multiepitopo de potencial terapéutico baseada na
proteina E5 de HPV16 (E5multi) (CORDEIRO et al., 2015) contendo um espacador alanina-
alanina-tirosina (AAY) (VELDERS et al., 2001), dando origem as respectivas quimeras L1-
L2 e L1-E5multi.h4. A sequéncia E5Smulti também foi inserida na regido C-terminal de L1
(Gltimos 34 aminoécidos), gerando a terceira quimera L1-E5multi.34. Adicionalmente, o0s
genes selvagens L1 e L2 (referidos a partir daqui como Llwt e L2wt) também foram
amplificados para expressdo em L. tarentolae. A construcdo das quimeras L1-L2 e L1-
E5multi.h4 se deu por PCR de fusdo (figura 12B), enquanto a quimera L1-E5multi.34, bem
como os genes L1 e L2, foram obtidos por PCR convencional. Todas as reagdes empregaram
0 genoma de HPV16 como molde, obtido por restricdo enzimatica e recircularizacdo a partir
do plasmideo pBR322 (KARLEN; BEARD, 1993). A Tabela 2 (5.2.1) descreve os primers
empregados nas amplificacGes e construgcdes dos candidatos vacinais mencionados, tomando-
se como sequéncia de referéncia os isolados GI:27752860 e GI:333031. Também estdo
descritos os sitios de restricdo enzimatica, codons de parada da tradugdo e tags. Todos 0s
primers diretos apresentam GCC como trinca pré-ATG.

Apos amplificagdo e montagem dos candidatos vacinais por PCR, todos os genes
foram clonados em vetor pGEMT-Easy e utilizados para transformacdo de bactérias
competentes. O perfil de restricdo enzimatica obtido a partir dos plasmideos recombinantes

confirmou a clonagem de todos os candidatos vacinais. Posteriormente, a correta amplificacdo
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dos genes L1wt e L2wt, bem como a fuséo das quimeras, foi confirmada por sequenciamento

de DNA empregando os primers M13.

A e hd
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Figura 12. Amplificagdo e construcdo dos candidatos vacinais baseados em L1 e L2 de HPV16. (A) llustracdo
esquematica dos genes recombinantes projetados neste trabalho: a alga h4 da proteina L1 foi substituida por um
epitopo de reacdo cruzada da proteina L2 ou pela construgdo E5Smulti nas quimeras L1-L2 (1526 pb) e L1-
E5multi.h4 (1538 pb), respectivamente; a por¢do terminal da proteina L1 foi trocada pela construcdo E5Smulti na
quimera L1-E5multi.34 (1514 pb). Similarmente, L1wt e L2wt foram amplificados para clonagem e expressao.
(B) O modelo do mondmero da proteina L1 para ilustrar a disposicéo da regido h4 (circulo ponteado) na qual os
epitopos exogenos de HPV foram inseridos. Apesar do modelo néo incluir os Gltimos 34 aminoéacidos da
proteina L1, a por¢do C-terminal proteica esta salientada (seta preta) para enfatizar a diferente disposi¢cdo em
comparacdo com h4. (C) Eletroforese em gel de agarose demonstrando a construcdo dos candidatos vacinais. Os
genes L1-E5multi.34, L1wt e L2wt foram obtidos por PCR convencional, enquanto as quimeras L1-L2 e L1-
E5multi.h4 foram construidas por PCR de fusdo em duas etapas: 0s genes quiméricos foram amplificados em
duas porcOes separadas (denominadas pl e p2, apresentando aproximadamente 1250 pb e 270 pb,
respectivamente) em uma primeira etapa para, entdo, fusdo em um Unico fragmento para substituicdo da por¢do
h4 de L1.
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Considerando os demais candidatos vacinais baseados nas ORFs E5, trés genes alvos
foram obtidos por PCR a partir de suas respectivas construgdes originais em pCl (figura 13):
0s genes E50tH16 e ESmulti (CORDEIRO et al., 2015), ambos otimizados para expressao em
células de mamiferos, consistindo de uma versdo do gene E5 de HPV16 inteira e uma versdo
contendo multiplos epitopos da proteina E5 de HPV16, respectivamente; o gene E5BPV
(LIRA, 2010), consistindo na sequéncia inteira da proteina E5 de BPV1 na qual a glutamina
17 foi substituida por glicina para abolir sua dimerizacdo e consequente interacfes com alvos
celulares relacionadas a seu efeito transformante (SPARKOWSKI; ANDERS; SCHLEGEL,
1994). O epitopo AUL encontra-se fusionado a extremidade 5° dos referidos genes. OS
primers utilizados para as construcfes baseadas em E5 também estdo descritos na Tabela 2.
Analises por restricdo enzimatica e sequenciamento de DNA confirmaram a clonagem dos

referidos candidatos vacinais em vetor pPGEMT-Easy.

A SN AUl
] ES epi (25-33aa)
i

ES epi (HLA-A 0201)

Figura 13. Amplificagdo dos candidatos vacinais baseados na ORF E5. (A) llustracdo esquematica dos genes
recombinantes: os fragmentos E5B1 e E50tH16 consistem nas sequéncias completas dos genes E5 de BPV1 e
HPV16, respectivamente; a construgdo E5multi é formado a partir do agrupamento em repetigdo dos epitopos
25-33aa e HLA-A 0201 da proteina E5 de HPV16. Todos 0s genes apresentam o epitopo AUL na por¢do N-
terminal. (B) Os genes E5B1 (176 pb), E50tH16 (281 pb) e E5Smulti (273 pb) foram amplificados por PCR
convencional a partir de construgdes prévias em vetor pCl.
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Os dados obtidos a partir da modelagem estrutural revelaram que as quimeras
adquirem uma conformacao tridimensional semelhante a estrutura cristalografica da proteina
L1 nativa (figura 14). Os dados relativos a validacdo global dos modelos apos refinamento
quanto a critérios de geometria proteica e de torsdes de angulos para as ligacGes peptidicas
estdo demonstrados no Apéndice deste trabalho. De especial interesse para as quimeras L1-
L2 e L1-E5multi.h4 é a manutengdo dos epitopos 56-75 de L2 e ESmulti em uma disposicdo

semelhante as regides originais.

L1-E5m.h4

RMSD =0.95 A RMSD =0.79 A RMSD =0.83 A

Figura 14. Estrutura tridimensional das quimeras L1-L2, L1-E5multi.h4 e L1-E5multi.34. Quando os modelos
gerados para as quimeras sdo sobrepostos a estrutura cristalografica da proteina L1 nativa (1dzl.1A), nota-se que
0s epitopos 56-75 e E5multi (salientados com circulos pontilnados em branco) ficam dispostos de maneira
semelhante a configuracdo original das regides h4 e C-terminal (painel de imagens a esquerda). Os valores de
RMSD obtidos a partir dos alinhamentos estdo descritos abaixo das imagens.
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6.2 CONSTRUCAO DOS CASSETES DE EXPRESSAO E OBTENCAO DE
LINHAGENS RECOMBINANTES DE L. tarentolae

A construcdo dos cassetes de expressao foi obtida atraves da subclonagem dos
candidatos vacinais nos respectivos vetores de expressao explorados neste trabalho, de acordo
com os sitios de restricdo inseridos pelos primers. Embora quatro diferentes sistemas
genéticos tenham sido empregados para expressdo em L. tarentolae, eventualmente apenas
alguns dos genes foram clonados em todos os diferentes sistemas, considerando estratégias
especificas de avaliacao.

As andlises por restricdo enzimatica demonstraram a clonagem de todos o0s genes nos
vetores pSP-BT1.YNEOa (figura 15A). O referido vetor apresenta o cassete YNEOa,
composto pelo trato de polipirimidina Y (~0.1 kb), o gene NEO (~0.8 kb) e a regido
intergénica a (~0.8 kb), e inserido na ORF BT1 (~1.8 kb) (figura 15B). A clonagem neste
vetor permite o fusionamento da tag HA a extremidade C-terminal das proteinas a serem
expressas, com excecdo daquelas baseadas em L1 (visto a existéncia do cdédon de parada da
traducdo nos respectivos genes). O fragmento BT1.YNEOa foi inserido no arcabougo
plasmidial do pSP72 (~2.4 kb)

Llwt - - -E5(- E5otH16  E5m E5B1
A \IV L11L2 L1 EP(h4) L1 EIS( 34) | L21Wt | o1
e 5 A ¥ S

[

G aweses -asasases
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Figura 15. Clonagem dos candidatos vacinais em vetor de expressdo pSP-BT1.YNEOua. (A) Uma vez realizada
a subclonagem no referido vetor, as construgdes plasmidiais foram extraidas de bactérias recombinantes e
submetidas a andlise por restricdo enzimética com Xbal-HindlIl (para os genes baseados em L1) ou BamHI-
HindlIl (para o gene L2wt e os genes baseados em E5). As andlises demonstram a liberacdo dos genes baseados
em L1 (~1.5 kb) e do gene L2wt (~1.4 kb) no painel esquerdo, enquanto os genes baseados em E5 (E50tH16 e
E5m tém ~0.3 kb, o gene E5B1 tem ~0.2 kb) estdo dispostos no painel direito. Em todas as amostras nota-se a
presenca do vetor pSP-BT1.YNEOua (~6 kb). (B) llustracdo esquematica do mapa referente as construgdes
genéticas desenvolvidas para expressdo em L. tarentolae utilizando o cassete pSP-BT1.YNEOo. Em destaque
estdo: o cassete YNEOa e as sequéncias de iniciacdo da tradugdo (GCCATG) e da tag HA flanqueando os
insertos.

No vetor pSP-aaNEO, foram clonados todos os genes baseados em L1, bem como 0s
genes E50tH16 e E5m (figura 16A). O referido vetor apresenta uma organizagéo ligeiramente
diferente do anterior (figura 16B). O cassete aaNEO esta diretamente inserido em plasmideo
pSP72 e dispde de duas regides o. de maneira a flanquear os insertos a serem clonados. Para
clonagem nesse vetor, todos os candidatos vacinais empregados foram obtidos a partir das
construcdes em pSP-BT1.YNEOa mediante PCR convencional com a enzima Phusion® High-
Fidelity DNA polymerase. Apds amplificacdo, os fragmentos foram tratados para posterior
clonagem nos sitios Xbal/BamHI-Smal do vetor pSP-aaNEO. Uma versdo similar a este
sistema genético, denominada pSP-YHYGa, foi utilizado para clonagem apenas do gene
L2wt (figura 16D). Neste caso, além das regides Y e a, o cassete de expressdo apresenta a
sequéncia HYG (~1.1 kb), tendo o vetor completo um tamanho de aproximadamente 4.4 kb.
Para clonagem, o gene L2wt também foi obtido da construgdo prévia em pSP-BT1.YNEOuq,
mas mediante digestdo enzimatica com BamHI-Notl. Isso permitiu tanto uma clonagem direta
quanto a manutencdo da tag HA no fragmento L2wt. O perfil de digestdo enzimatica
observado a partir das construgdes plasmidiais obtidas das bactérias transformantes, bem
como 0 posterior sequenciamento dos fragmentos, confirmam a geracdo dos cassetes

recombinantes de interesse (figura 16B).

71



Mariz, F. C.

Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens...

N

™~
‘0D AHA-dSd 8 OANP0-4Sd $8195sLI SO ‘@1usLleAldadsal ‘opuezi|in aejoiusie] ] Wa oessaldxa eied SepIA|oAUSSSp Sealauab saQinlisuod se saluslalal
sedew sop eonewsanbss ogdensn|| (@ 8 Q) (A v'v ~) PDAHA-dSA 1013A Wd (9 ¥'T ~) MMz duab op owod wag ‘(g 8'7 ~) OANPD-dSd JoleA wa (a3 €0 ~)
WG @ 9TH1063 sauab sop o (gY G'T ~) T Wa sopeaseq sauab sop Wabeuo|d & OpuUBWIILUOD ‘BIIIRWIZUS OB3lisal Jod Sepezijeue Welo) SaIUBLWLIOJSURI] SeLigloeq
sep Jdied e sepngo sreipiwse|d sagdnisuod sy (D 8 ) PDAHA-dS @ OFNPD-4Sd opssaidxe ap $91018A SOU SIRUIJRA SOTepIpuUR) Sop wabeuo|) "9T eanbi4

e R
zLasd R0 S
[N IITPWE g 4
oo d mZT J
3e} VH m
w o
(x8) earpusturiod f3 mm Smw d

91VD09D m




Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

O quarto sistema genético desenvolvido para expressdo em L. tarentolae, denominado
pSP-rRNAp-aaNeo, foi utilizado para clonagem do gene L1wt e da quimera L1-L2 (figura
17). No referido sistema, o promotor do gene de RNA ribossomal (rRNA) 18S (~ 1.2 kb) foi
inserido a extremidade 5’ do cassete aoNEO (figura 17B). A estratégia de clonagem
empregada é idéntica a descrita para o vetor pSP-aaNeo, visando a insercdo dos genes nos
sitios Xbal-Smal presentes no vetor de expressdo. A confirmacdo das construcfes no sistema
genético pSP-rRNAp-aaNeo foi inicialmente realizada por restricdo enzimatica e,
subsequentemente, analises de sequenciamento confirmaram a correta fase de leitura de todas

as clonagens obtidas (figura 17A).

A [ : ) [ . )

B Hoccate

Xhol
Neel ‘ Xbal Smal EcoRI

Y

Figura 17. Clonagem dos candidatos vacinais em vetor de expressao pSP-rRNAp-aoNeo. (A) As construgdes
geradas foram extraidas dos transformantes e submetidas a andlise por restricdo enzimatica com Xbal-Smal. As
anélises demonstram a liberacdo dos genes Liwt e L1-L2 (~ 1.5 kb), bem como o vetor pSP-rRNAp-aaNeo (~ 6
kb), confirmando a clonagem e construgcdo dos sistemas genéticos para expressdéo em L. tarentolae. (B)
lHustracdo esquematica do mapa referente a construcdo genética desenvolvidas para expressdo em L. tarentolae
utilizando o cassete pSP-rRNAp-aaNeo. Destaca-se a presenca da regido promotora rRNAp inserida no cassete
aaNeo e a sequéncia de iniciagdo da traducdo (GCCATG).

o pSP72

Células promastigotas de L. tarentolae foram transfectadas com as construcfes
genéticas geradas, como descrito na sessdo 5.2.2. Uma linhagem recombinante, em particular,
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foi obtida a partir da co-transfeccdo com as constru¢cbes pSP-BT1.YNEOao-L1wt e pSP-
YHYGo-L2wt. Apos etapa de selecdo dos transfectantes, todas as linhagens recombinantes

foram submetidas a analise da expresséo heterdloga.

6.3 CONSTRUCAO DO VETOR PARA EXPRESSAO DE L1 EM P. pastoris E
OBTENCAO DE LEVEDURAS RECOMBINANTES

Com a finalidade de produzir L1 mediante emprego da via intracelular de expressao, o
cassete pPGKA30-L1H16 (MARIZ et al., 2015) foi tratado com as enzimas BstBI e Xhol para
liberacdo da sequéncia referente ao peptideo sinal a-mating fator (figura 18A). Apds a
observacao desta excisdo por eletroforese (figura 18B), o plasmideo resultante, denominado
pPGKA3-L1H16, foi purificado do gel de agarose e empregado em reacdo com a enzima T4
DNA polimerase (NEB) para tornar as extremidades dos fragmentos cegas, no intuito de
promover, posteriormente, a recircularizacdo dos mesmos com o emprego da enzima T4 DNA
ligase.

Aliquotas da reacdo com a T4 DNA ligase foram empregadas para transformacao de
bactérias e 0 DNA extraido dos transformantes foi analisado por restricdo enzimética. O
padrdo de migragdo observado em eletroforese para o vetor pPGKA3 liberado do inserto L1
esteve de acordo com o esperado para a excisdo do fator-a (figura 16C). Subsequentemente,
as reacdes de PCR com os primers descritos na Tabela 1, bem como os dados obtidos pelo
sequenciamento do referido plasmideo, confirmaram a obtengéo do cassete pPGKA3-L1H16.

Uma vez confirmada a obtencéo do cassete, prosseguiu-se com a digestdo do mesmo
utilizando a enzima Sacl para linearizacdo do vetor. Entre 30-40 col6nias recombinantes de P.
pastoris foram obtidas mediante eletroporacdo de leveduras com aliquotas do vetor
linearizado, seguida da selecdo dos transformantes em placa contendo Zeocina™ como

descrito na sessdo 5.2.2.
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6.4 ANALISE DA EXPRESSAO DOS CANDIDATOS VACINAIS EM L. tarentolae

A expressdao dos candidatos vacinais baseados em L1 empregou inicialmente os
protozoarios transfectados com as construcdes genéticas baseadas no sistema pSP-aaNEO.
Neste primeiro momento, as analises se basearam em ensaios por western blotting com os
extratos proteicos dos transfectantes cultivados e devidamente estratificados em gel SDS-
PAGE 12,5%. Os resultados demonstram a deteccdo dos candidatos vacinais mediante
emprego do anticorpo anti-L1 em todas as linhagens avaliadas (figura 19A). O perfil de
migracdo das proteinas recombinantes demonstra que as quimeras baseadas em L1
apresentaram um padrdo diferente daquele observado para a proteina selvagem L1.

A obtencdo de uma linhagem envolveu, particularmente, a transfeccdo de células
promastigotas de L. tarentolae simultaneamente com as construcfes genéticas pSP-YHY Go-
L2wt e pSP-aaNEO-L1wt para coexpressdo das proteinas capsidiais do HPV. Os ensaios por
immunoblotting empregando o anticorpo monoclonal anti-HA confirmou a presenca de uma
proteina com tamanho correspondente a ~70 kDa como predito para a proteina L2 no extrato
desses transfectantes, mas também uma isoforma proteica com ~97 kDa (figura 19B). A
inespecificidade deste reconhecimento foi descartada com o emprego de outros dois
anticorpos anti-His e anti-L2, os quais confirmaram a deteccdo da isoforma com 97 kDa
apenas nas linhagens recombinantes teste (figura 19C). Adicionalmente, a hibridizacdo com o
anticorpo anti-tubulina assegurou o controle no carregamento dos géis em relacdo ao extrato
proteico utilizado. Em paralelo, o extrato proteico dos referidos transfectantes foi submetido a
western blotting empregando o anticorpo anti-L1, demonstrando-se a coexpressao da proteina
L1wt (56 kDa) (figura 19B).

Paralelamente, também avaliamos a expressdo dos candidatos vacinais baseados no
gene E5 de BPV e HPV em L. tarentolae. Neste caso, 0s ensaios de immunoblotting
empregando protozoarios transfectados com as construcdes baseadas no sistema pSP-
BT1.YNEOo demonstraram a deteccdo apenas da proteina E5B1 (~10 kDa) mediante
utilizacdo de anticorpo anti-HA, ndo sendo observado nenhum sinal de deteccdo para as
proteinas E50tH16 e E5Smulti (dados ndo demonstrados). As analises prosseguiram, portanto,
para investigacdo da expressdo destes candidatos vacinais no sistema pSP-aaNEO. Todavia,
0s novos ensaios desenvolvidos com o extrato proteico total dos transfectantes repetiram os

resultados previamente obtidos, ndo sendo detectadas as proteinas E5otH16 e ESmulti (dados
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ndo demonstrados). No sentido de contornar a situa¢do, uma ultima tentativa foi explorada
para producdo das referidas proteinas de HPV em L. tarentolae. Neste caso, avaliamos a
expressao dos genes E50tH16 e E5Smulti no sistema genético pSP-aaNEO mediante cultivo
das linhagens recombinantes em concentracdes crescentes de Neomicina (360 e 640 pg/ml) e
a partir de duas passagens. Para este Ultimo experimento, os resultados demonstraram a
deteccdo da proteina E50tH16 transitoriamente por western blotting, mas a proteina E5Smulti
permaneceu indetectdvel (figura D). Como controle da especificidade da reacdo, foi
empregada uma linhagem de L. tarentolae transfectadas com os sistemas genéticos sem
inserto. Adicionalmente, também confirmamos por immunoblotting a expressdo da
neomicina-fosfotransferase (37 kDa) com anticorpo anti-Neo como indicador da presenca das

construcdes genéticas nas linhagens recombinantes investigadas.

6.5 AVALIACAO DA TRANSCRICAO DOS CANDIDATOS VACINAIS BASEADOS
EM E5 NAS LINHAGENS DE L. tarentolae

Em virtude da auséncia de deteccdo das proteinas E50tH16 e E5multi a partir dos
ensaios por western blotting, submetemos os protozoarios recombinantes a extragdo de DNA
e RNA total tanto para identificagdo dos genes recombinantes quanto para acessar a
transcricdo dos mesmaos.

Os resultados obtidos por PCR empregando os primers especificos para E50tH16 e
E5multi confirmaram a presenca dos genes recombinantes na amostra de DNA total obtida
dos protozoarios transfectados com os sistemas genéticos baseados na construgdo pSP-
aoNEO (figura 20). A auséncia de amplificacdo a partir da linhagem controle transfectada
com o vetor pSP-aaNEO vazio assegurou a especificidade dos ensaios. Em paralelo, a
transcricdo dos referidos candidatos vacinais foi avaliada mediante northern blotting
empregando amostras de RNA total dos protozoarios transfectados com uma outra construcao
genética (pSP-BT1.YNEOa ou em pSP-aaNEO). Os resultados confirmaram a presenca dos
transcritos para ambos os candidatos vacinais E50tH16 e ESmulti nas amostras de RNA total
obtidas (figura 20). A especificidade da hibridizacdo estabelecida no ensaio de northern ficou

demonstrada pela auséncia de qualquer sinal nas aliquotas provenientes dos protozoarios

78



Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

transfectados com as construcbes genéticas vazias. Adicionalmente, linhagens de L.

tarentolae expressando a proteina E5B1 foi empregada como controle positivo no ensaio.

VNI

-
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Figura 20. Detecgdo dos candidatos vacinais E50tH16 e E5Smulti e andlise da transcri¢do dos referidos genes nas
linhagens recombinantes de L. tarentolae. Os resultados obtidos pela PCR estdo demonstrados no painel a
esquerda, onde nota-se a amplificacdo dos genes E5otH16 e E5Smulti (~0,3 kb) a partir das aliquotas de DNA
total obtidas dos protozoarios transfectados com os sistemas genéticos baseados em pSP-aaNEO. A
amplificacdo do gene E5B1 (~0,2 kb) foi observada tanto a partir de protozoarios expressando a proteina E5B1
guanto a partir de uma aliquota de extracdo plasmidial, amostras estas empregadas como controle positivo.
Outras amostras empregadas como controles adicionais correspondem ao DNA total de protozoarios
transfectados com a constru¢do pSP-aoNEO vazia e um mix da reacdo de PCR sem DNA template, nas quais
ndo se observou amplificacdo dos genes investigados. No painel & direita, sondas marcadas radioativamente
(~0,3 kb) foram empregadas para hibridizagdo dos RNAs de interesse por northern blotting. Os genes E5otH16 e
E5multi clonados nos vetores pSP-BT1.YNEOu e pSP-aaNEO geraram transcritos com, respectivamente, ~2 kb
e ~ 1,1 kb. Novamente utilizadas como controle, as linhagens de L. tarentolae expressando a proteina E5B1
possibilitaram a detecgdo de transcritos com ~1,9 kb, referentes ao gene E5B1 clonado no vetor pSP-
BT1.YNEOa. Como controle negativo, as linhagens transfectadas com os vetores pSP-BT1.YNEOa e pSP-
aaNEO vazios ndo demonstraram a deteccdo de nenhum transcrito a partir das aliquotas de RNA total obtidas.

6.6 SELECAO E VARREDURA DOS RECOMBINANTES DE P. pastoris COM
MULTIPLAS COPIAS DO CASSETE DE EXPRESSAO

Clones de leveduras com multiplas copias do cassete pPGKA3-L1H16 foram
selecionados submetendo-se os transformantes obtidos a cultivo em placas contendo
concentragdes crescentes de Zeocina (100 pg/ml, 500 pg/ml e Img/ml). Na figura 21A estdo
demonstradas as coldnias resistentes a 2 mg/ml de Zeocina.

Posteriormente, os ensaios por Dot blotting empregando os extratos proteicos totais de
clones cultivados em placa deep-well foram realizados para selecionar previamente clones de

P. pastoris (multiplas copias) com altos niveis de expressdo da proteina L1. As analises
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também empregaram as linhagens controle transformadas com vetores de expressdo vazios
(sem inserto). Como nota-se na figura 21B, a maior parte dos clones apresentaram um sinal de

deteccdo visualmente intenso e uniforme.

B N

J & Dot blotting J

Figura 21. Selecdo e varredura dos clones de P. pastoris com multiplas copias do cassete de expressdo
pPGKA3-L1H16. Os transformantes obtidos ap0s eletroporacdo das leveduras (em A, a esquerda) foram
submetidos a crescimento em placa contendo concentrages crescentes de Zeocina™. Aqueles resistentes a 2
mg/ml do antibiodtico (em A, a direita) foram cultivados, posteriormente, em placa deep-well para varredura dos
niveis de expressdo da proteina L1. As analises por dot blotting empregando anticorpo CamVir-1 (em B)
demonstram a deteccdo da proteina L1 no extrato proteico total dos clones com multiplas copias do cassete de
expressdo. Uma aliquota da proteina L1 de HPV16 produzida transientemente em P. pastoris foi empregada
como controle positivo do experimento (circulo branco pontilhado), enquanto o extrato proteico de uma
linhagem de P. pastoris transformada com o vetor pPGKA3 vazio foi utilizado como controle negativo (circulo
em branco). A placa de transformantes demonstrada em A é meramente ilustrativa. As imagens sao
representativas de um conjunto de diferentes experimentos realizados.

Selecdo de clones com multiplas copias do cassete

6.7 ANALISE DA EXPRESSAO INTRACELULAR DA PROTEINA L1 EM P. pastoris:
CULTIVO DOS CLONES EM FRASCOS

A avaliacdo da expressdo constitutiva e intracelular da proteina L1 em P. pastoris foi
investigada ao longo de cultivo em frascos (50 ml). Baseando-se nos ensaios por dot blotting,
clones com mudltiplas copias do cassete de expressdo foram cultivados e submetidos a lise
celular para obtencéo do extrato proteico total como descrito na sesséo 5.2.3. A expressao da
proteina L1 (~56 kDa) foi devidamente caracterizada por western blotting em todos os
extratos e ao longo de todo o tempo de cultivo investigados, estando de acordo com o padrédo
observado para o controle positivo (proteina L1 de HPV16 produzida transientemente em P.

pastoris) (figura 22A). A especificidade do reconhecimento foi confirmada pela auséncia de
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qualquer sinal no controle negativo. A observacdo de bandas com peso molecular inferior ao
mondmero de L1 nos extratos indica uma eventual degradacdo das proteinas recombinantes,
visto sua auséncia no controle negativo e em concordancia com relatos anteriores
(KIRNBAUER et al., 1992; BAZAN et al., 2009). Em um experimento diferente, foi possivel
também observar que a expressao constitutiva de L1 se mostrou estavel inclusive apés 7 dias

de cultivo dos clones (~90 geracdes) na auséncia de Zeocina™ (figura 22B).

C+C- 24h 48h 72h

1 2 34 5 6 7 dias

Figura 22. Western blotting dos extratos intracelulares provenientes dos clones de P. pastoris cultivados em
frascos. (A) A proteina L1 (~56 kDa) foi detectada ao longo de todo o cultivo nos extratos intracelulares de
clones com multiplas copias do cassete de expressdo mediante emprego do anticorpo CamVir-1, de acordo com
0 padrdo de migracéo observado no controle positivo (L1 produzida transientemente em P. pastoris). Nenhum
padréo de detecgdo foi observado a partir da amostra controle negativo. (B) Mesmo apo6s 7 dias de cultivo na
auséncia de marca de selecéo, a expressdo de L1 se mostrou constitutiva. O controle do carregamento no gel com
0s extratos proteicos preparados foi avaliado por coloragcdo em Coomassie azul brilhante.

6.8 EVIDENCIAS DA MONTAGEM DE VLPS NO CITOPLASMA DOS CLONES DE
P. pastoris EXPRESSANDO L1

Clones de P. pastoris expressando a proteina L1 foram empregados em ensaios de
microscopia eletronica de transmissdo para investigacdo quanto a montagem de VLPs no
citoplasma das leveduras. As andlises permitiram a visualizacdo de estruturas eletrodensas
com tamanho estimado em 55 nm, como esperado para as VLPs de HPV (figura 23). Tais
particulas localizaram-se préximo ao complexo de membranas do reticulo endoplasmatico,
dentro de corpos autofagicos (de maneira livre ou aparentemente interagindo com as

membranas vesiculares) ou mesmo transitando proximo a estas estruturas celulares. A presen-
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Figura 23. Evidéncias da montagem espontanea de VVLPs no citoplasma dos clones de P. pastoris expressando
L1 sob controle do promotor constitutivo PGK1. (A e B) Estruturas eletrodensas (\VVLPs) com didmetro estimado
em 55 nm foram observadas proximo as membranas do reticulo endoplasmatico (ER) de clones analisados. (C-
E). As referidas estruturas (VLPs) também foram observadas préximo ou dentro de corpos autofagicos (AB),
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sejam livres ou interagindo diretamente com as membranas dessas estruturas. (F) Circunstancialmente, as VLPs
também foram encontradas transitando aparentemente livres pelo citoplasma. (G) Estruturas eletrodensas com
tamanho estimado em 20 nm e aglomeradas em membranas do ER foram caracterizadas como ribossomos. (H)
Particulas similares com 55 nm de didmetro ndo foram observadas nas leveduras controle transformadas com o
vetor vazio, seja no citosol ou em AB. (Barra=200 nmem A; 80 nmem B e D, Fe H; 100 nmem E; 40 nm em
G).

ca de estruturas semelhantes também foi investigada em leveduras utilizadas como controle
(transformadas com vetor vazio), ndo sendo possivel observa-las. No entanto, foi notado tanto
nos clones quanto nas células controle a presenca de estruturas citoplasmaticas circulares e
eletrodensas. Essas estruturas foram caracterizadas como ribossomos, tanto pelo menor
diametro estimado em ~20 nm, quanto pela disposicdo diferenciada com a qual se
aglomeravam nas membranas do reticulo endoplasmatico.

Uma analise por imunocitoquimica foi conduzida em paralelo para marcacdo da
proteina L1 com CamVir-1 nos clones de P. pastoris avaliados por western blotting. Todavia,
ndo foi possivel visualizar a marcacgdo de particulas similares aquelas descritas na microscopia

eletronica de transmissdo, mesmo apos diferentes preparagdes estabelecidas.

6.9 INVESTIGACAO DA MODIFICACAO POS-TRADUCIONAL NA PROTEINA
L2wt EXPRESSA EM L. tarentolae

Um conjunto de analises foi desenvolvido para investigacdo do mecanismo molecular
associado a expressao de diferentes isoformas da proteina L2 em L. tarentolae (sessdo 6.4).
Devido a existéncia de um sitio para SUMOQilacdo na sequéncia aminoacidica de L2 (lisina
45), de acordo com o preditor GPS-SUMO, investigamos a existéncia de maquinaria
enzimatica para realizacdo de tal modificacdo pos-traducional no protozoario em estudo. As
analises in silico empregando o genoma sequenciado de L. tarentolae (RAYMOND et al.,
2012) revelaram a existéncia de sequéncias proteicas putativas para as enzimas E1 (formada
pelo heterodimero Ela e E1b) e E2 envolvidas na via de SUMOilagéo, bem como da proteina
precursora SUMO (Tabela 3). Quando alinhados contra as sequéncias ortélogas descritas para
T. cruzi, as sequéncias E1lb, E2 e SUMO de L. tarentolae apresentaram, respectivamente,
61%, 66% e 87% de identidade.
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Tabela 3. Analise das sequéncias de aminoacidos preditas para os genes envolvidos na via de SUMOilagdo em
L. tarentolae, de acordo com alinhamento pelo BLASTp.

. Massa ) . . Comparagao com ortélogos de
Proteina (n° de acesso Ortologos Tripanossomatideos Tri tid
TritrypDB) oredita (kDa) (n° de acesso TritrypDB) Identidade E-value
Tc00.1047053511691.30 38% g
Ela (LtaP28.0380) 30 %
Tc00.1047053508177.100 37% 2
Elb (LtaP08.0220) 114 Tc00.1047053509777.100 61% 2%
Tc00.1047053508741.280 66% 4%
E2 (LtaP02.0320) 24 100
Tc00.1047053503515.14 65% 1
SUMO (LtaP08.0450) 12 Tc00.1047053507809.70 87% 274

No intuito de caracterizar a localizacdo celular da proteina L2wt, as linhagens de L.
tarentolae foram cultivadas e empregadas em ensaios por imunofluorescéncia para marcagéo
da proteina recombinante com anticorpo anti-L2 e do DNA celular com DAPI. Em paralelo,
investigamos a identificacdo dos residuos de SUMO de L. tarentolae conjugados a proteina
L2wt a partir do extrato proteico total por western blotting, bem como nos protozoarios
submetidos a imunofluorescéncia, através do emprego do anticorpo anti-TcSUMO. Os
resultados obtidos pela imunofluorescéncia demonstram que, embora L2wt apresente uma
localizacdo predominantemente citoplasmatica, é possivel observa-la também no ndcleo dos
protozoarios (figura 24A). A hibridizacdo com o anti-TcSUMO evidenciou uma marcagdo no
espaco perinuclear nos protozoarios empregados na imunofluorescéncia (figura 24B), mas nao
foi possivel observar uma sobreposicdo clara entre a localizacdo dos residuos SUMO e da
proteina L2wt. Contudo, os dados obtidos por western blotting demonstraram a deteccdo da
isoforma com ~97 kDa de L2wt a partir do emprego do anti-TcSUMO apenas no extrato
proteico dos protozoarios recombinantes, ndo sendo observado nenhum sinal no extrato
controle dos protozoarios selvagens (figura 24C). Outras proteinas também foram marcadas
pelo anti-TcSUMO em ambos 0s extratos proteicos, dentre as quais se destacam aquelas com
~12 kDa, ~35 kDa e ~110 kDa por apresentarem massas moleculares préximas ao que foi

predito paras as proteinas putativas SUMO, E2 e E1b de L. tarentolae.
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Figura 24. Imunolocalizacdo da proteina L2wt e caracterizacdo de sua modificagdo pos-traducional em L.
tarentolae. (A) A marcacdo de protozodrios recombinantes com anti-L2 demonstrou uma dispersdo
majoritariamente citoplasmatica associada a uma presenga nuclear para a proteina L2wt (setas brancas). Quando
empregado na linhagem selvagem controle, o anti-L2 n&o revelou nenhuma marcagéo celular relevante. (B) O
padrdo de deteccdo observado a partir dos protozoérios recombinantes marcados com o anti-TcSUMO revelou
uma sinalizacdo proveniente da regido perinuclear (setas brancas). (C) O emprego do anti-TcSUMO no extrato
proteico total dos protozoérios durante os ensaios por western blotting permitiu a detec¢do da isoforma de ~97
kDa da proteina L2wt apenas nas linhagens recombinantes. Todavia, em ambas as linhagens recombinante e
selvagens, foi possivel marcar a presenca de outras proteinas que apresentam massa molecular compativel com o
predito para as enzimas E1b e E2 devidamente SUMOiladas, bem como para a proteina SUMO de L. tarentolae.
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6.10 CARACTERIZACAO ESTRUTURAL DOS CAPSOMEROS E VLPs A PARTIR
DA EXPRESSAO EM L. tarentolae

Uma combinacdo de abordagens foi utilizada no intuito de caracterizar estruturalmente
a formacgéo de capsomeros e VLPs produzidos em L. tarentolae. Inicialmente, o extrato
proteico total dos protozoarios recombinantes expressando os candidatos vacinais baseados no
gene L1 foi empregado em ensaios de sedimentacdo por ultracentrifugacdo em gradiente
continuo de sacarose. As andlises por western blotting utilizando as 12 amostras obtidas a
partir do fracionamento dos gradientes evidenciaram um padréo de sedimentacdo variado para
as diferentes proteinas estudadas (figura 25). De maneira geral, observamos a deteccdo das
diferentes versbes da proteina L1 nas fracGes 1-6, mas apenas as proteinas L1wt (coexpressa
com L2wt ou ndo) e L1-E5multi.34 foram sedimentadas nas fracBes 7-11. O padrdo de
sedimentacdo de L2wt também foi avaliado diante de sua coexpressdo com LIlwt,
demonstrando-se a presenca da isoforma de ~97 kDa nas fracfes 1-11, embora de maneira

majoritaria nas fracoes 1-6.
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Figura 25. Western blotting empregando as fracdes do gradiente de sacarose para deteccdo dos candidatos
vacinais baseados em L1 produzidos em L. tarentolae. O perfil de sedimentagdo apresentou-se diferenciado para
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as diferentes proteinas. Quando expressa na auséncia de L2wt, a proteina L1wt dispersa-se majoritariamente nas
fracdes 1-6, ainda que seja possivel observa-la também nas fragdes 7-11 de maneira menos pronunciada. Quando
coexpressa com L2wt, observamos uma mudanga nesse perfil, e a proteina Llwt apresentou-se mais
intensamente nas fragdes 7-11 (comparativamente ao seu perfil sozinha). Enquanto o perfil de sedimentacéo da
quimera L1-E5multi.34 assemelhou-se ao da proteina L1wt, as quimeras L1-L2 e L1-E5multi.h4 acumularam-se
nas fracbes 1-5, sendo imperceptivel suas deteccBes nas demais fragdes. A sedimentacdo da proteina L2wt
também foi investigada na presenca de L1wt, sendo possivel observa-la apenas sob a isoforma de ~97 kDa ao
longo das fragbes 1-11.

A purificacdo dos candidatos vacinais baseados em L1 mediante emprego de resina
heparina-sepharose foi conduzida para investigacdo da formacdo de VLPs e capsémeros. Os
extratos proteicos totais provenientes das linhagens expressando as proteinas L1wt e L1-L2
foram incubados com a resina e as fracGes coletadas apos lavagem e eluicdo em gradiente
salino foram submetidas a western blotting com CamVir-1. Como nota-se na figura 26,
grande quantidade da proteina L1wt foi perdida nas etapas de lavagem da resina com baixas
concentracfes de NaCl, o que justifica sua baixa quantidade obtida nas aliquotas de eluicdo
em gradiente salino. Relativamente a quimera L1-L2, observou-se uma pequena quantidade
da proteina nas aliquotas de eluicdo, tendo a maior parte do material sido perdida nas

lavagens.
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Figura 26. Western blotting empregando as fracdes obtidas a partir da purificagdo com a resina heparina-
sepharose. Como observado no painel superior, ainda que a proteina L1wt tenha sido obtida nas fragdes de
eluicdo em gradiente salino (E1-4: 0,8 M, 1,2 M, 1,6 M e 2 M de NaCl), a maior parte do material foi perdida
nas fracfes ndo adsorvida (NA) e de lavagem (L1-2) em tampdo contendo 0,5 M de NaCl. Para a quimera L1-L2
(painel inferior), a perda nas frages que precedem a eluicdo em gradiente salino foi ainda mais pronunciada.
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Posteriormente, a caracterizacdo de particulas capsoméricas e VLPs no citoplasma de
L. tarentolae foi investigada por diferentes técnicas de microscopia. Previamente aos ensaios
por microscopia eletrénica de transmissdo, 0s protozoarios recombinantes foram submetidos a
imunofluorescéncia confocal com o anticorpo CamVir-1 para marcacdo dos candidatos
vacinais baseados em L1. Como pdde ser observado (figura 27), as diferentes versoes
recombinantes de L1 expressas em L. tarentolae dispersam-se largamente no citoplasma das

células investigadas, ndo havendo acumulo observavel em nenhuma regiéo especifica.

CamVir-1 DAPI Merge

Figura 27. Microscopia de
imunofluorescéncia dos protozoarios
recombinantes expressando 0s
candidatos vacinais baseados em L1. O
emprego do anticorpo  CamVir-1
associado a marcacdo com DAPI
demonstrou que a proteina L1lwt e as
quimeras dispersam-se no citoplasma
das células de L. tarentolae sem haver
uma concentragdo ou
compartimentalizagdo especifica.
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Paralelamente, os ensaios de microscopia eletrénica de transmissdo convencional
demonstram a presenca de estruturas eletrodensas com tamanho extremamente heterogéneo
estimados em 20-50 nm, acumuladas em vesiculas citoplasmaticas (figura 28). A observacéo
de tais estruturas limitou-se a um pequeno numero de protozoarios recombinantes, ndo

estando presente na maioria das células analisadas. Estruturas similares também nao foram
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observadas no citoplasma de nenhum protozoario selvagem empregado como controle

negativo nestas analises.

L1-L2.hd

L1-E5multi.h4
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Figura 28. Microscopia eletrdnica de transmissdo empregando os protozoarios recombinantes expressando 0s
candidatos vacinais baseados em L1. Os ensaios demonstraram a presenca de agregados eletrodensos com
tamanho estimado entre 20-50 nm em algumas das células estudadas (quadrado preto). Tais estruturas
acumularam-se especificamente em vesiculas citoplasmaticas (ampliadas a direita do painel), ndo sendo
observadas a partir das linhagens selvagens (wt).

Nas analises realizadas por imunocitoquimica, paralelamente, ndo foi possivel
demonstrar a formacdo de capsémeros ou VLPs no citoplasma dos protozoarios
recombinantes, embora a marcacdo com as particulas de ouro tenha ocorrido com sucesso
(figura 29). As eletromicrografias demonstram uma marcacao citoplasmatica, eventualmente
tendendo ao espaco perinuclear. A especificidade dessa marcacgdo foi monitorada avaliando-se
o emprego do CamVir-1 na linhagem selvagem e a complexacdo das particulas de ouro ao

DNA genoémico ou kinetoplastidial dos protozoarios recombinantes.

Figura 29. Imunocitoquimica com o CamVir-1 empregando as linhagens de L. tarentolae recombinantes. As
imagens reproduzidas sdo representativas de diferentes experimentos. A marcacao das proteinas demonstrou uma

90



Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

localizagdo citoplasmatica (painel a esquerda) nas células investigadas, ndo sendo possivel observar estruturas
sugestivas de particulas montadas. Eventualmente, esta marcacdo também foi vista no espago perinuclear de
maneira mais pronunciada (painel a direita, setas pretas).
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7. DISCUSSAO

No presente trabalho, propomos o desenvolvimento de duas diferentes plataformas
biotecnolodgicas para producdo de antigenos vacinais do HPV e BPV, as quais baseiam-se no
protozoario L. tarentolae e na levedura P. pastoris. Como base experimental para tal,
desenvolvemos diferentes sistemas genéticos para expressdo heterdloga nos referidos
organismos. Particularmente para o sistema baseado em L. tarentolae, também
desenvolvemos candidatos vacinais focados em distintas estratégias de imunizagdo. Um
conjunto de abordagens experimentais foi utilizado tanto para analise da expressdo quanto
para caracterizacdo dos antigenos recombinantes produzidas em ambos o0s sistemas.
Eventualmente, as estratégias de analise experimental foram redesenhadas para compreender
e caracterizar achados inesperados, seja a luz do ineditismo dos mesmos ou em decorréncia de
trabalhos publicados no decorrer desta tese. A discussdo dos nossos estudos sera abordada a
seguir, contextualizando os dados de cada plataforma em separado.

As leveduras metilotroficas tém sido exploradas como atrativas alternativas no
estabelecimento de plataformas vacinais de baixo custo para producdo de VLPs. Nosso grupo
emprega P. pastoris ndo apenas para producdo de candidatos vacinais contra 0 PV
(COIMBRA et al., 2011; JESUS et al., 2012), mas também para producédo de antigenos virais
outros com fins diagndstico (DE ARRUDA COUTINHO et al., 2013; SILVA et al., 2014).
Apesar do sistema genético baseado no promotor Paoxi de P. pastoris ser largamente
explorado para expressao heterologa (incluindo os trabalhos do grupo citados) em virtude de
sua eficiéncia, optamos por explorar, em colaboracdo com Prof. Dr. Fernando Araripe
(Departamento de Biologia Celular da Universidade de Brasilia), o estabelecimento de uma
plataforma alternativa baseada no promotor constitutivo PGK1 de P. pastoris para producao
de antigenos com fins vacinais, baseando-se em sistemas ja descritos para outras espécies de
leveduras (FLEMING; LITTLECHILD, 1997). O sistema genético estabelecido neste trabalho
representa uma otimizagé@o daquele originalmente caracterizado por De Almeida; De Moraes;
Torres (2005), sendo a sequéncia promotora uma variante reduzida para ~0,4 kb. Isso facilita
significativamente as clonagens no vetor de expressdo, considerando o fragmento previamente
descrito com ~2 kb.

Tendo como ponto de partida experimental a manipulacdo do sistema genético

previamente construido para secre¢do da proteina L1 no meio de cultura (COIMBRA, 2012;
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MARIZ, 2012), neste trabalho retiramos o peptideo sinal de secrecdo (fator-o) do sistema
genético afim de avaliar a expresséao intracelular da referida proteina. Apesar da recombinacgao
com sistema pPGKA3-L1H16 conferir aos clones de P. pastoris resisténcia a Zeocina, isso
ndo assegura a expressdo heterdloga sob altos niveis. Nesse sentido, submetemos 0s
transformantes primarios (selecionados em 100 ug/ml do Zeocina) a um processo para
amplificagdo do numero de copias do sistema genético integrado ao genoma
(Posttransformational Vector Amplification, PTVA), obtendo clones resistentes a 500, 1000 e
2000 ug/ml do antibiotico. A selecdo de clones com multiplas cdpias do sistema genético
integrado ao genoma representa uma estratégia para aumentar os niveis de expressdo,
considerando que o grau de resisténcia a Zeocina pode ser diretamente correlacionado o
nimero de copias do sistema genético integrado (SUNGA; TOLSTORUKOV; CREGG,
2008). De acordo com Sunga; Tolstorukov; Cregg, (2008), a resisténcia 2000 ug/ml de
Zeocina resulta da integracdo de 4 copias do sistema genético ao genoma das leveduras.

A varredura por dot blotting dos clones com multiplas copias demonstrou sinais de
deteccdo da proteina L1 visualmente intensos e homogéneos a partir de praticamente todos 0s
clones investigados, ao contrario do que se observa nas analises de expressdao empregando
transformantes primarios (LIN-CEREGHINO; CREGG, 2000). Acreditamos ser importante
salientar que esse fluxograma de analise representa uma estratégia rapida e pratica para
obtencdo de clones com elevados niveis de expressao através de condi¢des de cultivo sub-
Otimas (com relacdo ao volume, agitacdo e aeracdo das culturas) como é o caso do
crescimento em placas deep-well.

Ainda que seja um importante dado preliminar, os ensaios de varredura desenvolvidos
ndo caracterizam a proteina L1 de acordo com sua massa molecular. A confirmacdo da
expressao constitutiva e intracelular de L1 sob regulacdo do Ppgki em P. pastoris se deu a
partir de western blotting empregando os extratos proteicos totais de clones cultivados em
frascos por 3 dias. Cabe aqui uma importante contextualizacdo deste trabalho a luz da
literatura. Bazan et al. (2009) relataram pioneiramente a expressao da proteina L1 de HPV16
em P. pastoris sob niveis superiores aos relatados em S. cerevisiae. Apesar de inovador e
importante por demonstrar a viabilidade de Pichia na produgéo de VLPs de HPV, o trabalho
conduzido por Bazan e colegas empregou um sistema genético epissomal baseado no Paoxi.
Para propdsitos industriais, 0 emprego de sistemas epissomais ndo é recomendado devido a

sua instabilidade genética e necessidade de continua selegdo com antibidtico para manutencao
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dos sistemas (ROMANOS; SCORER; CLARE, 1992; DALY; HEARN, 2005).
Posteriormente, outros trabalhos foram publicados buscando contornar esse inconveniente,
todos utilizando sistemas integrativos baseados no Paoxi (COIMBRA et al.,, 2011;
HANUMANTHA RAO et al., 2011; JIANG et al., 2011).

Apesar de eficiente, o sistema AOX1 de P. pastoris possui importantes inconvenientes
quando se vislumbra, novamente, producdo em escala industrial. Segundo o modelo
atualmente aceito, ao ser induzido pelo metanol, 0 Paoxi dirige a expressdo da enzima AOX,
a qual catalisa a conversdo do metanol em peroxido de hidrogénio (H,O,) e formaldeido. A
baixa afinidade da AOX pelo oxigénio é compensada pela expressdao em altos niveis desta
enzima (30% do contedo de proteinas sollveis totais) (LIN-CEREGHINO; CREGG, 2000;
CEREGHINO et al., 2002). Tem-se aqui 0 primeiro inconveniente. A expressao sob controle
do Paoxi € rigidamente regulada a nivel transcricional, obedecendo dois mecanismos: (i)
repressdo, quando as leveduras sdo cultivadas em glicose e outras fontes de carbono que néo o
metanol e, portanto, ndo h& transcricdo a partir deste promotor; (ii) inducdo, no qual as
leveduras sdo cultivadas em metanol e, assim, quase 5% do RNA poli-A" provém deste
promotor (CEREGHINO et al., 2002). Por isso, a producdo de proteinas recombinantes por
meio deste sistema depende de um esquema de cultivo em duas fases: geracdo de biomassa a
partir de cultivo em glicose ou glicerol por 2-3 dias; indugdo da expressdo a partir de cultivo
em metanol (MACAULEY-PATRICK et al., 2005). Isso impfe um periodo relativamente
longo de cultivo para obtencdo de proteinas recombinantes de interesse. Em segundo lugar, o
cultivo em metanol deve ser mantido em concentrac@es baixas, haja visto que a metabolizacédo
de tal composto acarreta a liberacdo de radicais toxicos para a célula. Portanto, os niveis de
metanol devem ser rigidamente monitorados. Por ltimo, o metanol € um composto altamente
inflamavel, de maneira que seu emprego a partir de plantas de producdo em larga escala € um
inconveniente (VASSILEVA et al., 2001; CEREGHINO et al., 2002).

Tragcando-se um paralelo com o sistema proposto neste trabalho, a expressdo da
proteina L1 pode ser obtida constitutivamente, através de um protocolo mais simples e menos
laborioso. O esquema de cultivo é conduzido em fase continua sem necessidade de troca de
meio de cultura nem rigido controle da aeragdo ou concentracdo de glicose. Adicionalmente,
trata-se de um sistema desenvolvido in house e, portanto, livre de pagamento de royalties. Por
fim, ainda que alguns trabalhos tenham relatado instabilidade genética quando clones com

multiplas copias do cassete foram induzidos com metanol, ou mesmo toxicidade quando
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proteinas exdgenas sdo expressas constitutivamente, ndo observamos dados similares a partir
de nossos experimentos. A expressdo de L1 foi detectada com sucesso por western blotting
apos aproximadamente 90 geracGes, mesmo na auséncia de Zeocina. Todavia, acreditamos
gue uma analise mais detalhada seja conveniente sobre o assunto.

A demonstracdo de que a proteina L1 é capaz de automontar-se em VLPs quando
expressa em P. pastoris abre perspectiva para emprego deste organismo como vetor vacinal
contra o HPV. Esta levedura tem o status GRAS (Generally Recognized As Safe) pelo FDA
(Food and Drug Administration) e foi demonstrada como eficiente veiculo para entrega de
antigenos virais pela via intramuscular e oral (TAGHAVIAN et al, 2013). As
eletromicrografias demonstradas neste trabalho provém evidéncias de estruturas compativeis
com VLPs de HPV no citoplasma dos clones analisados. Nao tivemos éxito, no entanto, na
marcacdo dessas estruturas por imunocitoquimica. Em relatos anteriores, Falcén et al. (1999)
demonstraram dificuldade semelhante na deteccdo de VLPs do virus da hepatite C (HCV) a
partir do citoplasma de P. pastoris, mesmo através do emprego de anticorpos monoclonais ou
soro reativo de humanos e apesar da visualizacdo das particulas por eletromicroscopia
convencional. Em concordancia com nossa ideia de explorar P. pastoris como vetor vacinal
contra o cancer cervical, recentemente Bolhassani et al. (2014) relataram sucesso na prote¢édo
contra 0 HPV16 através da imunizagdo de camundongos com leveduras desta espécie
expressando L1.

Considerados todos os achados obtidos para a plataforma baseada no Ppgki de P.
pastoris, a seguir abordaremos os estudos para desenvolvimento de candidatos vacinais a
partir de L. tarentolae.

O emprego de L. tarentolae como modelo para estudos bioquimicos e de biologia
molecular de Tripanossomatideos é bem estabelecido, mas apenas nos ultimos anos este
protozodrio passou a ser explorado extensivamente como sistema recombinante. Os trabalhos
de Breton et al. (2007), Soliemani et al. (2007), Padmanabhan et al. (2012) e Baechilein et al.
(2013) foram explorados como base teorica para construcdo dos sistemas genéticos
empregados em L. tarentolae. Tais sistemas empregam sequéncias sinalizadoras para
processamento do mMRNA em Leishmania: um trato de polipirimidina (Y) responsavel pela
montagem do spliceossomo; e a regido intergénica nao traduzida do gene da a-tubulina (a),
uma proteina altamente expressa nesses organismos, também importante para o

processamento pdés-transcricional do mMRNA. O emprego dessas sequéncias € fundamental
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para dirigir a expressdo de genes sob elevados niveis em Tripanossomatideos, visto que a
regulacdo génica ocorre principalmente a nivel pos-transcricional nesses organismos.

Uma terceira regido, a ORF BT1, também foi empregada em um dos sistemas
genéticos para permitir a integracdo dos cassetes no genoma dos protozoarios. A expressao
heter6loga a partir de um sistema integrativo representa uma estratégia fundamental para
desenvolvimento de uma plataforma biotecnoldgica para fins vacinais, visto a maior
estabilidade genética proporcionada (ROMANOQOS; SCORER; CLARE, 1992; DALY;
HEARN, 2005). Todavia, 0 emprego de sistemas epissomais apresentam, dentre outras, duas
principais vantagens: (i) simplicidade na geracdo das linhagens recombinantes, ja& que o0s
cassetes sdo empregados circularizados para transfeccdo; rapidez nas andlises de expressao,
considerando que, geralmente, varias copias do cassete sdo inseridas nos transfectantes e ndo
ha necessidade de fazer uma varredura por altos niveis de expressdo. Compreendendo que ha
vantagens e desvantagens a serem consideradas para ambas as estratégias, neste trabalho
optamos pelo emprego de sistemas epissomais porque buscamos avaliar, inicialmente, a
viabilidade de L. tarentolae como hospedeiro para expressdo dos antigenos em estudo.

A escolha dos candidatos vacinais teve como justificativa inicial uma eventual
comparacdo da expressdo do gene L1 com o sistema paralelamente desenvolvido para P.
pastoris. No entanto, ao longo do trabalho o Ministério da Saude anunciou um acordo com a
Merck para compra de vacinas profilaticas Gardasil e transferéncia de tecnologia para
producdo da referida vacina pelo Instituto Butantan. Tal acontecimento nos motivou a
repensar o desenho dos candidatos no sentido de diversificar as analises em L. tarentolae e as
estratégias vacinais. Portanto, exploramos o desenvolvimento de quimeras baseadas no gene
L1 tendo como lastro referencial os seguintes trabalhos: Bishop; Dasgupta; Chen, (2007) e
Schadlich et al. (2009), onde demonstra-se que a alca h4 de L1 pode ser empregada para
producdo de particulas capsoméricas e que a regido C-terminal de L1 pode ser deletada sem
comprometer a formacdo de VLPs; Liu et al. (2000) e Chen et al. (2004), que exploraram com
sucesso 0 emprego de E5 de HPV como antigeno terapéutico; e Rubio et al. (2011), que
determinaram a imunogenicidade cruzada do epitopo 56-75 de L2. Vislumbramos, assim, o
desenvolvimento de capsémeros quiméricos com propriedades profilaticas de largo espectro
(L1-L2) e profilatico-terapéutica (L1-E5multi.h4), assim como de VLPs quiméricas com
propriedades também profilatico-terapéutica (L1-E5multi.34). Em paralelo, dado o relato

prévio de Breton et al. (2007), cujos trabalhos empregaram pioneiramente L. tarentolae como
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vetor vacinal contra o HIV em modelo murino, protozoarios recombinantes expressando a
proteina L2 inteira de HPV16 ou diferentes candidatos baseados em E5 de HPV16 e BPV1,
foram desenvolvidas visando a avaliacdo de vetores vacinais de largo espectro e terapéuticos
contra o cancer cervical e contra a papilomatose bovina. A producdo de VLPs baseadas em L1
e L2 tem o objetivo de, posteriormente, viabilizar a obtencdo de pseudovirions para
estratégias de imunizacdo envolvendo vacina de DNA, outra linha de pesquisa desenvolvida
pelo grupo. Nenhum dos genes investigados apresenta cédons otimizados para expressao em
L. tarentolae, como relatado previamente por outros autores (BRETON et al., 2007;
SOLEIMANI et al., 2007; BAECHLEIN et al., 2013).

As analises por western blotting demonstraram a expressdo dos candidatos vacinais
baseados em L1 a partir dos protozoarios recombinantes, confirmando o sucesso na obtencéo
dos sistemas genéticos e salientando a atratividade deste hospedeiro para expressdo de genes
heter6logos sem a necessidade de otimizagdo de codons. O padrdo de migracdo diferencial
observado ap0s estratificacdo em SDS-PAGE esta de acordo com as modificacfes realizadas
no esqueleto proteico de L1: enquanto a proteina L1wt apresentou massa molecular de 56 kDa
como esperado, as quimeras L1-L2 e L1-E5multi.h4 demonstraram uma massa molecular um
pouco menor, compativel com a inser¢do de por¢des menores do que a al¢a h4; a proteina L1-
E5multi.34 apresentou a menor massa de todas, em concordancia com a substituicdo da
porcdo C-terminal (34aa) de L1 pela construgdo ESmulti (24aa).

Para os candidatos vacinais baseados em E5, no entanto, as analises sugeriram uma
marcante heterogeneidade nos niveis de expressdo. Enquanto a proteina E5B1 foi detectada
com sucesso a partir das diferentes estratégias de cultivo empregadas, a deteccdo da proteina
E50tH16 somente foi possivel quando os protozoarios recombinantes foram submetidos a
cultivo em concentracdes aumentadas de neomicina — estratégia explorada para induzir um
aumento no numero de copias do cassete de expressao nos protozoarios recombinantes. Ainda
assim, 0s ensaios por western demonstram que essa detec¢do ocorreu de maneira transitoria.
Em contrapartida, a detecgdo da proteina ESmulti ndo foi possivel em nenhuma das analises
realizadas. Diferentes abordagens demonstraram que as linhagens recombinantes possuiam 0s
cassetes de expressdo de interesse: a proteina neomicina-fosfotransferase, codificada pelos
sistemas genéticos desenvolvidos, foi detectada por western blotting; os genes E50tH16 e
ESmulti foram amplificados a partir das amostras de DNA total dos protozoarios cultivados; a

transcri¢cdo dos referidos candidatos foi confirmada por northern blotting. Acreditamos que,
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em conjunto, os dados sugerem duas possiveis situagdes: (i) os mMRNAs detectados por
northern ndo séo traduzidos eficientemente, qualquer que seja 0 motivo; (ii) as proteinas em
questdo sdo instaveis e rapidamente dirigidas para degradacéo.

Interessantemente, a proteina L2wt apresentou diferentes isoformas quando expressa
em L. tarentolae, as quais foram detectadas através de um conjunto de anticorpos
monoclonais. Baseando-se nos trabalhos de Marusic et al. (2010) e Bund et al. (2014), os
quais relatam a identificacdo de isoformas similares para L2 em células de mamiferos,
passamos a investigar a ocorréncia de uma modifica¢do pos-traducional em L2wt denominada
SUMOilagdo, a qual corresponde a adicdo de pequenos modificadores semelhantes a
ubiquitina (Small Ubiquitin-like Modifier, SUMO). As proteinas SUMO estéo conservadas e
sdo ubiguamente expressas em eucariotos, mas estdo ausentes em procariotos e archaea
(GAREAU; LIMA, 2011). A SUMOilacdo ocorre através de uma via de conjugacdo em trés
etapas (de maneira similar a ubiquitinacdo), resumidas como segue: processamento de um
precursor SUMO por proteases especificas (UIp/SENP); ativacao da proteina SUMO por uma
enzima denominada E1 (heterodimero Ela/E1lb); conjugacédo da proteina SUMO ativada para
uma proteina alvo (substrato) contendo motivos consenso de SUMOilacdo, etapa catalisada
pela enzima E2. A reacdo final de conjugacdo também pode ser assistida por uma enzima
denominada E3 ligase (GAREAU; LIMA, 2011; IRIBARREN et al., 2015).

A partir da investigacdo dos componentes da via de SUMOilagdo em
tripanossomatideos mediante inspe¢des via PSI-BLASTp, uma proteina SUMO putativa de L.
tarentolae (LtarSUMO) foi identificada compartilhando 87% de similaridade com seu
ortélogo em T. cruzi (BAYONA et al., 2011). Outras sequéncias putativas para a subunidade
Elb e enzima E2 de L. tarentolae também foram identificadas compartilhando em torno de
65% de identidade com ort6logos de T. cruzi. Com base nessas analises, buscamos acessar a
localizacdo subcelular de L2wt quando expressa em L. tarentolae, visto que a maquinaria de
SUMOilacdo em T. cruzi esta localizada no nacleo. Por imunofluorescéncia, demonstramos
que a proteina L2wt apresenta uma dispersao citoplasmatica associada a uma marcante
concentra¢do nuclear, o que corrobora com a suposi¢do de que esta proteina estaria sendo
SUMQOQilada.

Baseado nesses dados, exploramos o emprego do anticorpo anti-TcSUMO para
caracterizacdo dos componentes da via de SUMOilacdo e da isoforma de L2wt nos

protozoarios recombinantes. N&o conseguimos demonstrar a marcagao da proteina L2wt por
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imunofluorescéncia com o referido anticorpo. Especulamos que a disposi¢do conformacional
do residuo de SUMO na proteina L2wt ndo favoreca seu reconhecimento pelo anti-TcSUMO.
Ainda assim, as analises demonstraram um padrdo de marcacdo supostamente do envoltorio
nuclear nos protozoarios avaliados, o que estaria de acordo com relatos referentes a
localizagéo das enzimas do ciclo de SUMOilagdo nos complexos de poros nucleares (nuclear
pore complexes, NPCs) (ZHANG; SAITOH; MATUNIS, 2002; MELCHIOR;
SCHERGAUT; PICHLER, 2003; PALANCADE; DOYE, 2008). Os ensaios por western, no
entanto, permitiram a identificacdo de proteinas com massa molecular condizentes a
LtarSUMO (12 kDa) e E2 devidamente SUMOilada (35 kDa). Acreditamos que uma terceira
proteina, com 114 kDa, se trata da subunidade E1b, com uma massa molecular diferente do
predito mas em concordancia com o descrito para seu ortélogo E1lb ja caracterizado em T.
brucei (YE et al., 2015). T&o relevante quanto esses achados foi a deteccdo da isoforma com
97 kDa de L2wt, corroborando com todas as analises descritas anteriormente. Essas
evidéncias, em conjunto, apontam para a expressao de uma proteina L2 SUMOilada em L.
tarentolae, de maneira similar ao descrito em células de mamiferos.

Ao longo dos trabalhos, investigamos a formacao das particulas capsoméricas e VLPs
em L. tarentolae a partir da expressdo dos candidatos vacinais baseados em L1. A
caracterizacdo das particulas mediante ultracentrifugacdo em gradiente de sacarose
demonstrou um perfil de sedimentacdo diferencial para os candidatos, novamente em
consonancia com as modificacdes propostas nas quimeras. Tomando-se como base 0s
trabalhos de Schadlich et al. (2009) e Bund et al. (2014), os resultados demonstram que a
proteina L1wt é capaz de montar-se em VLPs quando expressa exclusivamente nas linhagens
de L. tarentolae recombinantes. Porém, a maior parte das proteinas se acumulam em um
estado capsomérica ou de agregados subparticulares. Mas a formacdo das VLPs €
notadamente enriquecida quando Liwt e L2wt sdo coexpressas nos protozoarios, muito
provavelmente em decorréncia da maior estabilidade proporcionada pela interacdo entre as
proteinas capsidiais. De significativa relevancia € o fato de que apenas a isoforma SUMOilada
de L2wt (97 kDa) foi detectada, demonstrando que tal modificacdo n&o interfere na
associacdo com Lilwt para formacdo de VLPs como relatado por Bund et al. (2014). A
diminuicdo no sinal de deteccdo da proteina L2wt, em comparacdo com aquele observado
para L1wt, se deve ao menor numero de copias presentes nas VLPs montadas (relagéo de 1:5).
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Em paralelo, o perfil de sedimentagdo das quimeras L1-L2 e L1-E5multi.h4 denota
que tais proteinas sdo incapazes de automontar-se em VLPs, acumulando-se na forma de
capsdmeros. Tal caracteristica € resultado direto da substituicdo da alca h4, regido essencial
para estabilizacdo das interacBes intercapsoméricas na formacdo das VLPs (BISHOP;
DASGUPTA,; CHEN, 2007; SCHADLICH et al., 2009). No caso do epitopo 56-75 de L2, por
exemplo, o fato de ser derivado de uma regiéo de folha beta predita como envolvida em um
dominio transmembranar (WANG; RODEN, 2013) deve corroborar no impedimento das
ligacOes intercapsoméricas necessarias para formagdo de VLPs. A insercdo dos epitopos 56-
75 de L2 e ESmulti na referida regido busca a geracdo de capdmeros quiméricos capazes de
diversificar a resposta imunoldgica e aumentar a imunogenicidade dos referidos epitopos
(SCHADLICH et al., 2009). O perfil de sedimentacdo apresentado pela quimera L1-
E5multi.34, por outro lado, € similar ao de L1wt e, portanto, condizente com a formacao de
VLPs quiméricas. Além de ndo interferir na formacdo de VLPs, a delecdo dos Gltimos 34
residuos C-terminais de L1 torna a proteina mais solGvel (SCHADLICH et al., 2009). Apesar
desta porcdo proteica ndo constituir uma regido naturalmente apresentadora de epitopos,
acreditamos que a presenca do espacador AAY (alanina-alanina-tirosina) na construcdo
E5multi proporcionara eficientemente a apresentacdo dos epitopos de E5 pela inducdo da
degradacéo via proteassomo (VELDERS et al., 2001; WANG et al., 2004; DE OLIVEIRA et
al., 2015).

A capacidade da proteina L1 de interagir com a heparina sob determinadas
concentracdes salinas foi aplicada para caracterizacdo estrutural dos capsémeros e VLPs
mediante purificacdo em resina heparina-sepharose. Ainda que ndo se saiba a natureza exata
dessa interacdo, diferentes trabalhos indicam que a configuracdo conformacional de L1 é
determinante para tal visto que apenas capsémeros e VLPs interagem com a heparina mas nédo
é possivel purificar monémeros livres a partir dessa abordagem (ROMMEL et al., 2005;
WANG et al., 2005). Nessa linha de raciocinio, os dados obtidos neste trabalho suportam a
ideia de que os capsémeros e VLPs formados a partir dos candidatos vacinais explorados em
L. tarentolae sdo estruturalmente instaveis e heterogéneos, em virtude da baixa concentracdo
de proteinas eluidas em gradiente salino. Estando a maior parte das proteinas L1wt e L1-L2
nas fragbes ndo adsorvidas e de lavagem, a ligacdo das particulas a heparina ficou
comprometida muito provavelmente porque os residuos de aminoacidos necessarios para tal

ndo foram adequadamente expostos na superficie das particulas. Ndo ficou claro se a
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instabilidade dessas particulas é intrinseca as versdes da proteina L1 expressas em L.
tarentolae ou se é decorrente das preparacOes realizadas ao longo deste trabalho. Suportando
nossa interpretacdo, Bolhassani et al. (2014) demonstraram que o emprego de L. tarentolae
expressando a proteina L1 como vetor vacinal falhou em promover protecdo contra infeccao
pelo HPV em modelo murino. A caracterizagcdo de capsémeros ou VLPs ndo fez parte do
escopo dos autores, mas acreditamos que haja uma relagdo entre os resultados demonstrados
em ambos os trabalhos. De qualquer forma, a recente producéo de VLPs quiméricas do virus
da hepatite B (HBV) e C (HCV) em L. tarentolae (CZARNOTA et al., 2016) demonstra que
mais analises sdo necessarias para conclusdo dos nossos resultados, ainda que as proteinas L1
e sHBsAg (pequeno antigeno de superficie do HBV, small Hepatitis B virus Antigen)
apresentem caracteristicas bioquimicas distintas.

Ainda que as analises in silico por modelagem sugiram que as modificacdes feitas nas
quimeras de L1 ndo perturbem a correta montagem dos mondmeros, é razodvel salientar que
estes resultados ndo sdo conclusivos. A validagdo global dos modelos aponta para a
necessidade de maiores refinamentos nas estruturas obtidas, uma vez que alguns dos critérios
avaliados ndo atingiram valores aceitaveis (Apéndice). E preciso ponderar o fato de que tais
resultados foram obtidos por modelagem comparativa mediante emprego de uma estrutura
cristalografica de razoavel resolugdo (3,5 A), mesmo que esta represente a melhor escolha
para tal. Métodos de modelagem proteica de novo (ou ab initio), aplicadas especificamente as
regibes inseridas nas quimeras, poderiam contribuir substancialmente para o melhoramento
dos modelos estruturais. Assim, infelizmente os dados de modelagem ndo contribuem
substancialmente para a interpretacdo da estabilidade observada nas VLPs e capsdmeros, mas
sdo informacgdes relevantes para a continuidade dos ensaios de imunogenicidade por
sugerirem que as proteinas mantém uma conformacdo estrutural préxima do seu estado
nativo, 0 que promoveria a correta apresentacdo dos antigenos estudados.

A caracterizacdo estrutural das particulas prosseguiu por meio de ensaios de
microscopia eletrénica de transmissdo. Baseando-se nos estudos por imunofluorescéncia — a
partir dos quais os candidatos vacinais foram marcados ao longo do citoplasma pelo CamVir-
1 - a elétron-microscopia foi conduzida na busca de particulas no citoplasma dos protozoarios.
Nas eletromicrografias, contudo, notamos a presenca de estruturas eletrodensas compativeis
com o tamanho de VLPs e capsdmeros apenas em vesiculas citoplasmaticas. Enquanto a

marcacdo por imunocitoquimica corroborou para a localizagdo citoplasmatica das proteinas

101



Desenvolvimento de duas plataformas biotecnoldgicas baseadas em linhagens... Mariz, F. C.

baseadas em L1, ndo é possivel afirmar que visualizamos capsémeros ou VLPs devidamente
marcadas. Eventualmente, ficou evidente a presenga dos candidatos vacinais no espaco
perinuclear de alguns protozoarios analisados.

A interpretacdo desse conjunto de evidéncias obtidas por microscopia eletronica é
desafiadora e, na nossa compreensdo, carece de mais anélises. E possivel que as varias
passagens de cultivo realizadas ao longo dos experimentos tenham diminuido
consideravelmente a expressdo dos candidatos vacinais baseados em L1, visto que essa € uma
importante desvantagem de sistemas epissomais. Se esse for o caso, iSSO comprometeria
consideravelmente a formacdo das particulas para anélise via microscopia eletrénica porque a
concentracdo da proteina L1 parece ser determinante para tal, como hipotetizado por Biemelt
et al. (2003). Adicionalmente, embora Thones et al. (2008) e Kim et al. (2012) tenham
empregado o CamVir-1 com sucesso para detec¢do de capsdmeros e VLPs, este anticorpo
reconhece um epitopo linear (204-210) na proteina L1 que € exposto nas particulas mas pode
também ser reconhecido no mondmero ainda desmontado, dado seu reconhecimento
independente de conformac&o. E possivel que esta seja a explicacio para os resultados obtidos
na imunocitoquimica.

Em conjunto, os dados apresentados neste trabalho demonstram o desenvolvimento de
duas inovadoras plataformas biotecnoldgicas para producdo de antigenos vacinais contra o
HPV e BPV. Salientamos o ineditismo das abordagens exploradas: o emprego de um sistema
genético baseado no promotor constitutivo Ppgky € atrativo como plataforma de baixo custo
para producdo de antigenos vacinais contra o PV; a utilizacdo de L. tarentolae como
plataforma vacinal — seja como vetor vacinal ou através de vacinas de subunidades -
permitiria o desenvolvimento de abordagens de largo espectro contra o HPV. Salientamos a
falta de qualquer estratégia vacinal contra 0 BPV e a urgente necessidade de controlar a
papilomatose animal em um pais que apresenta o maior rebanho bovino do mundo e que cuja
pecuaria movimenta R$ 429 bilhGes anualmente (7% do PIB) (SILVA et al., 2016). Dentro de
suas respectivas potencialidades, acreditamos que tanto a plataforma baseada em P. pastoris
guanto em L. tarentolae podem contribuir importantemente para o desenvolvimento de

estratégias vacinais voltadas aos gargalos e necessidades regionais.
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8. CONCLUSOES E PERSPECTIVAS

No presente trabalho, os resultados apresentados demonstram o desenvolvimento e a
viabilidade de duas plataformas biotecnologicas baseadas em P. pastoris e L. tarentolae para
producéo de candidatos vacinais do HPV e BPV. Para a plataforma baseada em P. pastoris, a
otimizacdo realizada no sistema pPGKA3-L1H16 — retirada do peptideo sinal para secrecéo —
foi capaz de promover eficientemente a producéo intracelular da proteina L1 do HPV16 sob
controle do promotor constitutivo PGK1, com evidéncias sugerindo a formacéo de VLPs no
citoplasma dos clones analisados. Em paralelo, o sucesso no desenvolvimento de uma
plataforma baseada em L. tarentolae expressando candidatos vacinais do HPV e BPV
representa uma inovadora abordagem biotecnoldgica, sobretudo a luz de uma estratégia de
largo espectro de protecdo contra o cancer cervical e pioneira contra a papilomatose animal.
Adicionalmente, os dados obtidos neste trabalho demonstram que L. tarentolae € capaz de
realizar modificagBes pos-traducionais semelhantes aos padrfes descritos em células de
mamiferos, caracterizando tal sistema como extremamente atrativo para a producdo e estudo
de proteinas de mamiferos.

Salientamos, no entanto, que o0s resultados apresentados demandam anélises
adicionais. Ainda que a proteina L1 constitua um modelo experimental para estudo do sistema
PGK1 de Pichia, entendemos que a concepcao de outros candidatos vacinais para o sistema €
necessaria. Além das quimeras desenvolvidas neste trabalho, exploraremos outros alvos
baseados em fusGes com a proteina L2 para esse proposito (trabalho relativo a um Mestrado
em andamento). Ainda sob a perspectiva de uma producdo em larga escala, o sistema genético
aqui explorado emprega a marca de selecéo baseada no gene de resisténcia & Zeocina™, um
antibidtico extremamente caro e tdxico que inviabilizaria o estabelecimento desta plataforma.
Por isso, estamos atualmente desenvolvendo linhagens de P. pastoris recombinantes mediante
emprego de um sistema genético com as seguintes modificacGes: (i) emprego de uma marca
de selecdo auxotrofica para o gene Leu2d; (ii) presenca de regides NTS (nontrancribed
spacers, regides ndo transcritas) de DNA ribossomal para permitir integracdo de multiplas
cdpias do cassete de expressdo no genoma das leveduras.

Paralelamente, o fato das linhagens recombinantes de L. tarentolae expressarem
satisfatoriamente os candidatos vacinais é promissor, mas 0 emprego de vetores ndo

integrativos é inconveniente como ja discutido. As futuras analises envolverdo os sistemas
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integrativos apresentados neste trabalho e que permitem a integracdo estavel do cassete de
expressdo no locus BT1 ou no rRNAp de L. tarentolae. Em complementacdo as
caracterizacdes realizadas neste trabalho, novos ensaios sdo necessarios para definir
acuradamente a formacéo de capsdmeros e VLPs a partir de L. tarentolae. As estratégias para
producdo dos candidatos baseados em E5 de HPV16 também serdo projetadas em dois
sentidos: (i) avaliar a expressdo de E50tH16 e E5Smulti mediante emprego do sistema pSP-
rRNAp-aaNeo; (ii) caso os problemas persistam, redesenho dos candidatos vacinais.

Por fim, iniciaremos em breve a caracterizacdo da imunogenicidade dos candidatos
vacinais e linhagens recombinantes a partir de modelo murino, estando estes ensaios ja
aprovados pelo Comité de Biosseguranca do CPgAM/FIOCRUZ-PE e em processo de
avaliacdo pelo Comité de Etica Animal da referida instituicdo. Salientamos, por ultimo, a
possibilidade de aplicacdo desses sistemas para producdo de outros candidatos vacinais ou
proteinas recombinantes de interesse diagnostico diversos. Nesse interim, recentemente nosso
grupo teve aprovacdo de financiamento confirmada pela FACEPE (Fundacdo de Amparo a
Ciéncia e Tecnologia de Pernambuco) para aplicacdo das plataformas descritas neste trabalho
visando estratégias diagnosticas para o Zika virus (ZIKV), uma emergéncia de saude publica

atual de acordo com a Organizag¢do Mundial de Saiude (OMS).
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APENDICE

Sequéncias de DNA

>GI:27752860 Gene L1 do Papilomavirus Humano 16
ATGTCTCTTTGGCTGCCTAGTGAGGCCACTGTCTACTTGCCTCCTGTCCCAGTATCTAAGGTTGTAAGCACGGAT
GAATATGTTGCACGCACAAACATATATTATCATGCAGGGACATCCAGACTACTTGCAGTTGGACATCCCTATTTT
CCTATTAAAAAACCTAACAATAACAAAATATTAGTTCCTAAAGTATCAGGATTACAATACAGGGTATTTAGAATA
CATTTACCTGACCCCAATAAGTTTGGTTTTCCTGACACCTCATTTTATAATCCAGATACACAGCGGCTGGTTTGG
GCCTGTGTAGGTGTTGAGGTAGGCCGTGGTCAGCCATTAGGTGTGGGCATTAGTGGCCATCCTTTATTAAATAAA
TTGGATGACACAGAAAATGCTAGTGCTTATGCAGCAAATGCAGGTGTGGATAATAGAGAATGTATATCTATGGAT
TACAAACAAACACAATTGTGTTTAATTGGTTGCAAACCACCTATAGGGGAACACTGGGGCAAAGGATCCCCATGT
ACCAATGTTGCAGTAAATCCAGGTGATTGTCCACCATTAGAGTTAATAAACACAGTTATTCAGGATGGTGATATG
GTTGATACTGGCTTTGGTGCTATGGACTTTACTACATTACAGGCTAACAAAAGTGAAGTTCCACTGGATATTTGT
ACATCTATTTGCAAATATCCAGATTATATTAAAATGGTGTCAGAACCATATGGCGACAGCTTATTTTTTTATTTA
CGGAGGGAACAAATGTTTGTTAGACATTTATTTAATAGGGCTGGTGCTGTTGGTGAAAATGTACCAGACGATTTA
TACATTAAAGGCTCTGGGTCTACTGCAAATTTAGCCAGTTCAAATTATTTTCCTACACCTAGTGGTTCTATGGTT
ACCTCTGATGCCCAAATATTCAATAAACCTTATTGGTTACAACGAGCACAGGGCCACAATAATGGCATTTGTTGG
GGTAACCAACTATTTGTTACTGTTGTTGATACTACACGCAGTACAAATATGTCATTATGTGCTGCCATATCTACT
TCAGAAACTACATATAAAAATACTAACTTTAAGGAGTACCTACGACATGGGGAGGAATATGATTTACAGTTTATT
TTTCAACTGTGCAAAATAACCTTAACTGCAGACGTTATGACATACATACATTCTATGAATTCCACTATTTTGGAG
GACTGGAATTTTGGTCTACAACCTCCCCCAGGAGGCACACTAGAAGATACTTATAGGTTTGTAACATCCCAGGCA
ATTGCTTGTCAAAAACATACACCTCCAGCACCTAAAGAAGATCCCCTTAAAAAATACACTTTTTGGGAAGTAAAT
TTAAAGGAAAAGTTTTCTGCAGACCTAGATCAGTTTCCTTTAGGACGCAAATTTTTACTACAAGCAGGATTGAAG
GCCAAACCAAAATTTACATTAGGAAAACGAAAAGCTACACCCACCACCTCATCTACCTCTACAACTGCTAAACGC
AAAAAACGTAAGCTGTAA

>Llwt
GCGATATCTCTAGAGCCATGTCTCTTTGGCTGCCTAGTGAGGCCACTGTCTACTTGCCTCCTGTCCCAGTATCTA
AGGTTGTAAGCACGGATGAATATGTTGCACGCACAAACATATATTATCATGCAGGGACATCCAGACTACTTGCAG
TTGGACATCCCTATTTTCCTATTAAAAAACCTAACAATAACAAAATATTAGTTCCTAAAGTATCAGGATTACAAT
ACAGGGTATTTAGAATACATTTACCTGACCCCAATAAGTTTGGTTTTCCTGACACCTCATTTTATAATCCAGATA
CACAGCGGCTGGTTTGGGCCTGTGTAGGTGTTGAGGTAGGCCGTGGTCAGCCATTAGGTGTGGGCATTAGTGGCC
ATCCTTTATTAAATAAATTGGATGACACAGAAAATGCTAGTGCTTATGCAGCAAATGCAGGTGTGGATAATAGAG
AATGTATATCTATGGATTACAAACAAACACAATTGTGTTTAATTGGTTGCAAACCACCTATAGGGGAACACTGGG
GCAAAGGATCCCCATGTACCAATGTTGCAGTAAATCCAGGTGATTGTCCACCATTAGAGTTAATAAACACAGTTA
TTCAGGATGGTGATATGGTTGATACTGGCTTTGGTGCTATGGACTTTACTACATTACAGGCTAACAAAAGTGAAG
TTCCACTGGATATTTGTACATCTATTTGCAAATATCCAGATTATATTAAAATGGTGTCAGAACCATATGGCGACA
GCTTATTTTTTTATTTACGGAGGGAACAAATGTTTGTTAGACATTTATTTAATAGGGCTGGTGCTGTTGGTGAAA
ATGTACCAGACGATTTATACATTAAAGGCTCTGGGTCTACTGCAAATTTAGCCAGTTCAAATTATTTTCCTACAC
CTAGTGGTTCTATGGTTACCTCTGATGCCCAAATATTCAATAAACCTTATTGGTTACAACGAGCACAGGGCCACA
ATAATGGCATTTGTTGGGGTAACCAACTATTTGTTACTGTTGTTGATACTACACGCAGTACAAATATGTCATTAT
GTGCTGCCATATCTACTTCAGAAACTACATATAAAAATACTAACTTTAAGGAGTACCTACGACATGGGGAGGAAT
ATGATTTACAGTTTATTTTTCAACTGTGCAAAATAACCTTAACTGCAGACGTTATGACATACATACATTCTATGA
ATTCCACTATTTTGGAGGACTGGAATTTTGGTCTACAACCTCCCCCAGGAGGCACACTAGAAGATACTTATAGGT
TTGTAACATCCCAGGCAATTGCTTGTCAAAAACATACACCTCCAGCACCTAAAGAAGATCCCCTTAAAAAATACA
CTTTTTGGGAAGTAAATTTAAAGGAAAAGTTTTCTGCAGACCTAGATCAGTTTCCTTTAGGACGCAAATTTTTAC
TACAAGCAGGATTGAAGGCCAAACCAAAATTTACATTAGGAAAACGAAAAGCTACACCCACCACCTCATCTACCT
CTACAACTGCTAAACGCAAAAAACGTAAGCTGTAAAAGCTTGGG

>Llwt (-h4) L2(56-75)

GCGATATCTCTAGAGCCATGTCTCTTTGGCTGCCTAGTGAGGCCACTGTCTACTTGCCTCCTGTCCCAGTATCTA
AGGTTGTAAGCACGGATGAATATGTTGCACGCACAAACATATATTATCATGCAGGGACATCCAGACTACTTGCAG
TTGGACATCCCTATTTTCCTATTAAAAAACCTAACAATAACAAAATATTAGTTCCTAAAGTATCAGGATTACAAT
ACAGGGTATTTAGAATACATTTACCTGACCCCAATAAGTTTGGTTTTCCTGACACCTCATTTTATAATCCAGATA
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CACAGCGGCTGGTTTGGGCCTGTGTAGGTGTTGAGGTAGGCCGTGGTCAGCCATTAGGTGTGGGCATTAGTGGCC
ATCCTTTATTAAATAAATTGGATGACACAGAAAATGCTAGTGCTTATGCAGCAAATGCAGGTGTGGATAATAGAG
AATGTATATCTATGGATTACAAACAAACACAATTGTGTTTAATTGGTTGCAAACCACCTATAGGGGAACACTGGG
GCAAAGGATCCCCATGTACCAATGTTGCAGTAAATCCAGGTGATTGTCCACCATTAGAGTTAATAAACACAGTTA
TTCAGGATGGTGATATGGTTGATACTGGCTTTGGTGCTATGGACTTTACTACATTACAGGCTAACAAAAGTGAAG
TTCCACTGGATATTTGTACATCTATTTGCAAATATCCAGATTATATTAAAATGGTGTCAGAACCATATGGCGACA
GCTTATTTTTTTATTTACGGAGGGAACAAATGTTTGTTAGACATTTATTTAATAGGGCTGGTGCTGTTGGTGAAA
ATGTACCAGACGATTTATACATTAAAGGCTCTGGGTCTACTGCAAATTTAGCCAGTTCAAATTATTTTCCTACAC
CTAGTGGTTCTATGGTTACCTCTGATGCCCAAATATTCAATAAACCTTATTGGTTACAACGAGCACAGGGCCACA
ATAATGGCATTTGTTGGGGTAACCAACTATTTGTTACTGTTGTTGATACTACACGCAGTACAAATATGTCATTAT
GTGCTGCCATATCTACTTCAGAAACTACATATAAAAATACTAACTTTAAGGAGTACCTACGACATGGGGAGGAAT
ATGATTTACAGTTTATTTTTCAACTGTGCAAAATAACCTTAACTGCAGACGTTATGACATACATACATTCTATGA
ATTCCACTATTTTGGAGGACTGGAATTTTGGTCTACAACCTCCCCCAGGAGGCACAGGCGGCCTGGGCATCGGCA
CGGGCAGCGGCACGGGCGGCCGCACGGGCTACATCCCGCTGCCCCTTAAAAAATACACTTTTTGGGAAGTAAATT
TAAAGGAAAAGTTTTCTGCAGACCTAGATCAGTTTCCTTTAGGACGCAAATTTTTACTACAAGCAGGATTGAAGG
CCAAACCAAAATTTACATTAGGAAAACGAAAAGCTACACCCACCACCTCATCTACCTCTACAACTGCTAAACGCA
AAAAACGTAAGCTGTAAAAGCTTGGG

>Llwt (-h4) Eb5m
GCGATATCTCTAGAGCCATGTCTCTTTGGCTGCCTAGTGAGGCCACTGTCTACTTGCCTCCTGTCCCAGTATCTA
AGGTTGTAAGCACGGATGAATATGTTGCACGCACAAACATATATTATCATGCAGGGACATCCAGACTACTTGCAG
TTGGACATCCCTATTTTCCTATTAAAAAACCTAACAATAACAAAATATTAGTTCCTAAAGTATCAGGATTACAAT
ACAGGGTATTTAGAATACATTTACCTGACCCCAATAAGTTTGGTTTTCCTGACACCTCATTTTATAATCCAGATA
CACAGCGGCTGGTTTGGGCCTGTGTAGGTGTTGAGGTAGGCCGTGGTCAGCCATTAGGTGTGGGCATTAGTGGCC
ATCCTTTATTAAATAAATTGGATGACACAGAAAATGCTAGTGCTTATGCAGCAAATGCAGGTGTGGATAATAGAG
AATGTATATCTATGGATTACAAACAAACACAATTGTGTTTAATTGGTTGCAAACCACCTATAGGGGAACACTGGG
GCAAAGGATCCCCATGTACCAATGTTGCAGTAAATCCAGGTGATTGTCCACCATTAGAGTTAATAAACACAGTTA
TTCAGGATGGTGATATGGTTGATACTGGCTTTGGTGCTATGGACTTTACTACATTACAGGCTAACAAAAGTGAAG
TTCCACTGGATATTTGTACATCTATTTGCAAATATCCAGATTATATTAAAATGGTGTCAGAACCATATGGCGACA
GCTTATTTTTTTATTTACGGAGGGAACAAATGTTTGTTAGACATTTATTTAATAGGGCTGGTGCTGTTGGTGAAA
ATGTACCAGACGATTTATACATTAAAGGCTCTGGGTCTACTGCAAATTTAGCCAGTTCAAATTATTTTCCTACAC
CTAGTGGTTCTATGGTTACCTCTGATGCCCAAATATTCAATAAACCTTATTGGTTACAACGAGCACAGGGCCACA
ATAATGGCATTTGTTGGGGTAACCAACTATTTGTTACTGTTGTTGATACTACACGCAGTACAAATATGTCATTAT
GTGCTGCCATATCTACTTCAGAAACTACATATAAAAATACTAACTTTAAGGAGTACCTACGACATGGGGAGGAAT
ATGATTTACAGTTTATTTTTCAACTGTGCAAAATAACCTTAACTGCAGACGTTATGACATACATACATTCTATGA
ATTCCACTATTTTGGAGGACTGGAATTTTGGTCTACAACCTCCCCCAGGAGGCACAGCGGCGTACGTGTGCCTGC
TGATCCGCCCGCTGCTGGCGGCGTACTACATCATCTTCGTGTACATCCCGCTGCCCCTTAAAAAATACACTTTTT
GGGAAGTAAATTTAAAGGAAAAGTTTTCTGCAGACCTAGATCAGTTTCCTTTAGGACGCAAATTTTTACTACAAG
CAGGATTGAAGGCCAAACCAAAATTTACATTAGGAAAACGAAAAGCTACACCCACCACCTCATCTACCTCTACAA
CTGCTAAACGCAAAAAACGTAAGCTGTAAAAGCTTGGG

>Llwt (-34) Eb5m

GCGATATCTCTAGAGCCATGTCTCTTTGGCTGCCTAGTGAGGCCACTGTCTACTTGCCTCCTGTCCCAGTATCTA
AGGTTGTAAGCACGGATGAATATGTTGCACGCACAAACATATATTATCATGCAGGGACATCCAGACTACTTGCAG
TTGGACATCCCTATTTTCCTATTAAAAAACCTAACAATAACAAAATATTAGTTCCTAAAGTATCAGGATTACAAT
ACAGGGTATTTAGAATACATTTACCTGACCCCAATAAGTTTGGTTTTCCTGACACCTCATTTTATAATCCAGATA
CACAGCGGCTGGTTTGGGCCTGTGTAGGTGTTGAGGTAGGCCGTGGTCAGCCATTAGGTGTGGGCATTAGTGGCC
ATCCTTTATTAAATAAATTGGATGACACAGAAAATGCTAGTGCTTATGCAGCAAATGCAGGTGTGGATAATAGAG
AATGTATATCTATGGATTACAAACAAACACAATTGTGTTTAATTGGTTGCAAACCACCTATAGGGGAACACTGGG
GCAAAGGATCCCCATGTACCAATGTTGCAGTAAATCCAGGTGATTGTCCACCATTAGAGTTAATAAACACAGTTA
TTCAGGATGGTGATATGGTTGATACTGGCTTTGGTGCTATGGACTTTACTACATTACAGGCTAACAAAAGTGAAG
TTCCACTGGATATTTGTACATCTATTTGCAAATATCCAGATTATATTAAAATGGTGTCAGAACCATATGGCGACA
GCTTATTTTTTTATTTACGGAGGGAACAAATGTTTGTTAGACATTTATTTAATAGGGCTGGTGCTGTTGGTGAAA
ATGTACCAGACGATTTATACATTAAAGGCTCTGGGTCTACTGCAAATTTAGCCAGTTCAAATTATTTTCCTACAC
CTAGTGGTTCTATGGTTACCTCTGATGCCCAAATATTCAATAAACCTTATTGGTTACAACGAGCACAGGGCCACA
ATAATGGCATTTGTTGGGGTAACCAACTATTTGTTACTGTTGTTGATACTACACGCAGTACAAATATGTCATTAT
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GTGCTGCCATATCTACTTCAGAAACTACATATAAAAATACTAACTTTAAGGAGTACCTACGACATGGGGAGGAAT
ATGATTTACAGTTTATTTTTCAACTGTGCAAAATAACCTTAACTGCAGACGTTATGACATACATACATTCTATGA
ATTCCACTATTTTGGAGGACTGGAATTTTGGTCTACAACCTCCCCCAGGAGGCACACTAGAAGATACTTATAGGT
TTGTAACATCCCAGGCAATTGCTTGTCAAAAACATACACCTCCAGCACCTAAAGAAGATCCCCTTAAAAAATACA
CTTTTTGGGAAGTAAATTTAAAGGAAAAGTTTTCTGCAGACCTAGATCAGTTTCCTTTAGGACGCAAATTTTTAC
TACAAGCGGCGTACGTGTGCCTGCTGATCCGCCCGCTGCTGGCGGCGTACTACATCATCTTCGTGTACATCCCGC
TGTAAAAGCTTGGG

>GI:333031 Gene L2 do Papilomavirus Humano 16
ATGCGACACAAACGTTCTGCAAAACGCACAAAACGTGCATCGGCTACCCAACTTTATAAAACATGCAAACAGGCA
GGTACATGTCCACCTGACATTATACCTAAGGTTGAAGGCAAAACTATTGCTGAACAAATATTACAATATGGAAGT
ATGGGTGTATTTTTTGGTGGGTTAGGAATTGGAACAGGGTCGGGTACAGGCGGACGCACTGGGTATATTCCATTG
GGAACAAGGCCTCCCACAGCTACAGATACACTTGCTCCTGTAAGACCCCCTTTAACAGTAGATCCTGTGGGCCCT
TCTGATCCTTCTATAGTTTCTTTAGTGGAAGAAACTAGTTTTATTGATGCTGGTGCACCAACATCTGTACCTTCC
ATTCCCCCAGATGTATCAGGATTTAGTATTACTACTTCAACTGATACCACACCTGCTATATTAGATATTAATAAT
ACTGTTACTACTGTTACTACACATAATAATCCCACTTTCACTGACCCATCTGTATTGCAGCCTCCAACACCTGCA
GAAACTGGAGGGCATTTTACACTTTCATCATCCACTATTAGTACACATAATTATGAAGAAATTCCTATGGATACA
TTTATTGTTAGCACAAACCCTAACACAGTAACTAGTAGCACACCCATACCAGGGTCTCGCCCAGTGGCACGCCTA
GGATTATATAGTCGCACAACACAACAGGTTAAAGTTGTAGACCCTGCTTTTGTAACCACTCCCACTAAACTTATT
ACATATGATAATCCTGCATATGAAGGTATAGATGTGGATAATACATTATATTTTTCTAGTAATGATAATAGTATT
AATATAGCTCCAGATCCTGACTTTTTGGATATAGTTGCTTTACATAGGCCAGCATTAACCTCTAGGCGTACTGGC
ATTAGGTACAGTAGAATTGGTAATAAACAAACACTACGTACTCGTAGTGGAAAATCTATAGGTGCTAAGGTACAT
TATTATTATGATTTAAGTACTATTGATCCTGCAGAAGAAATAGAATTACAAACTATAACACCTTCTACATATACT
ACCACTTCACATGCAGCCTCACCTACTTCTATTAATAATGGATTATATGATATTTATGCAGATGACTTTATTACA
GATACTTCTACAACCCCGGTACCATCTGTACCCTCTACATCTTTATCAGGTTATATTCCTGCAAATACAACAATT
CCTTTTGGTGGTGCATACAATATTCCTTTAGTATCAGGTCCTGATATACCCATTAATATAACTGACCAAGCTCCT
TCATTAATTCCTATAGTTCCAGGGTCTCCACAATATACAATTATTGCTGATGCAGGTGACTTTTATTTACATCCT
AGTTATTACATGTTACGAAAACGACGTAAACGTTTACCATATTTTTTTTCAGATGTCTCTTTGGCTGCCTAG

>L2wWt
CGGGATCCGCCATGGGCCACCACCACCACCACCACCACCACGGCCGACACAAACGTTCTGCAAAACGCACAAAAC
GTGCATCGGCTACCCAACTTTATAAAACATGCAAACAGGCAGGTACATGTCCACCTGACATTATACCTAAGGTTG
AAGGCAAAACTATTGCTGAACAAATATTACAATATGGAAGTATGGGTGTATTTTTTGGTGGGTTAGGAATTGGAA
CAGGGTCGGGTACAGGCGGACGCACTGGGTATATTCCATTGGGAACAAGGCCTCCCACAGCTACAGATACACTTG
CTCCTGTAAGACCCCCTTTAACAGTAGATCCTGTGGGCCCTTCTGATCCTTCTATAGTTTCTTTAGTGGAAGAAA
CTAGTTTTATTGATGCTGGTGCACCAACATCTGTACCTTCCATTCCCCCAGATGTATCAGGATTTAGTATTACTA
CTTCAACTGATACCACACCTGCTATATTAGATATTAATAATACTGTTACTACTGTTACTACACATAATAATCCCA
CTTTCACTGACCCATCTGTATTGCAGCCTCCAACACCTGCAGAAACTGGAGGGCATTTTACACTTTCATCATCCA
CTATTAGTACACATAATTATGAAGAAATTCCTATGGATACATTTATTGTTAGCACAAACCCTAACACAGTAACTA
GTAGCACACCCATACCAGGGTCTCGCCCAGTGGCACGCCTAGGATTATATAGTCGCACAACACAACAGGTTAAAG
TTGTAGACCCTGCTTTTGTAACCACTCCCACTAAACTTATTACATATGATAATCCTGCATATGAAGGTATAGATG
TGGATAATACATTATATTTTTCTAGTAATGATAATAGTATTAATATAGCTCCAGATCCTGACTTTTTGGATATAG
TTGCTTTACATAGGCCAGCATTAACCTCTAGGCGTACTGGCATTAGGTACAGTAGAATTGGTAATAAACAAACAC
TACGTACTCGTAGTGGAAAATCTATAGGTGCTAAGGTACATTATTATTATGATTTAAGTACTATTGATCCTGCAG
AAGAAATAGAATTACAAACTATAACACCTTCTACATATACTACCACTTCACATGCAGCCTCACCTACTTCTATTA
ATAATGGATTATATGATATTTATGCAGATGACTTTATTACAGATACTTCTACAACCCCGGTACCATCTGTACCCT
CTACATCTTTATCAGGTTATATTCCTGCAAATACAACAATTCCTTTTGGTGGTGCATACAATATTCCTTTAGTAT
CAGGTCCTGATATACCCATTAATATAACTGACCAAGCTCCTTCATTAATTCCTATAGTTCCAGGGTCTCCACAAT
ATACAATTATTGCTGATGCAGGTGACTTTTATTTACATCCTAGTTATTACATGTTACGAAAACGACGTAAACGTT
TACCATATTTTTTTTCAGATGTCTCTTTGGCTGCCAAGCTTGGG
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>ES5B1
GCGGATCCGCCATGGGCGACACGTACCGCTACATCGGCGGCCCCAACCTGTGGTTCCTCCTGTTCCTGGGACTCG
TCGCCGCTATGGGCCTCCTCCTCCTGCTGTTCCTGCTGCTGTTCTTCCTGGTGTACTGGGACCACTTTGAGTGTA
GCTGCACCGGCCTGCCTTTCAAGCTT

>E50tH16
GCGGATCCGCCATGGGCGACACGTACCGCTACATCGGCGGCTACTGCATTCACAATATAACCGGTGTCCTGTTCG
CACTGCTCTGCGTGCTCCTCTGCGTTTGTCTGCTGATACGGCCTCTCCTGCTGTCAGTGTCTACTTACACAAGTC
TCATTATCCTGGTGCTGCTGCTGTGGATCACAGCAGCCTCCGCCTTTAGATGTTTTATCGTTTATATCATTTTCG
TGTATATACCACTGTTTCTGATCCATACCCATGCAAGATTCCTGATCACAAAGCTT

> ESmulti
GCGGATCCGCCATGGGCGACACGTACCGCTACATCGGCGGCTGTGTGCTGCTGTGCGTGTGTCTCCTCATTCGCC
CCCTCCTGCTGAGTGTGTCTACTTGCGTGCTGCTGTGTGTGTGCCTGCTGATCCGCCCCCTGCTCCTGTCCGTGA
GTACACGCTGCTTCATCGTGTACATCATTTTCGTTTATATCCCTCTGTTCCTGATCCACACACGCTGTTTCATTG
TGTATATAATCTTCGTGTACATCCCACTGTTTCTGATCCATACCAAGCTT
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The human papillomavirus (HFV) L1 major capsid protein, which forms the basis of the currently available vaccines against
cervical cancer, self-assembles into vimas-like particles (VLPs) when expressed heterologowsly. We repart the development of a
béntechnology platform for HFVIG L1 protein expression based on the constitative PGET promaoter [Py, ) from the methylotrophic
yeast Pichia pastoris. The L1 gene was cloned under regulation of Ppgy, into pPGEAS expression vector to achieve imtracelhslar
expression. In parallel, secretion of the LI protein was obtained through the nse of an alternative vector called pPGE.A 3o, in which
a codon optimized asfactor signal sequence was inserted. We devised a worksflow based on the detection of the LI protein by dot
blaot, colomy blot, and western blot o cdassify the positive clones. Finally, intracellular HPY VLPs assembly was demonstrated for
the first time in yeast cells. This stady opens up perspectives for the establishment of an innovative platform for the productson of

HPY VLFs or other viral antigens for vaccination parposes, based on constitative expression in P pectoris.

1. Introduction

HFVs are a large Bamily of dsDNA viruses that causse benign
warts and malignant tumors. Persistent infection by HPV
impozes a huge burden on health services worldwide owing to
its links with cancer of the vagina, vulva, penis, anis, longuee,
and, in particular, wterine cervix, which is the most serious
outcome [1]. About 75% of sexually active people are exposed
o HPV during their lifetime [2]. Some of the neardy 120 HFV
genotypes reporied [3] are encountered in virtually 1W00% of
cervical tumaord and can this be casified az high-risk HPV
{(he-HEFV) types [4]. Nearly L4 million wormen are affected by
cervical cancer all over the world while 320,000 new cases and
274,000 resulting deaths are reported anmually, which leads
i a mortality rate of 35% [5]. Although HPVIS and HFVIE

are responsible for 70% of cervical cancer cases wordwide
[5]. there are other 12 he-HPV types whose prevalence is
subject (o regional variations [8]. [n Brazil, HFV16 s the most
common genolype, but HPY 31 and HPV33 are as prevalent
as HPVIE, at least in the Northeast and Midwest Regions
[7]. which illustrates the urgent need to st up vaccination
programimes where HPY is prevalent. Apart fnoim the cervical
intraepithelial lesions of all grades and warts, it is estimated
that 5% of all human cancers are associated with this wiral
infection [8].

Middle-income developing countries, where more than
BV of the related deaths are found, have failed to establish
cervical sereeming programs in a satisfactory manner |5].
Since 2008, two protective vaccines have been licensed for
prophylagis against HPY infection. Gardasil (Merck) and
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Cervarix {GlxoSmithKline) contain HPV VLPs produced
in Saccharomipess cerevisine and baculovirus-infected cells,
respectively. Although these vaccines are highly effective
and safe [%, 0], their prohibitive costs prevent them from
being widely available in developing countries [11]. However,
the regional production of prophylactic HPY vaccine could
overcome the problem of this price barrier by reducing the
cost and also Alling the current demand and supply gap [12].

Production of HPV VLPs can be achieved through
the expression of recombinant major capsid protein L1 in
heterobogous systems [M, 15]. These particles preserve the
conformational epitopes from native virionsand are thus able
to induce high titers of neutralizing antibodies [4]. Different
expression platforms have been explored for producing HFY
VLPs with varying degrees of success [14, 16-20]. Bacterial
expression systems are limited o producing economically
significant amounis of recombinant HFY VLPs [20, 21] and,
aimnoig the eukaryotic systems, yeast cells have the greatest
potential because of their high expression levels, combined
with simple growth requirements and high growth rates.

The expression and characterization of HFV VLPs from
the methylotrophic yeast Pickhia pastoris has been described
elsewhere [12,22-24]. In these studies, the expression of HPYV
L1 genes was under the control of the promoter from the
aleohal oxidase I gene (ACQKT), which is tightly regulated
at the transcription level. Recombinant protein expression
under the control of Pyq, relies on a preliminary production
of yeast biomass through cultivation on glucose/glycerol,
followed by indwction of protein production in the presence
of methanol as the sole carbon source [25]. Degpite the
suceess of the ADXNLbased system, the use of methanol
as an inducer has drawbacks such as its inflammability,
toxicity, and biomass generation requirements prior to the
induction phase. This means there is the need for longer time-
based profocols, a rigid control of methanol levels during
the induction phase, and the use of an inducer compound,
which iz particularly unsuitable when planning an industrial
platform [25]. Furthermaore, there is evidence that the culiure
conditions required for P induction can compromise the
expression levels of other VLPs and this can affect HPV L1
expression [22, 26, 27].

The isolation and molecular characterization of the 3-
phosphoglyeeratekinase gene (PGKI) from P pasioris was
reported by de Almeida et al [28]. In yeast, PGET encodes
a glycolytic enzyme which also acts in the gleconsogenic

and may represent 5% of the total cellular protein
[29]. Secretion of Bacillus subfilis a-amylase protein was
carried oul effectively under the control of the constitutive
Ppgyy from B pastoris cells grown in glucose, glyeerol,
or methanol, whereas cells grown in glucose displayed
higher expression bevels [28]. Unlike the P, -based system,
biomass generation and protein production ocour simultane-
oudly in medium containing glucese or glycerol. Although a
consfitubive expression is not recommended when the protein
of iterest is toxic to the veast cell [26, 340, this s aot
the cage for HPV LI protein gnce its expression has been
efficiently achieved for approximately 144 hours [31]. These
features make the Ppgy, an attractive system for beteralogous
expression in £ pastoris.

BioMed Besearch International

Irn this study, we explored the development of an inneva-
tive heteralogous expression system for production of HPV1E
L1 protein. For this purpose, the Py, -driven constitutive
expression of the L1 protein was investigated, both through
intracellubar and secretory pathways. In order to select well-
expressing yeast cones, we combined the wse of dot blot,
colony blot, and western blot technigques in a workflow for the
detection of the L1 protein. Additionally, evidence that HFV
L1 protein self-assembles into VLPs was observed in vivo by
transmission eleciron microscopy. To date, this is the first
report of heterologous expression in B pastoris which uses the
Py for biopharmaceutical purposes.

2. Materials and Methods

20 Straing arid Cell Culture Medin, Ewcherichia coli DHSa
strain [F @30lacZAMIS AllacZYA- argFIULEY recAl endAl
hsdRI7{rk—, mE+] phioA supEdd A- thi-1 gyr AY6relAl] was
routinely used as a host for cloning and plasmid manip-
ulations. This sirain was culiured at 37°C in LB medium
(05% yeast extract, 1% NaCl, 1% wryptone) supplied with
appropriate antibiotics.

The B pastoris X-33 sirain (wild-type) used in this study
was purchased from Invitrogen. The yeast cells were grown at
'C on YPD medium (1% yeast extract, 2% Bacto-peplone,
2% glocose) and YPDS (1% yeast exiract, 2% peplone, 2%
glucose, 1M sorbitol) supplemented with 100 ggfiml zeocin
(Ivitrogen) when necessary.

All the molecular cloning technigues were carried out
as previously described [32). Restriction enzymes wsed for
cloning were purchased from Promega and used in accor-
dance with manufacturer’s recommendations. DNA sequenc-
ing analysis was performed on a Genetic Analyser 3500
automatic sequencer (Life Technologies).

2.2 (oning of the HPVI6 LT and Construction of Expression
Vectars. A DNA sequence encoding the HFV1G LI protein
(Gen Bank access number Gl: 277528600 was designed with
codons optimized for exprestion in P pastoris. Restriction
sites for Khol and Nedl were added to the flanking regions
of the L1 gene so that the cloning could be directed into
the expression vector. The gene was synthesized by Epoch
Biosciences (TX, USA), and doned into pB3K plasmid.
The resulting construct called pESESL] was amplified in E.
coli DH50. L1 gene was released from pBSK afier dowble-
digestion with Xhol and Not] and employed for creating the
expression veclors.

Thwor expression vectoss were constructed with the Pgg,
promoder from F pastoris for constitulive expression of the
L1 protein. The original 2 kb Py sequence described by
de Almeida et al. [2B] was reduced to a minimal ~400bp
sequence after deletion analysis with restriction enzymes
[33]. The resulting Ppgy sequence was used o generate
the pPGEA3 expression vector for intracellular expression.
Additionally, a pPGEAZx expression vector carries a codon-
optimized 5 cerevisioe a-fcior signal sequence (a-MF)
cloned downstream 1o Ppgy, o drive recombinant pro-
tein secretion. Both Py -based vectors contain the zeocin
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resistance gene Sk ble for positive selection of E. coli and P
pastoris recombinants, as well as a C-terminal polyhistidine
(6 His) tag for detection of the fusion protein by immunoblod
assays. The L1 gene previously digested with Xfol and Notl
was cloned inte pPGEAZx and pPGEA3 expression vecloes
digested with the same enzymes, and the resulling vectors
were called pPGEA3a/LL and pPGKAILI, respectively. The
construction of the vectors was confirmed by restriction
digestion, PCR and DNA sequencing with specific primers
for both L1 (3" TAGGATCCATGTCATTATGGCTTCCA
Fand3" CTGGATOCTTAATGATGATGATGATGATGC-
AA 3 which flank the entire gene while 3’ GGTCAACCT-
TTAGGAGTTGG 3" and 5" GACGAACATTTGTTCCCT-
TCA 3' amplify an internal L1 fragment of =400 bp) and
Prgg (5" TCATAGTTCATCOCTCTCTCC 3°%) sequences.

2.3, Hectroporation of Yeasts and Selection of B pastoris
Reconnibinant Strairs. Stable integration into the PGRT locus
of B pastoris was achieved after linearization of the 5 g
Py based expression vectors with Sacl [33). B pastoris
electrog etent cells were and transformed,
ad deseribed elsewhere [13]. In this work, weast clones
were either referred as P pustoris/pPGEASa/L] or B pas-
loris/pPGEAZLL depending on the vecior that was used.
After selection on agar plates containing YPD sup-
plemented with 100 ug/ml zevcin, the transformants were
subjected 1o a general procedure for the selection of dones
containing multiple copies of the expression cassette, called
Poattransformational Vector Amplification (FTVA) process
[13]. For this purpose, veast clones were later plated on higher
concentrations of zeocin (100, 500, and WHK pg/mL).

24 Sereenivig of Well-Expressing Pochia Clovtes by Dot Blot ard
Colovty Blor Assaye, Multicopy dones resistant 10 1000 pgleml
zeocin were subjected to a general screening for selection
of recombinant strains expressing high levels of HPV L1
protein. The screening was carried out a5 follows: (i) B
pasiorisfpPGEAZSLL clones were cultivated in agar plates
and subsequently subjected to colony blot for detection of
HPYV L1 in with the CamVir anti-HFVI6 L1 mono-
clonal antibody {Chemicon, USA); (i) In contrast, B pas-
lori/pPGEASNLL clones were subsequently grown in deep-
well plates to detect HPV L1 protein by dot Bot with the anti-
L1 monoclonal antibody.

In the case of colony blot, the protocol described by
Goodaough et al. [34] was modified as follows. After culti-
vation of P! pastorisfpPGRAIa/LL multicopy dones in YPD
agar plates for 3 days at 30°C, the PVDF membranes were
cut as discs and lefi standing with the surface colonies
fior 3 hours at 28°C. Colonies on the master plate could
be replicated by placing the PVDF dises on a fresh agar
plate when desired. The PVDF discs were washed with teis-
buffered saline (TBS) containing 0.05% Tween 20 (TEST)
o remove adbering cells. The membranes were blocked by
incubation in TEST, supplemented with 5% nenfal milk fer
1 hour at room temperature, and then incubated overnight
i 4°C with anti-L1 antibody properly diluted (1:1000) in
the blocking solution. PVDF discs were washed three fimes
with TEST for 10 min and then incubated for 1 hour at room

temperatuse with peroxidase-conjugated goat anti-mouse
immunoglobulin (IgG, Sigma-Aldrich) diluted 1: 3000 in the
blocking solution. Chemiluminescence reaction was defected
with an ECL kit (GE Healtheare).

For the dot blot assay, P pastoris/pPGEASL] multicopy
clomes were first grown in a deep-well plate containing YPD
miedium for 3 days at 30°C. The plate was shaken af 30 rpm
and B pastoris cells were harvesied by centrifugation at
00 rpm for recovery of the pellets. Preparation of yeast
extracts was performed with an “alkaline lysis” procedure
as previously described [35]. Briefly, the cell pellets were
reauspended in lysis buffer (00M NaOH, 0.05M EDTA,
% 3DS, 2% f-mercapioethanol) and heated 1o #0°C for
10 sin and the lysate was brought o neutral pH. To insprove
solubilization, the lysate was heated again for 10 min and
mixed with loading buffer (025 M Tris-HCl pH 6.8, 50%
glyeerol). The PVDF membranes were cul in a proper way
and inserted into & dot blotter apparatss. Protein transfer to
the membranes was carried out with 10680 gl of the lysate for
1 lour and, thereafier, the immunoblot proceeded as already
deseribed for the colony blot. The HPVIS L profein that was
epsomally expressed in B pastoris [22] was wsed as positive
coninl for both dot blot and western blot assays.

25 Protein Expression in Shake-Flask Cultures. P pastoris
multicopy clones were selected for baffled-flask cultivation
in accordance with the highest detecied level for the HPY
L1 protein. P pastori pPGEAZa/L] clones were first preinoc-
ubated in Sml of YPD to achieve the secretion of the L1
profein and grown ai 28-30"C in a shaking incubator (250-
300 rpm) witil the cultures reached an ODgy of <10 (24
hours). Following this, the cells were inoculated in 20mL
of YPI¥ for 3 days and aliquots were taken for analysis
al periodic intervals. These samples were centrifuged at
12000 g for 2min and the supernatants were stored for
further analysiz. For the intracellular expression of the L1
protein, B pagoris/pPGEASL dones were subjected to the
same profocel but the cell pellets were stored instead of the
supernatanis.

26 Preparation of Intra- and Extracellular Prodein Exiracis.
Aliguots of supernatants were submitted to precipitation with
trichloroacetic acid (TCA) (Sigma-Aldrich) toa final concen-
tration of W% to allow the secretory production of the HPY L1
protein to be analyzed. Afier concentration, the supernatant
was discarded, and the protein pellet was resuspended again
i MO acetone to remove residual TCA. A fnal volume of
SDSE-loading buffer {1 M Tris-HCL, pH 6.8, 10% SDS, 0.5% -
mercaptoethanol, 0.1% bromophenol blise) was then added to
the washed pellet (corresponding to 100x concentration) and
this mix was resolved on 15% SDS PAGE afier the samgples
had been heated for Wmin at 75°C. Polyacrylamide
was either ained with Coomassie brilliant blue (Pierce, IL,
USA) ar transferred to PV DF membranes wsing a VZ0-SDE
semidry protein transfer apparatus [Scie-plas, Cambridge,
UK). Immunoblot was performed as described in Section 24.
Preparation of cell extracts for intracellular analysis of
the L1 expression was carried oul with breaking buffer
and acid-washed sterile glass beads (045 mm in diameter),
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aceording to Cregg et al. [36). This crude protein & wiad
mixed in gel loading buffer and prepared for SDS PAGE and
western blot (as deseribed above).

2.7 Electron Microscopy. Al the end of the induction course,
both the cells and culture supernatants were subjected to
absorption into carbon-coated grids, a3 recommended by
Faledm et al [37). The grids were subjected to examination
with a FEI Morgani 2680 transmission electron microscope,
operated at 100kV, in order 1o analyze the VLP formation
in cytoplasm and culture medium of recombinant yeast-
expressing HPV L1 protein.

3. Results and Discussion

AL Construction of Expression Vectors amd Generation of
Pichia Recownbinant Strains. For the production of HPVIA
LI protein, we used a heterologous expresson gystem based
on the constitative B pastoris PGKT promoter which was
originally described and employed for secretion of a-amylase
from Bocillus subtilis [28]. In this work, a variant of the
PGED promoter sequence containing —400bp was used 1o
allow integration of the expression vector via homologous
recombination, a3 well a3 a codon-optimized a-factor from
5. cerevisiae o drive the secretion of recombinant proteins
(Figures 1(a) and e)). Since previows stisdies have ana-
lyzed different protocols o optimize VLP production and

ification steps in veast [38—41]. we believe thal secretion
of HPV Ll in the coliure media could assist downstream
processing. The analyzis by PCR, DNA sequencing (data
not shown), and restriction digestion showed the successful
doning of a codon-optimized L1 gene into Pugg-based
vectors (Figure W), left panel). B pagdoris/pPGEAZx-L1HIA
and P pasori/pPGEAS-LIHG recombinant strains were
oblained after electroporation of yeast cells with the lin-
earized expression cassettes (Figure I(b), right panel) and
further selection on agar plates containing zendin.

Although recombination with the expression cassetle
confers reocin-resistance to B pastorés cells, there is no way
o ensure that a heterologous gene will be expresied at high
lewels. The selection of dones containing multiple copies of
an expression caselle represents an attractive strategy for
incressing expression levels [13]. Multicopy cdlones can be
screened by transformants that are resistant to high levels ofa
selectable marker compound. However, this effective method
is still laborious and inefficient, since 50 to 100 transformants
usually need to be screened to have a reasonable chance
of finding the 1-2% multicopy (>10 copies) clones [42].
Recenly, an iterative process termed Postiransformational
Vector Amplification (FTVA) has been investigated to gen-
erale P pastoris clones conlaining multiple copies of the
entire vector in the genome through the submission of
rransformants, which were initially selected on a low level
of drug and only contained one or a few copies of the
vectos, to higher levels of zeocin [13). Molecular details of
this process are @il unknown, but an analysis of FTVA-
selected clones showed a three-to-five-fold increase in the
veclor copy number, as well as the integration of all the
copies into the B pastoris genome in the same locus as
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the original copy. [n this work, we tested the generation
of multicopy clones by the PTVA process starting with 55
transformants from each cassette. After growth on agar plates
with increading zeocin levels, 50 P pastoris/pPGEAS-LIHLG
clomes and 52 P postoris/pPGEA3e-LIHIG clones showed
resistance Io 1000 ugfml zeocin. Zeocin resistance levels
can be directly correlated with the copy numbers of the
expression cassette integrated in the genome. The clones that
only harbor one copy of te integrated expression cassette
are resistant 1o W grg/ml zeocin, while integration of 2, 3,
andd 4 casielle copies causes resistance of up o 500, 1000, and
N pegfmL zeocin [26].

3.2, Well-Expressing Fichia Clowes Are Rapidly Screemed by Dot
and Colony Blal. Compared with E coli-based expression
systems, the main disadvantage of P! pasioris is that it relies
on the heterogensous expression levels of the exogenous gene
when the primary transformants are being analyzed [43].
Multicopy screening has the potential to enhance straing
expressing increased levels of the heterologous gene, but
only a small portion (5%) of highly drug-resistant colonies
are generated as a resull of an increased gene dosage. Most
transformants are resistant to drugs for other {unknown)
reasons [13]). Hence, we established a workflow based on
the culiivation of recombinant yeasts in deep-well and agar
plates and carried out a further analysis by dot and colony
blot to identify well-expressing clones. Through this general
approach, we were able 1o access the expression levels of 52
pPGEASR/LIHIG colonies and 25 pPGRASLIHIG colanies.
The multicopy cones generated by the PTVA process dis-

laved a uniform expression signal (Figures 2(a) and Nb)k
The back of detection by the P pastoris cells that had
been ransformed by the parental expression vectors (emply
PGE-baged vectors) together with the detection of the L1
protein expressed episomally in P pastoris cyiosol ensured the
specificity of the reaction.

[t is worth noting that this practical and rapid workflow
provides a stralegy 1o screen well-expressing <lones through
cultivation under nonoptimal conditions—with regard o
culture volume, shaking, and seration, as is the case for deep-
well and agar plate cultures—among a considerable high
number of colonies. The ¢ blot assay has an imporiant
feature, particularly in the case of PGK-based clones that
secrete L1 protein, which is the dispensable use of liguid
media. Since P pastoris secretes few proteins into the mediem
[25, 30, 43], screening strategies based on cultivation in liguid
media may be unsuitable and require profein precipitation,
for example, which iz not the case here.

33. HPVI6 LI Expression in Shake Flosks under PGKI Reguln-
tiori. Expression of the major capsid protein of HPV16 in P2
puistires was first reported by Bazan et al. [22]. According o
these authors, the expression level achieved was higher than
that obtained in 5. cerevisine. Despite being innovative and

L means of demonstrating the feasibility of Pichia
in producing HPFV VLPs, the work carried out by Bazan and
colleagues, emploved a nonintegrative system. As the authors
(and other studies) point out, the use of episomal plasmids
is not recommended for industrial purposes, since they have
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Freune I: Construction of cassettes for HPV16 LI gene expression under the control of Py, . (a) Schematic illustration of the two expression
cassettes i which fragment lengths are highlighted for the confirmation analysis: primers flanking part of the P, . and the L1 gene rendera
1.9 kb fragment from the pPGKA3a/LIHI6 vector and a 1.7 kb fragment from the pPGKA3/LIHI6 vector; primers flanking the LI gene renders
a 1.5 kb fragment from both vectors; internal 11 primers render a (.4 kb fragment from both vectors. (b, left panel) Expression vectors were
extracted from recombinant bacterial strains and subjected to PCR analysis: the three DNA fragments predicted in (a) were amplifbed from
the extracted DNA plismids. (b, right panel) Extracted DNA plasmids were further confirmed by restriction digestion with Xhol and Notl
enzymes (upper line), through which the release of the LI gene (1.5 kb) could be observed, along with the presence of pPGKAZa (3kb) and
pPGKAS (28 kb) vectors. After confirmation by PCR and restriction digestion, the P, «based cassettes were lincarized with Sacl (lower
line) prior to transformation of P pastoris. (<) Map of pPGKA3a-LIHI6. PGKI promoter and AOX! transcription terminator regions are
flanking the L1 gene at its 5" and 3 ends, respectively. Besides the E. coli pUC arigin and zeocin selection maker, this construct carries a
codone-optimized S. cerevisiae a«MF (S) downstream from the PGKI promoter, which is absent in the pPGKAYLIHI6 vector. The pasitions
of Xhol, Notl, and Sacl restriction sites are also highlighted on the map. The map is merely illustrative and there is no correlation between
the sizes of the highlighted regions.
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Froune 2 Selection of welleexpressing clones. £ pastoris transformants were subsequently subjected to higher drug levels (100, 500, and
1000 ug/ml zeocin) for screening of multicopy strains. (a) Secretion of HPV LI protein from the P pastoris/pPGKA3a/Ll clones resistant to
1000 ug/ml. zeocin was detected by colony blot. Absence of detection in the P pastoris strains controls (yeasts transformed with the parental
vectors) ensured the relsability of the reaction. (b) Intracellular expression of HPV LI protein was confirmed in P, pastoris/pPGKA3/LI clones
resistant to 000 ug/mL zeocin by dot blot. HPVI6 LI protein episomally expressed in P pastoris was used as positive cantral (dotted circle in
white), while P. pastoris strain transformed with the empty vector was used as negative control (circle in white).

been associated with the generation of recombinant strains
that are genetically unstable and have two undesirable out-
comes: (i) instability in the heterologous expression levels; (ii)
continvous antibiotic selection which is needed to maintain
the expression plasmids [25, 26, 44]. Heterologous L1 protein
from other HPV genotypes was also reported in £ pastoris by
employing AOXI-based integrative vectors [12, 23, 24].

With regard to the metabolization of methanal, P pastoris
strains present three distinct phenotypes: (i) the wild-type
phenotype designated as methanol utilization ples (Mut®)
and characterized by the presence of a functional copy of
the alcohol oxidase 1 gene (AOXI1) which is responsible for
85% of the utilization of methanol by the alcohol oxidase
enzyme; (ii) methanol utilization slow (Mut”) phenotype,
characterized by the absence of the AOXI gene and presence
of the AOX2 gene, which is about 97% homologous to AOX1
but much less expressed; (iii) methanol utilization minus
(Mut™) phenotype, where both AOX genes are absent. Hence,
while Mut* strains show a poor growth on methanol medium,
the Mut" strains have a greater growth rate and Mut™ strains,
in contrast, are unable to grow on methanol as the sole
carbon source. Interestingly, Cregg et al [27] showed that
P pastoris Mut*strains expressed 10-fold less HBsAg than
Mut* strains, which suggests that consumption of methanol
at high levels, coupled with a rapid growth rate, may not lead
to efficient HBsAg assembly [26]. In addition, HPV VLPs
expressed under AOXI regulation were described as unstable
and inadequately assembled [22], although these features
were reversed afier the incubation of the VLPs under refold-
ing conditions. In light of this, these findings suggest that
cell requirements during P,y induction are nonoptimal

for the production of HBV and HPV VLPs. Finally, even
though recombinant protein expression in Pichia Mut" strain
could circumvent the deficiencies observed for the generation
of VLPs in Mut® straing, the slower methanol utilization
phenotype requires long fermentation times to reach peak
product concentrations. Once induced, the entire culture
cannot be used 1o start a new culture [26].

In contrast with the reports employing Py, -based
system, we constitutively expressed the L1 protein through
Puoky in the presence of glucose and by employing an
easier cultivation/expression schedule in shake flasks, since
L1 expression occurred together with the cell and the
laborious control of the methanaol/inducer levels was dispens-
able (Figures 3(a) and 3(b)). By using the anti-HPV16 L1 mon-
oclonal antibody, it was demonstrated that a 56kDa protein
was present in the cellular lysate during the cultivation course
(Figure 3(b), L1 secretion will be further discussed), while no
detection was observed in the control extracts. A continuous
culture strategy, which is a cost-effective method for large-
scale production, could be achieved through the use of Ppgg, -
driven expression and would be attractive as it allows an
indefinite theoretical production of the heterologous protein
[26]). Although there have been a number of different reports
showing genetic instability in P pastoris multicopy strains
induced with methanol [45-47], we have not observed the
same results with the PGK-based clones explored in our
work. HPV L1 has been successively detected by western blot
after approximately 90 generations, even in the absence of
zeocin (Figure 3(b), lower panel). Although more investiga-
tions need to be carried out with regard to the structural
stability of these clones, these preliminary data suggest there
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Froune 3: Expression of L protein in shake flasks. (2 and b) HPV LI protein was constitutively secreted to the culture medsa or intracellulasly
produced after cultivation of four £ pastoris clones (two dones for each Py «based vector) with glucose for 72 hours. Upon boiling,
multimerization of L} protein in the protein extract was observed as a protein smear, which was overcome after denaturation at 75°C. Aliquots
of HPV16 LI protein episomally expressed in P pastoris [13] were used as a positive control (C+), while the protein extracts from £ pastoris
strains transformed with the parental vectors were used as negative control (C-).

is another advantage related 1o the use of the P pastoris PGKI
promoter.

It has been argued that creating optimum conditions for
the production and purification of HPV VLPs is a strategy
that can reduce the production costs of vaccines [31, 40],
since it could require less time and labor in industrial
production. In this regard, different procedures have been
explored related to VLP purification steps, such as ultra-
centrifugation, size-exclusion chromatography, and cation-
exchange y or even their combination [39-
41], as well as the A about how cell culture conditions
can be optimized [31, 38]. We believe that secretion of HPV
LI in the culture media could improve the downstream
process. Yeasts such as S. cerevisiae and P pastoris have
low specificity requirements for signal sequence recognition
[25]. The well characterized S. cerevisiae a-MF is the most
used secretion signal for P2 pastoris and achieves similar
and even higher expression levels than the Pichia native
signal sequence [30, 48]. In attempting to obtain secretion
of LI protein at high levels in the culture medium, we
employed a codon-optimized a-MF along with the PGKI-
based vectors. Qur initial attempts to detect HPV L1 protein
in supernatant of P, pastoris/pPGKA3a/L1HI6 clones showed
an unexpected protein smear when the samples were boiled
at 95°C, which was not visualized in the extract of negative
controls (Figure 3(a)). A similar observation was reported
eardier [12], probably due to multimerization of L1 protein in
higher structures upon boiling. Although this feature was not
pronounced when the cell lysate was analyzed, we proceeded
with the protein denaturation at 75°C for all the samples
before fractioning in electrophoresis, and this allowed the
detection of the L1 protein in its expected molecular weight
(56 kDa, Figures 3(a) and 3(b)). Lower bands observed in
both media and cell lysste-derived samples are possibly

degradation products of the L1 protein, since these species
were not seen in the negative controls. Similar degradation
patterns were also reported previously [12, 24]. When the
identical electrophoretic pattern displayed by the secreted L1
protein was compared with both its nonsecreted L1 version
and the L1 episomally expressed version, it was suggested
the a-MF was being processed correctly. In addition, this
indicates the lack of posttranslational modification in the
secreted L1 protein, although previous reports had charac-
terized glycosylation sites in the HPViné L1 protein [49, 50].
More detailed investigations are needed in this area.

3.4. Electron Microscopy Evidence of HPV VLP Assembling
within the P. pastoris Cells but Not in the Culture Media.
The assembly of HBV and HCV core proteins into VLPs
has been previously reported in yeast [37, 51]. However,
no dear evidence has so far been provided to demonstrate
that the HPV VLP self-assembled inside the yeast cell
Electron microscopic characterizations of VLP formation
were achieved after downstream processing and purification
from the yeast cell lysate, which is also true for the VLPs
employed in the current HPV vaccines. The demonstration of
intracellular VLP formation in P pastoris opens up perspec-
tives for the development of a live attenuated vaccine, since
this yeast has been granted the GRAS (Generally Recognized
as Safe) status by the FDA (Food and Drug Administration)
and has been recognized as an efficient wvehicdle for the
delivery of viral antigens when administered by an oral
and intramuscular route [52]. Furthermore, immunization of
animals with live bacteria strains expressing HPV VLP has
proved to be effective in the anti-L1 IgG production [20].
Electron microscopy analysis of P pastoris recombinant
strains described here provides evidence of electrodense
structures with estimated diameters of 55 nm, as expected
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Frounx 4: HPV VLPs selfeassembly within the P pastoris cells. (a and b) Electrodense structures (VLPs) with estimated diameters of 55 nm
were observed near the endoplasmic reticulum (ER) membranes of P pastaris clones expressing LI protein under regulation of PGKI promoter.
(c=e) VLPs were visualized both near and inside the autophagic bodies (AB) and were either free from or in contact with the AB membranes.
(f) Circumstantially, the VLPs were seen to be transiting in cytoplasm. (g) Closesup of electrodense structures with an estimated size of 20 nm
and cluster on ER membranes, which were identified as nbosomes. (h) Simalar particles with 55 nm were not observed in the £ pastoris cells
that were transformed with parental vectors, either in the cytosol or inside AB. (Bar = 200 nm in (a); 80 nm in (b)=(d), (f), and (h); 100 nm
in (¢); 40 nm in (g)).
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for the HPY VLPs (Figures 4{a)-4{f}) and in accordance
with the western blot analysis that shows the presence
of the L1 protein. These particles were kscated near the
endoplasmic reticulum membranes (Figures 4(a) and 4(b))
and inside the autophagic bodies (Figures 4(d} and 4(e})
{either free or apparently interacting with cellular mem-
branes); however, they were absent from the cytoplasm
of P pastoris strains that had been transformed by the
parental vectors (Figure 4(h)). We also searched for circular,
electron dense cellular strisctures in the cytosol and likewise
clustered on membranes which could be mistaken for VLPs,
The structures highlighted in Figure 4(g) were identified as
ribsomes mainly owing to their small diameter (-20nm)
and differential disposition when attached o membranes
and concomitant presence in cells transformed with empty
veclors. An immunocytochemical analysis was conducted
with a view to providing a further characterization of V0LPs
within the yeast cells. However, the VLP detection was not
possible by means of the CamVir antibody, which is aften
used o detect HPV16 capsomeres and VLPs [41, 53], Previous
attempts 1o detect intracellular HCV VLPs in P pastoris
through immunoeleciron microscopy were hindered by the
retention of cell membrane components in the architecture of
the HCV core particles which has an envelope-like structure
[37]. According to the authors, neither the anti-HCY oore
monoclonal antibedy nor the core-reacting human sera were
able to stain the particles, in apite of their visualization by
conventional electron microscopy. This data could explain
why we could not deteet the HFV VLPs.

We attempted 1o characterize assembled HPY VLP: in
the culture media from B pasforis recombinant strains. It has
been shown that assembly of HPV VLPs can be achieved
with neutral pH, high ionic strength, and relatively bow
concentrations of reducing agents [54]. Conversely, high pH,
low salt concentration, and the presence of reducing agents
disassemble the VLP into capsomeres. As P pastoriz growth
progresses in unbuffered medium, the pH drops to 3 or below
[55]. It can be speculated that under this condition, culture
media offers nonoptimal conditions fer HPV VLPs assembly,
since HPV L1 protein was detected by western blot after
concentration, Nevertheless, the absence of VLP assembly
under our experimental conditions does not compromise the
use of L1 secreted prodein as immunogens. Particle assembly
protocols have been used for HPV VLP formation even when
the L1 protein is expressed intracellulasly, either 1o increase
production yields or improve particle immunogenicity [22,
48-51]. Since our main objective was toevaluate the feasibility
of the system, we believe that dot blot, colony blot, and
western blot data ensure that our goal can be achieved.

4. Conclusion

The data presented in this work demonstrate the functionality
of a biotechnology platform based on B pastoris PGED
promoter for the production of HFVI6 VLPs. Constitutive
expression of the HPV16 Ll capsid protein was efficiently
achieved for the first time through an easier production
schedule than is the case when an AOXT inducible promoter
iz employed. In addition, an optimized a-MF secretion signal

downsiream 1o Ppgyy provided a prompt secretion aof Ll
profein in the cubure media. Although further experiments
are needed o determine which production strategy iz more
effective for HPV L1 protein production, the data outlined
here undedine the efficency of a PGEI-based platform as a
heterologous expression system and support its employment
for the production of HPY VLPs for vaccination purposes.
Moreover, our preliminary data showing intracellular VLP
assembly open up perspectives for the employment of P
pasterss cells that can express HPV L1 protein as a live
attenuated vaccine, To the best of our knowledge, this is the
first tirme that the expression of HPV L1 protein was achieved
in B pasforis through an IP-free biotechnology platform.
The discovery of alternatives to bistechnology platforms for
producing an efficient and cost-effective vaccine has the
potential both to offer greater protection—since not all the
HFV genotypes are covered by the current vaccines—and to
alloww the vaceine 1o be widely disseminated.
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Abstract

While expressing the Human Papillomavirus 16 (HPV16) L2 protein in Leishmania
tarentolae, we found a post-translation modification by small ubiquitin-like modifier (SUMO)
occurring in this system. Our data indicated: (i) L. tarentolae-expressed L2 protein is
SUMOylated as described in mammalian cells; (ii) the identification of putative L. tarentolae
SUMO protein and enzymes (E1lb and E2); L2-SUMOylated protein accumulated inside the
nucleus, where SUMO-related components are presumably located. This is the first report
confirming the occurrence of SUMOylation in Leishmania species, highlighting the relevance
of L. tarentolae as a heterologous expression system for production of proteins that require

mammalian-like post-translational modifications.
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Introduction

The flagellated protozoan Leishmania tarentolae is a non-pathogenic parasite of
lizards from Gecko species (Gekkonidae) belonging to the Order Kinetoplastida, family
Trypanosomatidae (RAYMOND et al., 2012). Initially isolated from the Moorish Wall
Gecko, Tarentolae mauritanica, L. tarentolae was established in axenic culture many years
ago and has been extensively used for molecular biology and biochemical studies as a non-
pathogenic trypanosomatid model organism (PAPADOPOULOU; ROY; OUELLETTE,
1992; AZIZI et al., 2009). More recently, L. tarentolae has been explored as an attractive
eukaryotic expression system for recombinant proteins (NIIMI, 2012). Since this parasite is
well described as non-pathogenic to mammals (AZIZI et al., 2009; RAYMOND et al., 2012)
and fully approved for use in biosafety level 1 laboratories, different reports have also
investigated the use of L. tarentolae as a live vector vaccine against human (BRETON et al.,
2007) and animal diseases (SALJOUGHIAN; TAHERI; RAFATI, 2014).

Papilloma viruses are well-recognized as causal agents of human and animal cancers
(IARC WORKING GROUP, 2005). Persistent infection by HPV (Human Papillomavirus) is
the major risk factor for the development of cervical intraepithelial neoplasia of all grades and
is associated to 5% of all human cancers (DE MARTEL et al., 2012). The most promising
approach for a large spectrum HPV vaccine explores the immunization with the minor capsid
protein L2. In contrast to the current vaccines, which are based on Virus-Like Particles
(VLPs) derived from the major capsid protein L1, the L2-based immunogens can induce
cross-neutralizing antibodies against a broad range of HPV genotypes. However, the titers of
neutralizing antibodies induced by L2 are much lower than those achieved by L1 VLP
vaccination (RODEN et al., 2000). Seeking the establishment of a pan-HPV vaccine, some
reports have highlighted the potential of using live vector vaccines to circumvent the low L2
immunogenicity (YOON et al., 2012).
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Materials and Methods

Cell culture, transfections and expression analysis

Promastigotes of L. tarentolae (Parrot-Tarll strain) were grown up to the late-log
phase in SDM-79 medium supplemented with 5 pug/ml hemin and 5% heat-inactivated fetal
calf serum (FCS) (Multicell, Wisent Inc.) as described previously (RAYMOND et al., 2012).
Stable transfections were done by electroporation as described previously
(PAPADOPOULOU; ROY; OUELLETTE, 1992). L. tarentolae transfectants were selected
as described elsewhere (PAPADOPOULOU; ROY; OUELLETTE, 1992) in the presence of
hygromycin and/or neomycin phosphotransferase genes. Total protein extracts were obtained
by pelleting 10" logarithmic grown cells, washed and resuspended into 2x Laemmli Sample
Buffer and boiled before loading onto gel for blotting as described previously (RAYMOND et
al., 2012). The anti-mouse alpha-tubulin antibody (Sigma), the anti-mouse HA tag
monoclonal antibody (ABM, Inc.) and the anti-L2 monoclonal antibodies (SCB, Inc.) were

used for hybridization during Western blotting.

Localization studies

For immunolocalization studies, 10’ mid-log-phase promastigotes cells were properly
harvested, washed with PBS and fixed with 3% paraformaldehyde. Parasite cells were then
permeabilized with 0.1% NP-40 and labeled with anti-L2 as a first antibody followed by an
Alexia 488-conjugated secondary antibody. DNA was stained using DAPI (Molecular

Probes), and cells were visualized using a Leica SP1I-AOBS confocal microscope.

Results and Discussion

To design a recombinant L. tarentolae vector vaccine expressing the L2 protein, the
gene encoding the full length HPV16 L2 (G1:333031) was cloned into a transfection vector
(pSP-YHYG-aIR) previously known to mediate efficient ectopic expression in Leishmania
(MANDAL et al.,, 2015). The cloned gene included sequences encoding an N-terminal
polyhistidine tag (8xHis) and a C-terminal HA (Human influenza hemagglutinin) epitope
(Fig. 1A). The resulting recombinant plasmid was transfected on its own or alongside a pSP-
BT1 (PADMANABHAN et al., 2012) derived plasmid containing the L1 coding sequence,
allowing for the co-expression of both the L2 and L1 proteins, but with only L2 having the
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polyhistidine and HA tags. L. tarentolae strain was episomaly transfected and properly
selected, and the transfectants were then expanded to harvesting and preparation cell lysate.
These were then tested through Western blotting for the expression of L2. The expected ~70
kDa L2 band was indeed observed in blots from L. tarentolae cells co-transfected with the
two plasmids encoding both L1 and L2 and tested with an anti-HA monoclonal antibody.
Surprisingly, however, a ~97 kDa band was clearly detected as well. Neither the ~70 kDa nor
the ~97 kDa band was seen in lysates from control non-transfected cells, proving that both are
plasmid encoded (Fig. 1B). These two bands were also observed in cells transfected with the
plasmid encoding the L2 gene alone (data not shown), ruling out any possibility that the ~97
kDa might be related to the co-expression of L1 and L2. The identity of the ~97 kDa band
was further confirmed through blots using both anti-His and anti-L2 monoclonal antibodies
(Fig. 1B and 1C). Simultaneous co-expression of L1 was validated using a monoclonal anti-
L1 antibody (CamVir), which confirmed that L1 is represented by a single ~55 kDa band of
the expected size (Fig. 1C). As can be seen in the figure, the expression of the two L2 derived
bands varies between different transfection experiments, but the ~97 kDa is generally found
as the more abundant of the two and can, in some instances, be the sole detectable L2 derived

band, as observed in the blot using the anti-His or anti-L2 antibodies.
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Figure 15. Expression analysis of the HPV16 L2 protein in transfected Leishmania tarentolae cells. (A)
Schematic representation of the pSP-YHYG-alR-L2 expression cassette, showing the two primers used for
amplification of the L2 gene and relevant restriction sites, Kozak sequence, tags and SCM position. (B and C)
Whole cell lysate from 10" promastigote cells were resolved on 12.5% SDS-PAGE, transferred to PVDF
membrane and probed with different antibodies. In (B) the presence of two L2 isoforms in whole lysate from L.
tarentolae cells transfected with plasmids encoding the L1 and L2 proteins is shown (left panel). The expected
~70 kDa protein and a slower-migrating protein, with an estimated molecular weight of ~97 kDa, were clearly
detected by a monoclonal anti-HA antibody. Using a distinct set of transfected cells and a monoclonal anti-His
antibody, the detection of the ~97 kDa was confirmed as the more abundant L2 isoform (right panel). Specificity
of detection in both blots was evidenced by the absence of any similar protein in the L. tarentolae wild-type
lysate. In (C) the expression of both L2 and the HPV major capsid protein L1 was also confirmed using
monoclonal antibodies directed against the two HPV proteins. The anti-L2 antibody (left panel) detected the ~97
kDa efficiently (black arrow) but it also cross-reacted with a slightly larger protein which is also present in the L.
tarentolae wild type. The co-expression of the L1 is shown on the right panel. (D) Confirmation of L2
SUMOylation was achieved by probing the L. tarentolae whole lysate with a polyclonal serum directed against
TcSUMO. Among several other proteins detected in lysates from both wild type and transfected cells, a 97 kDa
protein is observed only in the transfectants (a putative SUMOylated E1b enzyme is also indicated). Blotting of
the same samples run on a 20% SDS-PAGE, allowed the detection by the same serum of further bands whose
size are compatible with the predicted molecular weights for the putative SUMO protein and SUMO E2
conjugating enzyme from L. tarentolae.

Distinct interacting motifs for members of the small ubiquitin-like modifier (SUMO)
family of proteins were recently characterized within the L2 sequence. When expressed in
mammalian systems, L2 is modified by a single post-translational modification known as
SUMOylation and displays a slow-migrating pattern associated with shifts in size similar to
that observed in Fig. 1 (MARUSIC et al., 2010). SUMO proteins are conserved and
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ubiquitously expressed in eukaryotes, but are absent in prokaryotes and archaea.
SUMOylation takes place through a conjugation pathway involving a three-step enzymatic
cascade, similarly to the ubiquitylation pathway (GAREAU; LIMA, 2011). Briefly, SUMO is
initially synthesized as an active precursor that must be cleaved by specific proteases
(UIp/SENP enzymes) in order to expose a C-terminal di-glycine motif, which is necessary for
conjugation. Once matured, SUMO is activated by a SUMO specific E1 activating enzyme, a
heterodimer of E1la/Elb, in an ATP dependent reaction. A single E2 conjugating enzyme,
named Ubc9, is then responsible for the transfer of SUMO to the target protein (substrate)
after its recognition of a SUMOylation consensus motif in the target protein. Although SUMO
E2 enzymes can directly interact with SUMO substrates, in opposition to ubiquitin-specific
E2 enzymes which require E3 ligases in order to recognize their substrate, the conjugation
process can be assisted by SUMO E3 ligases (GAREAU; LIMA, 2011; IRIBARREN et al.,
2015).

Post-translational modification by SUMO regulates diverse cellular processes such as
transcription, replication, chromosome segregation and DNA repair. Protein modification by
SUMO can induce changes in enzyme activity, interfere with protein-protein interactions or
even induce changes in protein intracellular localization (GAREAU; LIMA, 2011). In
mammalian cells, SUMOylation of L2 has also been shown to interfere with L2 stability and
with its ability to interact with cellular targets and has been demonstrated to occur in specific
bodies within the nuclei of host cells (MARUSIC et al., 2010; BUND et al., 2014). Similarly,
SUMOQylation in Trypanosoma cruzi has been successfully demonstrated to occur
predominantly at the parasite nucleus (BAYONA et al., 2011). As in other organisms such as
some invertebrates and yeasts (GAREAU; LIMA, 2011), a single SUMO gene has been
identified in these parasites but so far only four trypanosomatid proteins have been
demonstrated to be SUMOylated. Although the existence of a SUMO machinery has been
experimentally confirmed for some trypanosomatids, such as Trypanosoma brucei (KLEIN;
DROLL; CLAYTON, 2013; IRIBARREN et al., 2015) and Trypanosoma cruzi (BAYONA et
al., 2011), there is no report so far regarding the occurrence of SUMOQylation in Leishmania
species.

When searching for the components of the SUMO pathway in trypanosomatids
through BLAST surveys, a L. tarentolae putative SUMO protein was identified
(LtaP08.0450) sharing 87% and 63% identities with orthologs from T. cruzi (TcSUMO)
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(BAYONA et al.,, 2011) and T. brucei (TbSUMO) (IRIBARREN et al., 2015), respectively.
Thus, we employed an anti-TcSUMO rabbit polyclonal antibody (IRIBARREN et al., 2015)
in order to confirm the modification of L2 protein by SUMOylation in L. tarentolae
transfectants. Indeed, Western blotting analysis demonstrated the detection of the ~97 kDa L2
band in the whole lysate from L. tarentolae recombinant cells, but not in the wild type
parental strain (Fig. 1D). Moreover, several proteins were also detected by the anti-TcSUMO
antibody in whole lysates from both wild type and recombinant cells, in a pattern resembling
that observed from T. cruzi using the same antibody. We speculate that some of those proteins
are related to the L. tarentolae putative SUMO conjugating enzyme E2 (LtaP02.0320, 24
kDa) properly attached to SUMO, as well as the SUMO protein itself (LtSUMO, 12 kDa)
(Fig. 1D). Another protein is probably related to the putative L. tarentolae SUMO activating
enzyme E1 (LtaP08.0220, 114 kDa) which shares 61% identity with the putative T. cruzi E1b
subunit (94 kDa). Intriguingly, we observed a 114 kDa protein which is in agreement with the
migration pattern of a recently reported T. brucei E1b properly SUMOylated (YE et al.,
2015), but does not match the predicted molecular weight for a SUMOylated version of the
putative L. tarentolae E1 conjugating enzyme.

Here, we also aimed to investigate the subcellular localization of L2 protein in L.
tarentolae, considering that SUMOylation has been described to occur in the nucleus of T.
cruzi (BAYONA et al, 2011). Although the L2 protein displayed a predominantly
cytoplasmic localization when probed with anti-L2 antibodies through immunofluorescence,
an interesting concentration of L2 within the nucleus of recombinant parasites was observed.
These findings are consistent with the localization of both mammalian-derived L2 protein and
SUMOylated components in T. cruzi (BUND et al., 2014) (Fig. 2).
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Figure 16. Subcellular localization of HPV16 L2 protein in L. tarentolae recombinant strain. Indirect
immunofluorescence assays were carried out with mid-log-phase promastigotes (5 x 10° cells) using anti-L2 and
Alexia 488-conjugated secondary antibody, according to standard procedures. Following DNA staining with
DAPI, the analysis of recombinant parasites using a Leica SPII-AOBS confocal microscopy demonstrated a
cytoplasmic dispersion of L2 protein as well as a marked concentration of this HPV capsid protein in the
nucleus. Specificity of detection was evaluated by employing the anti-L2 antibody against L. tarentolae wild
type cells, from which no recognition was observed.

It has recently been demonstrated that SUMOylation plays a role in different
mechanisms of cellular regulation in T. brucei such as the control of both replicative life-cycle
stages (OBADO et al., 2011), ribosomes biogenesis, mitochondrial constituents, translation
initiation (BAYONA et al., 2011) and the antigenic variation of the parasite surface
glycoproteins, relevant for evasion of the host immune response (LOPEZ-FARFAN et al.,
2014). Taken together, the findings presented here demonstrate the first evidence of a post-
translational modification through SUMOylation in Leishmania species. Subsequent
investigations are required, however, in order to fully understand the relevance of
SUMOylation pathways in other closely related Leishmania species, specifically those
responsible for many relevant human diseases. Furthermore, the mammalian-like
SUMOylation pattern observed for the HPV16 L2 expressed in L. tarentolae highlights the

attractiveness of this host as an alternative expression system for mammalian proteins.
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Abstract

It is well accepted that a second-generation Human papillomavirus (HPV) vaccine is needed to
circumvent the limitations related to the current licensed ones. In this sense, developing newly approaches that
increases the spectrum of protection and decreases the production cost are key points for establishing a HPV
vaccine widely spread. This scenario will not be achieved unless the current vaccine platforms (based on yeast
and insect cells) or antigen compositions (L1 major capsid protein assembled into virus-like particles, VLPSs) are
modified. In this work, we investigate the use of Leishmania tarentolae (L. tar) for production of: (i) L1
chimeric capsomeres displaying a L2 cross-protective epitope or a combination of two different therapeutic
epitopes of E5 protein (E5m); (i) L1 and L1-L2 VLPs; (iii) L1 chimeric VLPs displaying E5m epitopes.
Detection of L1-based proteins and full-length L2 protein was confirmed in L. tar promastigote cells using
monoclonal antibodies by western-blotting and indirect immunofluorescence. L. tar-derived cVLPs and
capsomeres were structurally characterized by equilibrium density sedimentation on sucrose gradient and by
affinity chromatography with heparin-sepharose columns. Transmission electronic microscopy confirmed cVLPs
and capsomeres assembling both in total protein extract as well as within parasites cells. Taken together, this
preliminary data highlights L. tar as an affordable recombinant system for producing subunit vaccines against
HPV. Further steps will include vaccination of mice with the L. tar recombinant strains designed in this study for

evaluation of immune response against L. tar-based vaccine vector.

Keywords: HPV16, L. tarentolae, VLPs, capsomeres, vaccine
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Human Papillomavirus Vertical Transmission:

Review of Current Data

A C. Freitas, F C Madz, M. A R. Silva, and A L 5. Jesus
Department of Benetics, Federal University of Pemamiseco, Recile, Brail

Diespite the increasing evidence of human papillomaviras (HPY) vertical transmission, this route is regarded
as less clinically important becanse of the detections of transient HFY DNA. However, recent studies have
provided cdear evidence of papillomarirus productive infection in lymphocytes, placenta, and bovine fetal
lissuwe, Furthermore, a model of papillomavirus latency has been recently proposed thal could explain ihe
failure or transience in HPV detection observed in some infected infants. This new evidence of hematogene-
ous and vertical spread of HFY suggesis thai these modes of transmission shouwld be investigated in greater
detail to obtain a better understanding of the infection and a fuller awareness of the preventive measares that

can be taken against HPV-related diseases.

Keywords.  human papillomavirug vertical transmission; human cancers; human papillomatosis.

Human papillomavirus (HPV) & the most common
sexually transmitted infection among humans, and
represents a well-established cause of cervical cancer
in females and a significant factor in the development
of anwrgenital, head, and neck cancers [1].

A number of investigations have found that HPY in-
fection may also be iransmitied by nonsexual rowtes [2],
as HPY DNA has been detected in blood and in re-
productive and placental cells, a5 well s in infants, in
children, and in individuals who have pever had
sexual intercourse [2-4]. HPY horizontal transmission
through sliva or other confact has been mvoked 1o
explain cases of oral infection in nfants whose
mothers are HPY negative 5], and investigations of
vertical transmission have led o conflicting resubts
and transient HPV detections in children [6, 7).
Thereby, we are still unable 1o fully understand the
clinical refevance of these findings, for either pregnan-

cy or pediatric care.
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In thesry, vertical transmission can occur through
the following mechanisms of trammission: pericon-
ceptual transmission (during fertilization of an oecyte
or immediately after fertilization), prenatal (dusing
pregramcy), and perinatal {during or immediately after
birth). [n this review, we will discuss the significance
and implications of the presence of papillemavirus in
nonepithelial sites, and examine the posible conse-
quences «f fetal exposure to HPY and the extent to
which these new findings can provide a better under-
danding of the natural history of papillomavirus
infection.

POSSIELE MECHANISMS OF HPV
VERTICAL TRANSMISSIONMN

Although HPY DNA has been detected in differ-
ent sites ol the male reproductive tract [8-10], sperm
cells [4, 11, 12], semen [13, 14]. endometriom, and
ovaries [15], which suggests that HPV could be trans-
mitted during the fertilization of an oocyte or immedi-
ately afterward, the significance of these findings is
il unknown. In vitro analyses have indicated the via-
bility of HPY infection in spermatozoids and the tran-
scription of HPY genes in fecund socytes [8-10, 16-20],
and the transcriptional activity of HPV-16 in sperm
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was confirmed in wivo [21]. However, further investigations
are necessary to confirm this rowte of tansmission.

For this reasen, the discussion about the possible mecha-
nisms of HPY vertical transmission will center on the prenatal
ansd pen.l:lu.l.a] routes, which are better understood.

PREMATAL TRANSMISSION

The observation of infants showing signs of HPV-induced
lesions at birth, such as liryngeal and anogenital lesions, has
led 10 the belied that intravlerine HPY transmission can
occur [22, 23], HPYV DMNA has been detecled in amniotic
flusd [3]. placenta, and the umbilical cord [7]. Both chorsmic
and placental tissue can be infected through the hematoge-
nous mae and hence, HPY cn be spread to amniotic cells
that are then ingested by the fetus [2, 3]. Trnsplacental infec-
tion, another possible means of HPY intrauterine trans-
mission, can oocur through the ascending route from the
maternal genital tract, as it has been shown that the presence
af HPV-DMA, both in amnpiotic fuid [3] and the umbilical
cord [2], is correlated with cervical intraspithelial lesons in
pregoant women.

Unce believed o be bow, the HFY vertical transmission rate
has shown inconsistent results, probably due w the heteroge-
neous nature of the cinical trals [24]. Despite this, in a sys-
tematic quantitative review, Medeiros et al [24] reported a
pnu]:d rebative risk of mother-to-child HPY transmission
{4.8) when the mother is shown to be HPV positive. Addition-
ally, the risk of the newborn having the same HPY type as
that found in the osternal genital tract is 4 tmes greater
when the umbilical cord blood is positive for the same HPV [25].
Evidence from the cervical samples indicates that mothers
who transmit HPV to their infants have a higher viral load
than those who do not [26].

Sarkola et al [25] reported that peripheral blood samples
from all mothers who had HPY in the placenta and umbilical
cord tested negative for HPY. According to these authors, the
detection of viral DNA in their samples appears to be due 10 a
maternal history of productive infection and nat the detection
of viral genetic material during pregnancy. However, there
remaing the possibility that HPV infected the placenta during
early pregonancy and had alneady cleared the cervix 2t the time
ol delivery [2].

During pregnancy, the ulerine canal undergoes anatomic
and immunobogic changes that may increase the susceptibality
of pregnant women to infections [27]. In addition to other
human viruses such ax HIV, cytomegalovirus, and Epstein-
Barr virus, HPV may be able to infect the placenta or cells of
fetal origin [28]. The transplacental transmissson of HIY and
maternal cells, including lymphocytes, is a phenomenan that
has already been described and can be aimulsted by

pathelogic conditions |28, 28], Reports of the presence of
HPFY in polymosphonuclear cells suggess that the transfer of
maternal cells could allow the virus to pass through maternal-
fetal barrier. Additionally, as observed for hepatitis B virus
and I'l.:rper'rin.l.:, under cerfain hnmuunwp-prﬁiv: comdi-
tions, there can be an increase in the passage of lymphocytes
carrying latent HPY through the maternal-fetal barrser [28].

HPFY trophoblast infection has been described in different
studies [25, 30, 31]. Furthermaore, You o al [32] demonstrated
in vitre that trophoblast cells are broadly permissve for HPY
and that this virus & able to complete its life cycle in tropho-
blazst cell cultures.

PERINATAL TRANSMISSION

In this section, perinatal transmission will be considered as
the result of the fetus coming into comtact with infected cells
of the vagina and cervix during birth. Some authors have
demonstrated that there is both an increased mte of HPV de-
tection among newborns by vaginal delivery (51.4%), com-
pared 1o those delivered by cesarean section (27.3%) [33] and
an increased incidence of juvenile respiratory papillomatosis
after prolonged delivery (=10 howrs) [34]. Al the same time,
Tenti et al [35] vhserved a low potential for viral transmission
to the oropharyngeal mucos of newboms from mothers
without changes in oncotic colpocytology or a history of
gemnital warts.

The view that a cesrean delivery provides protection
against the tammisdon of neonatal herpes in pregnamt
women with obvieus injuries has led to the suggestion that
this procedure can be adopied for perinatal pregnant women
with genital warts [27). However, there is no clear consensus
about the degree of protection that cesarean delivery can oifer
against maternal-fetal transmision of HPY [2]. This lack of
agreement is based on 3 hypetheses: (1) the risk of disease
transmission would be low; (2) a cesarean delivery does nol
ensure complete protection, because papillomatoss transmis-
don has even been observed in elective cesarean delivery; and
(3} the rsks resulting from & cesarean section are greater than
the putential bemelits [3, 34]. In rare circumstances, the cesare-
an is recommended for women with genital warts that cause
obstruction in the birth canal, or in cases where vaginal deliv-
ery will result in excessive bleeding due 1o beeration of the
warly lesions [27].

HPV VIRAL LATENCY

Given the lack of a clear understanding of the natural history
of HPV, this raises a key question: Does the failure o detect
viral DNA transmitted from a previously infected individual
represent viral dearance or a state of viral latency [36]% In
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natural history studies, women may undergo multiple tran-
sient dates that can lead to detection of HPY DA in cervical
samples [37]. Thus, because it is impossible to detect virl
DHA in an individual, we cannat differentiate between the fol-
lowing statess DN A-negative individuals who are not infected
and immune; DN A-negative individuals not infected and sus-
ceptible; and DN A-negative and infected individuals [35].

Viral latency has been invoked 1o justify this situation. This
viral status, which is characterized by a significant decrease in
viral protein expression and the establishment of papillomayi-
rus DNA in the episomal form, restricts the infection 1o basal
cells of the epithelium [38], where they remain controlled by a
responsive immunologic memory [39). However, factors that
suppress the immune system allow an oocurrence of viral reac-
tivation [38), as described in studies that have detected fulmi-
nant warts in immunosuppressed mdividuals [39].

Animal models of papillomavirus infection have provided
valuable experimental evidence for viral latency [38]. The ob-
servations obtained from cottontail abbat papillomavirus and
canine oral papillomavirus models have shown that latent viral
particles ane virologically active under certain conditims. This
is anabogous 1o the detection of HFY DNA in normal lanm-
geal epithelium of patients with recurrent respiratory papillo-
matosis (RRP) in remdssion [40). A model of HPV latency has
been proposed to carry this out [36].

The limited understanding of this scenario has clear impli-
cations for a kiteral interpretation of the status of HPY infec-
tion, particulacly for infants Some studies suggess that
detection of HPY DNA in newborns is only persistent in the
early days [35] or months [, 26]; other authors have reported
cases in which HFV persists until the first [41] and third years
of life [5]. The asumption that detection of HPY in new-
boms, from a vertical transmission, is cinscally insgnificant
because it may not be persistent ignores the viral latency and
the real implications of this mode of transmisson (Figue 1).

EVIDENCE OF PAPILLOMAVIRUS VERTICAL
TRANSMISSION THROUGH ANIMAL MODELS
OF INFECTION BASED ON EOVINE
PAPILLOMAVIRUS

T date, no studies have clearly demonstrated HFY wertical
Iransmissdon in humans. However, studies with BPYV (bovine
papillomavirus) have shown the most consistent data 1o
support the viability of hematogenous and vertical transmis-
sion [42, 43].

BPV is respansible for the development of skin lesions and
cancers in bovids [42, 44, 45]. BPV werlical transmission was
initilly suggested after viral detection in the blood of cows
and their affspring [45]. These reports were followed by detec-
tion of BFY DNA in the reproductive tracts of bovids, fluids

and gametes, and embryonic annexes [44-49]. After the de-

tection of BPY protein in lymphocytes [42], this cell was
postulated as a vehicle for carrying EPV 1o the reproductive
tract [49].

Recent discoveries made by Roperto et al [43] may represent
a watershed in the investigation of papillemavirus vertical
transmmission, as their study showed productive infection of
BPY-2 in cells of the uterine epithelium and chodonic placen-
ta. Additionally, ES oncoprotein was characterized to form a
complex with the platelet-derived growth Bctor | receptor
(POGFRR), both in the trophoblast cells and in bovine fetal
organs [43). This complex might be associated with an abnor-
mal arganogenesis in the embryo and an impairment of preg-
nancy [43]. Together, these significant findings cormaborate
the hypothesis of the vertical transmisson of this vims.

IMPLICATIONS OF HPV VERTICAL
TRANSMISSION

Since the 19905, various groups have investigated HPY vertical
transmission and detected viml DMNA and amtibodiex in both
pregnant mothers and in newboms [Z]. However, different
technigues and methodologies for sample collection (buccal
swab, cervical brush, blood) or detection of viral DA (hybrid-
ization by Southern bletting, polymerase chain reaction) have
variable sensitivities and have yiekded conflicting resalis [2, 36].
Owing to the incomprehension of the molecular mechanizms
governing viral latency and the development of natural immu-
nity against HPY, and the filure o asses virl activity, the
presence of HPY-DNA in blood and reproductive and embry-
onic cells was trested as a transitional marker, which represent-
ed bess frequent andfor nonperastent events.

Animal models suggest that papillomavirus can be spread
to different tissues by lymphocyte infection, in particular to
the reproductive tract and gametes [49]. Additionally, recent
experiments with cattle confirm in vive the viability of pro-
ductive papillomavirus infection in cells of the placenta. Even
though HPV-DNA was alss found in lymphocytes, the out-
comes of this finding need further investigation.

Mobbenhuis et al [50] showed that the first 2 trimesters of
pregnancy are characterized by an increasing susceptibility to
HPV. It can represent a latent HPV activated during early
pregnancy. In vive and in vitro assays have shown that the
levels of steroid hormones, which characteristically rise during
pregnancy, may act as HPY cofactors in epithelial prolifera-
tion [27]. This means that this “window af accessibility™ may
increase the exposure of the fetus to vertical transmission.

The pusable implications of HFY vertical transmission are
wide-ranging, given the oncogenic charactensics of HPY [1].
One of the well-characterized dinical complications is RERF,
which is the development of lesions in the larynx, vocal cords,
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result in vertical trramission

and oral and nasml mucous membranes, and in @re cases,
reaches the trachea and bronchi [2, 51]. BRP hat a bimodal
age distribution that includes the juvenile form and an adult
form [51]. Ahhough some gudies have established a relation-
ship between juvenile RRP and the presence of maternal
genital warts in 30%-50% of patients [2], the majority of chil-
dren who develop this disease are bom from women with no
history of genital warts during pregnancy [34].

Although the results are less dear than those of RRP, the
presence of HPY in semen has been linked 1o male infertility;
asthenoroospermia has been bnked to viral detection, and in-
fertile men have a prevalent HPV infection in the spermato-
zoid [4, 19, 20]. The exact prevalence of HFV-DNA in sperm
remaing a controversial iswe. HPY semen infection was found
i 10% of the mmples from agymplomatic men who had un-
Fru::t:ﬂ intercourse [13]; this .FIS,IJL‘E’ mose to 53.8% among pa-
tients affected by genital warts and 40.9% of patients who had
an HPV-positive female partner [14]. Despite our lack of a
clear understanding of the role of HPY i the semen, the lites-
ature raises the possibility that spermatozoids might act as
a vector in the tmnsmission of HPY DNA. This may occur
both in the cumulus cells, where it can lead @ implantation
fadlure [32], and in the embryo, where it may explain why
some HPV.negative pregnant women give birth to HPV-
posdtive infants [2]. Perino et al [53] r\q:url.ﬂi an increased risk
of abortion when HPY-DNA testing was positive in the female
partner {40% infected ve 13.7% noninfected), which was even
higher when the sperm samples of the male partner were
infected (66.7% infected v 15% nol infected ).

In pregnant women, the risk of HPY transplacental dissem-
ination and the subsequent development of disorders such as
hydatidiform mole and choriocarcinoma have been mppt.lthﬂ]
by in vitres assays. HPY has been shown to deregulate tropho-
blasti-endometrial cell adhesion and imvasion [30, 54] and this
finding supports the emergence of diserders and impairments
in pregnancy resulting from the action of HPY in the placenta,
such as genetic abnormalities of the feus, spontansous abor-
tions, amd premature births [30, 31]. According 1o Hermonat
et al [31], 60% (15/25) of the samples oblained from sponta-
neous abortion products and 20% (3/15) of those obtained
from elective aborion products were positive for the presence
of HPY Ef and E7 genes. Furthermore, HFV-16 DNA in syn-
cytianophoblastic cells was detected in 29% of the samples
collected from the spontaneous abortion group. Finally, the
Exposure ol a 2-cell mouse embryo w HPV-DNA demonstrat-
ed a decrease in blastocyst formation and a reduced hatching
process [33].

Interestingly, Roperio et al [43] found that ES/PDGFER
complex, which is important for the development of urinary
bladder carcnogenesis, was also characterized in bovine fetal
organs. Alhough HPYV ES prodein is not charscterized by the
main viral oocoprotein, its action en the epidermal growth
Exctor receptor (EGFR) and its correlation with cell cycle dis-
orders in the -E|:|il:|:|:|.im11 [56] have already been dewribed. IF
the findings obtained with BPY are extrapolated for infection
in humans, it can be FIL'HI.'I.I].!tEd that ESFEGFR n.m'l.plu: is
related o disorders of the embryonic attachments described
in the literature. In addition 1o a possible relationship with
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pregoancy loss, HPY infection was also linked to spontanecus
premature bicths, The HPV-DNA was detected mare frequent-
by in the extravillous trophoblas region of placentas from
sponianerus preterm delivery cases (15/30) than from controls
(6/30) [30). These findings support the hypothesis that HPY
infection coukd cause abnormal placental functioans which, in
turn, may partly be the origin of prematurity.

Finally, the exposure of the fetal immune system 1o vinl
antigens might reduce the postpartum immune response 1o
viral proteins, a phenomenon that might be applicable to chil-
dren who develop Burkitt lymphoma and may have antibodies
against Epstein-Barr virus in the first 6 months of life [22].
Considering what has been proposed for the HPV ktency
model, it can alw be asmumed that comasct between the
embryo or fetus with viml antigens does not have an immedi-
ate effect such as abortion or malformation. Rather, the virus
remaing in a latency period until some cellular disturbance
stimulates the viral activation and :I'E'P]Lﬂiil.‘n‘l. Taken ltlﬁﬂher
these hypothesss could partly explain cses in which HPY-
positive women give bicth o HPV-negative infamts, as well as
the Bmilial tendency to develop HPV-related cancers [ 3].

PERSPECTIVES AND CONCLUSIONS

This review discusses the current concepts with regard 1o
HPY vertical transmission. However, #t should be stressed that
there is still no way to describe in detail how this phenomenon
occurs, This subset of work suggests a complex network of
evenits beading o mother-to-child HPY transmission, which
could be a combination of Boors linked o HPY infection
d.lu:i.nE pregnancy amd 1o the preguant miother herself I:EH,. age,
mode of delivery). In addition, the impact of HPY transmis-
sion en embryonic culcomes seems o depend on the precise
moment af infection.

In light of this, others sgnificant questions arise: How
should we proceed when HPY DNA is alentified in the
mother during the pregnancy? Even on the basis of conserva-
tive clinical reasoning from which the puerperal period can
TEverse a greater pruii:pn:itinn tx HPV by pregoant wormen,
this situation seems to increase the exposure of the fetus 1o
vertical transmision. Mereover, questions about HPY in men
are also important. Should research about HPY infections be
extended to the fathers during the prenatal exams? Should
semen banks be subject 1o a screening for HPY?

The number of reports of nonepithelial tropism of HPY is sill
increcing, and the impact of this scemario must be invetigated.
Further work should focus dearly on the question of characteriz-
ing these nonsexual routes of transmision and should employ
methodekigies that are sensitive encugh 1o distinguish between
HPV ltency and productivefactive infection |2, 6], With vacei-
natien programs against HPY stll being set up in various

countries, it is crucial tw have a proper understanding of the
natural history of HPV.
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ABSTRACT

Aeicie histony: Equine Infectious Anemia [ElA) is a persstent lentivinus infection of horses which causes achronic climical
Reverend 22 Aagui 2012 condition with worldwide impartance in veterinary medicine. The pé protein is usually prepared for
Recedend in nevised fanm 21 March 2013 use as an antigen in serological tests for ELA diagnosis since it is a well-conserved gene ssquence ard very
Accepred 4 Apeil 2013 immunogemc. In view of the ability of yeast to make post=translational modifications of proteins, this

A e cline 17 April 2003 study was carried out to allow Pichia pestoris to be used for the expression of 2 synthetic codon=-optimized

ELAY p26 gene. The gene was cloned into pPICZa A vector after appropriate ereymatic digestion. P pastons

Kpywarts: —— clones transformed with the pPICfaAR26 corstruction were induced to produce the recombinant p26
M" I:hm'n:; protein (rp26) under the regulation of alcohol oxidase 1 promater by adding methanal o the culoare
ACID medium. The p26 gene expression was detected by BT-PCR and the production of rpdé was coafirmed
Capaid] praein by dot blotting, Western biotring, ELISA and ACGID. The P. pastoris expression systermn was capahble of
ELISA producing & functional EIAV p6 protein that can be used directly in the functionality tests withowt
ElA requiring laborioes purification or recovery steps. This is the first reporied study of EIAY p26 protein

production in yeast cells.
© 2013 Elsevier BV, All rights reserved.

1. Introduction EIAV profeing and is well conserved among dilferent viral straims
(Fhang et al., 1999) It is also the most immunogenic protein (Lerousx
et al, 2004; Montelaro et al., 1982) and thus the target antigen used
in serobogical tests using E1&A

The disease B most widespread in hot and humid climates,
and its principal form of ransmission is through hematophagous
insects of the Tabonidoe Tamily (lssel and Foil, 1984 Infected ani-
mals are a constant source of the dsexse virus, and most of them
(95X} are asymplomalic carriers [Reis and Leite, 1994) Anather
obstacle todisease control is the Lack of treatment or vaccine against
EIAV. Thus, laboratory diagnosis plays a decisive rale in the con-
tral and préevention ol the disexie. The detection of ELAV antibodies
through serological tests such as agar gel immunodilfusion assay
[AGID) and enzyme=linked immunosorbent assay (ELISA), ane rec-

internal structural proteins: pl5 (ransmembrane], p26 (capsid), b P -
. ; . ormmended by the World Organization for Animal Health [(DIE)
P11 and p9 (nucleocapsid) (Hussain et al, 1988; Stephens etal. . opein) tests for international equine transit (OIE, 2008). Most

1985). The p26 protein represents about 0¥ ol the total aumberof L B aenasis of EIA, have reported the
duction af viral antigens from cell cultures infected with ELAV
(Bouillant et al., 1986; Malenauist el al, 1073). However, bavine

Equine Infectious Anemia[EIA)is a viral diseage of equids caused
by a macrophage - tropic lentivins belonging to the Rerroviridoe
Tamily, and characterized by chronic infection (Craigo et al, 2009,
The ELA wirus [ELAV) genome consists al bwo compléementary ENA
positive strands with 8.2 kb, comprising three genes (gag. pol and
e coding structural and nonstructural proteins) and three open
reading frames that encode regulatony profeing (L, rev and 52}
The 55kDa Gag-precursor [Pr3%gag) polyprotein codified by the
g region is essential in the virus replication cycle because it is
related to virus budding from the host cells. This Pr3Sgag precur-
sar is cleaved by the viral protease into four main mature virion

® Comespending surhor, Tel.: +55 51 33306428, serum proteins that are used routinely in cell cultures, can cause
E-stold addisises Icacoutinhodgmail com (L. de Armada Coutinha)), manspecilic reactions, and lead 1o conflicting results (Alvarez et al,
dreluizs jesus@gmailosm | A LS. de Jesus), karinMonres@pmail com 20074,

L“:'Ii*:'":“““l“lu““rﬂ o o Frsiat) Other heterologous systems can be regarded as more refis
sccmaia@dme ulrpe.br (B de Clssia Carvallss Maia), rscastro@dmy.ulrpe be able and efficent, while abio being capable of producing antigens
(RS, de Casoro). en a large scale, with a greater degres of homogeneity in the

DIGE-D9 345 - 5o Sranl mater © 2013 Elsevier BY. Al ights reserved.
Bl doi orgy 100 6] frinsmer. 501 304,006
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production, in contrast with the csll culture system (Biirki et al,
1992; Rossrmanith and Horvath, 1989), Several studies have been
carried oul with the aim of producing EIAV p26 protéin in het-
erologous expression systems, such as Escherichio coli [Alvarez
et al, 2007b; Archambault et al, 1989; Birkew et al, 1997, Jin
ef al, 1999 Pira et al, 2007) and bacubsvirus-infected nsect
cells (Kong et al, 19971 Although the E coli expression sys-
tern i considered o be simple and inexpensive, il raises some
problems including the Lact that it is unable o undergo post-
translational modifications (like proper formation of disulfide
Bands]) and has poor recombinant protein salubility (Porro et al,
2010; Sahdey et al, Z008). In contrast, sukaryolic systerms have
the potential capacity Lo make the necessary modifications for
the biological activity ol recombinant proteins The Pichia pas-
[oris yeasl expression system has several advanlages over other
hetercdogous expression systems [Pokoj et al, 20000, including
easy genelic manipulation and the ability 1o produce and secrete
high kevels of heterologous profeind in bw cost culture media,
from which it can easily be recovered [Macauley-Patrick et al,
H05)

This. paper describes the first record of the production af
ElAYV p26 protein using P. posforis as a heterologous expression
Syl

2 Materials and methods
2.1, Codon-aptimization of EIAV p36 gene

The nucleotide sequence of EIAV p26 gene was designed in
silico and was based on the sequence of a Wyoming viral strain
(NC001450). The gene was oplimized through the increase aof
GC contént and the replacement of rare codons with the more
commaonly uwied codons m P pastonis yeast The analysis ol the
preferred codons of the heterologous gene and the host organism
was performed online by GCUA [hitp:fgouaschoedl.de] soft-
ware. In addition, the GC content of the heferslogous gene was
analyzed through the Generunper for Windows program ver-
sion 305 (Hasting Software] After this analysis, the nucleotide
sequence was tent [0 Epoch Biolabs (Texas, USA) for synthesis
The codon-optimized gemne was fused o a polyvhistidine Lag at the
C-terminal portion, Lo fadlitate the immunodetection of the p2é
profein

2.2 Claning of ETAV p26 gene into pPICEeA veclor

All the DNA manipulations were péerformed in acoordance with
the standard protocols recommended by Sambrook and Russel
(20011 The codon-oplimized EIAV p26 gene was digested with
Xhol and Nod enzymes (Mew England Biolabs, MA, USA) and
cloned into pPICZoA expression wvector [Invitrogen, 5P, Brasil)
which was digested in the same way. This product was used
to transform competent cells of E coli DH3xe strain. Alter the
transformation procedure, the cells were plated onto low salt
Luria=Bertani (LB} medium [0.5% yeast extract, 0.5% Nall, 1%
teyplane, pH 7.5), supplemented with 25 pglml zeacin (Invil-
rogen]) and the plites were incubated for 16h at 370 The
presence and orientation of the infer was analyeed through
plasmid extraction lolkveed by enzymatic digestion and DMA
Lequencing.

23 DA sequencing
The expression casselle was sequenced by dideoxy method

[ABIZ100 sequencer, Applied Biosystema) The edition and
Sequence analysis was carried out by means of the BioEdit program

o Windows, Multiple sequence alignments were performed using
the ChusgalWW program For Windows,

24 The rraniformoton of P pastoris and selection off
recombinones

The P pastoris strain used for recombinant prolein expression
wias the X-33, wild genotype, phenotype Mul® [methanal wiiliza-
tion phus) P pastoris cells were transformed by electroporation,
with the expression casserte linearized by digestion with Sacd
enzyme and grown on plales conlaining YPDS (1% yeast exiract,
X peplone, 7% dextrose, 1M sorbitol, 2% agar) supplemented
with 100 pgfml zeocin. The recombinants resistant (o 2eocin wers
analyzed for the presence of the expression cassette by colony
PCR undder the fsllowing conditions: initial dematuration at 94 “C
for 4 min, 33 cyckes of denaturation at 94°C lor 1 min, Tallowed
by annealing at 55°C for 1 min and extension at 72°C for 2 midn,
with fnal extension at 72°C for 10 min The A0XTF and R primers
were used for this amplification, a8 provided in EasySebect™ Pichia
Expression Bit [Invitrogen).

25 Screening by dot blatring

P. pasroris positive in the colony PCR was first analyzed lor the
protein production per induction assay in deep well plates. lso-
Lated colonies rom selective medium wers instulated into 1 ml al
BMGY meedium (14 yeast extract, 2K peptone, 1.34% YME, 0002E
biotin, 1% glycerol, 100 mM sodium phosphate, pH 6.0) and incu-
bated at 2B*C for 24 h under vigorous shaking Following this, the
cells were centrifuged and ransferred to 1 ml of BMMY medium
[compesition similar to BMGY, except lor the replacement of glye-
erol with by 0.5% methanol). Induction was performed for 72 b with
the addition ol methanol to a final concentration of 1% svery 24 h.
Alter the growth, aliquots of 1 mL were collected and centrifuged,
and the supernatant was recovered Tor analysis ol recombinant p26
[rp2E). Aliguots of 100 pl of the supernatant of the plate induction
wiereused for the analysis of rp26 production by dotl blotling assays,
a5 described by Coimbra et al (2011) using a moneclonal anti-
by (mAb) anti-GxHis alkaline phasphatase conjugated | 1: 10,000)
[Sigma=Alkdrich, 5P, Brazil) and NET{BOIP (Sigma=Akdrich) for rev-
elation al reactions,

26 Ewpression of EIAV p26 gene in P. pastoris

The EIAY pb gene expresiion was evaluated by BT-PCR of the
p26 mRENA from P pastoris cells induced by methanol. The clones
wihich showed moast intemse reaction in the dot blotling assay, wene
selected lor induction in baflled Dasks. The mduction x€say was
perlormed at 2B°C, wilh agitation speed al 200 rpm lor 72h, 1%
methanol was sdded every 24 h and the aliquots wers collected For
analysis of growth curve, pH variation, presence of viral RNA and
protein detection. As a negative control, P pestoris X-33 was used
and ransformed with the empty pPICZaA vector amd as a positive
control P postars G5115/pPIC2ofHSA was used in the expression
al hurman serum albumin. Both controls were provided by the Easy
Seledt Pichia Expression Kil,

Total RNA Irom P pestoris clones induced by methanol was
extracted using an BMNAsasy extraction kil ((agen, 5P, Brazil)
following the manulfaciurers recommendations. The EIAV p26
mRiENA was detected by ET-PCRE using the ImProm-ll Reverse
Transcription System kit (Promega, Wi, USA). For the RT-PCR,
the primers p26F 3-TCACCACATCAADCGCTTTC-3' and p26R 5'-
GOOTTTGGCTTACCCATC-3 were designed lor amplilication of a
I00bp internal lragrment from the ELAY p26 gene, based on the
codan-optimized nucleotide sequence of the gene.
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2.7. Preparation of the antigen for AGID, ELISA and
immunoblolting assays

The supernatant of P. pestoris transformed with pPICZaAp26
construction and the supernatant of P. pastoris transformed with
only pPICZaA, was centrifuged (10,000 x g for 5 min) and 40-fold
concentrated by dialysis against PEG 6000 40X (w/v) (Vetec Quim-
ica Fina, SP, Brazil) in phosphate buffered saline (PBS) pH 7.6.
The precipitation process was performed slowly in the magnetic
agitator at 4°C, accompanied by dialysis using a membrane -
3787-D50 (Thomas Saentific, USAJCanada). After this, 10 mM PMSF
(Sigma~-Aldrich), was added with 2 M sorbitol and 15 ppm of the
Proclin™ (Rohm and Haas, PA, USA), which defines the compo-
sition of the rp26 antigen This product was used in different
concentrations 1o meet the requirements of the AGID and ELISA
immunoassays that were performed. In Western blotting, the rp26
antigen did not undergo any dilution however, since the ELISA and
AGID 3.75x and 2 x were diluted in PBS, respectively.

28. Immunoblolting

The proteins were quantified by the Bradford method, sep-
arated by 12.5% polyacrylamide gel electrophoresis and stained
by silver nitrate in accordance with Morrissey (1981) After the
transfer of proteins to polyvinylidine fluoride (PVDF) membrane
(Millipore, MA, USA), the blocking step was performed with
5% nonefat dry milk for 1 h and the membrane was incubated
overnight at 4°C against OIE standard positive anti EIAV serum
(1:1000) (Batch: 7SAIE, Laboratory for equine disexse in Maisons-
Alfort, France). Following this, the membrane was washed with
PBS-Tween and incubated with protein G horseradish peroxidase
conjugated (1:45,000) (Sigma-Aldrich). The reaction was revealed
with the ECL chemiluminescent kit (GE Healthcare, SP, Brazil).

6 7 8 s 1 N

® o @ L B
e o @ o 0

c- 1 2 3 4 5

Fig. 2 Screening of P pastors recomdinants. Represeatative dot blotring xisay from
recombinant P pestovis supermatants. Wells 1-11: screening of P. pestons recomidi-
sants ates 72 hof methanol induction; C-: supernatant from P, pestovis transformed
wirth ondy the expression vector used as segative control
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Fig. 1. RT-PCROIP. pastons X-33/pPXZaAp25 after 72 h ol methanol indection usisg 25
P26F and p26R primers. M: 10090 ladder; Lines 1-4: amplicon of 300 bp, relative 15
20 the central regicn of the nuclecride that encodes the EIAV p26 peotein;
C-: mm,mmmrd.ﬁ pmtpzéﬂmmd lanes A-D: samples withowt 4
e - 10

Fg 3. Western bloating and SDS-PACE stained by siver nitrate. Lane C-: super-
natant from P. pestars transsonmed with only the vectorn used s negative
contrel; Lane Wrp2s: rp26 protein revealed with the OIE standard positive sevum
mnmva-munm 1p26: rp26 protein from EIAV stained with siver;
Lne M Prestamed Prosein Ladder (Fermentas, MD, USA)

2.9, ELISA and AGID

A 96-wells ELISA microplate (MICROLON™ 600-655081,
Creiner-Bio One, SP, Brazil) was coated with 100 pl of the EIAV
rp26 antigen. The optimum antigen concentration (3.75x diluted)
determined by titration against OIE standard serum was used in
0.05M carbonate-bicarbonate buffer, pH 9.6 and incubated for 2 h
in a humid chamber at 37 °C. The blocking step was performed with
200 pl of 4% non-lat dry milk solution and incubated for 1 h. Three
washings stages were carried out with 200 L of 0.1% PES-Tween
20 (PBS-T). The sera were diluted in a solution containing 0.1%
PBS-T, 2X non-fat dry milk and 10mM EDTA, added in the wells,
incubated at 37°C for 1h and washed. After this, 100 pL of conju-
gate (protein G horseradish peroxidase conjugated ) was added and
diluted 1:90,000 in a solution containing 0.1% PBS-T and 2X non-
[at dry milk. After being incubated again for 1h at 37°C, the plates
were washed 5 times. Next, 100 pL of chromogenic substrate 0.1 M
citrate-phosphate buffer ( pH 5.0) was used. Finally, the plates were
incubated at room temperature for 15min and 100 ul of 2N sul-
furic acid was added. The plates were read using an ELISA reader
(Multiskan Plus Thermo Fisher Scientific, USA) at a wavelength of
450 nm. The results were expressed as a ratio of 0.D. serum posi-
tive/0.D. negative serum (P/N). 35 samples were used as positive
sera for EIAV-positive carriers in the AGID test and 35 samples as
negative sera from equestrian entity certified as being free of EIA

The AGID was performed according to the instructions of the OIE
manual (2008) using 1X agarose (Invitrogen) in borate buffer. The
positive OIE standard anti-EIAV serum was tested 2 x concentrated,
undiluted and 2x diluted. In addition to this standard serum, the
EIAV positive serum from the commercial Bruch kit (SP, Brazil),
was also used and the anti-EIAV positive serum from Biovetech
(PE, Brazil). The tests were performed with 20 pl of both reagents
{antigen and serum). The optimal rp26 antigen concentration was
determined as 2x diluted.

3. Results

3.1. Construction of pPKZaAp26 and P. pastoris transformation

The optimization of the p26 gene for expression in P. pastoris
resulted in a difference of 212 from the wild-type gene sequence.
The EIAV p26 gene was cloned into the pPZo expression vector

and the pPICZaAp26 expression cassette was confirmed by enzy-
matic digestion and sequencing. This construction was used to
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Fig. 4. Agar gel immunodiflfusion with rp26. Usigue precipitation kees rested from the antigenfantibody reaction s agarose plate. (A) Central well: rp26 antigen; wells 1,
3 and 5: EIAV positeve serum from Bruch ban; wells 2, 4 and & no sample. (B) Central well: negative contrel (supematant of P pastovis transfonmed with expaeision vector
ondy), 8o precipitation knes were chserved; wells 1, 3 and 5: BIAV positive serum from Bruch kin; wells 2, 4 and 6 no sample. (C) Central well: rp26 antigen; wells 2.4 and
6: OIE standasd positive serum 2x concentrated, undluted and 2x dduted, respectively; well 1: EIAV positive serum undilured Srom Eovetech; well 3: EIAV positive senam
1:1,5 diluted from Biovesech; well 5: EIAV positive sevum 1:2 dilured from Biovetech, Readings were taken with 43 h of the reaction.

transform P. pastoris and the recombinants were submitted to P.
pastoris colony PCR using the AOXIF and R primers to confirm the
integration of the expression cassette into the genome of the yeast.
The results observed in the PCR reaction indicated the presence of
DNA fragments that are compatible with the construction (data not
shown).

3.2. Production of rp26 protein

During induction, the growth rate of the clones ranged from
25 % 108 1o 2.7 x 109 celis)mL while the pH of the media varied
between 5.5 and 6.3 after 72 h of induction. The recombinant P. pas-
foris was also analyzed for p26 gene expression by RT-PCR.A300bp
fragment from EIAV p26 gene was detected, which confirmed the
presence of viral mRNA in P. pastoris after methanol induction. As a
genomic DNA contamination control, a reverse transcription reac
tion without a reverse transcriplase enzyme, was performed for the
samples analyzed (Fig. 1).

The immunodetection of the rp26 protein from supernatant
was performed by dot blotting using anti-6xHis monodonal anti-
body in the screening process (Fig. 2). According to the protein
guantification system employed, about 230 pg/ml of total extra-
cellular protein extract were obtained from the supernatant after
PEG concentration. Around 10 pg of this sample was applied toSDS-
PAGE and a protein with 26 kDa was observed (Fig. 3). The Western
blotting assay using a polyclonal antibody (OIE standard positive
serum) revealed a band of approximately 26 kDa, which represents
the EIAV p26 protein molecular mass expected (Fig. 3).

3.3, Immunoreactivity of rp26

The ELISA with EIAV rp26 antigen from supernatant of P. pas-
toris revealed a 48 P/N ratio with minimum background activity
(data not shown). When the AGID serological test was conducted
with the same rp26 antigen used in ELISA, it revealed the formation
of a single line identical to the EIAV positive sera: Bruch (Fig. 4A)
and Biovetech (Fig. 4C). A minimum activity with an OIE standard
serum was observed (Fig. 4C) The negative control (supernatant
from P. pastoris strain transformed with expression vectors without
the insert) did not detect any immunological reaction (Fig. 4B).

4. Discussion
Heterologous gene expression was detected by RT-PCR, dot blot-

ting and Western blotting, which confirmed the gene transcription
and the recombinant protein production in P. pastoris clones alter

methanol induction. The immunoreactivity and specificity of rp26
protein was assessed by ELISA and AGID assays that only showed
clearly positive reactions with positive sera.

The EIAV p26 protein has been produced in E. coli (Alvarez
et al, 20072; Jin et al., 1999; Piza et al., 2007), since it offers easy
genetic manipulation and low cost media However, in this sys-
tem, nearly 70% of the recombinant proteins are overexpressed as
insoluble inclusion bodies, and thus the process of purification and
recovery of intracellular products from E coli becomes laborious
(Yang et al, 2011). The P. pastoris expression system was chosen
s0 that the recombinant p26 could be used for EIA diagnosis by
AGID and ELISA, because this is widely used and recognized as effi-
cient (Lin-Cereghino et al., 2006; Sorensen, 2010). The recovery and
purification of the recombinant protein was assisted by using the a-
factor peptide from the pPICZaA vector, which is a signal sequence
to secrete the rp26.

Moreover, the problem of premature intérruption of transcrip-
tons, caused by the presence of AT-rich regions in the gene (which
may produce truncated mRNA), was reduced by synthesizing the
EIAV p26 gene (Romanos, 1995). The increased levels of pro-
tein expression were carried out by using preferred codons for
expression in P. pastoris with A-T content adjusted to 55X, which
represents the percentage considered necessary to potentiate the
expression level in P. pastoris (Sreekrishna et al., 1997).

During the screening process by dot blotting, it was observed
that the intensity of the reactions revealed in mAb anti-6xHis, var-
sed between the clones, which suggests that there was a difference
in the amount of the expressed protein, possibly due to the vari-
able copy-number of cassette expression integrated into each clone
(Cregg et al, 1993).

The presence of the rp26 from P. pastoris supernatants, shown
by SDS-PAGE and Western blotting confirms that the protein was
secreted, and this enabled the supernatant to be used directly for
diagnostic assays after careful titration (Cereghino and Cregg, 2000;
Rees et al., 1999) In Western blotting, where ELISA and ACID were
used, the rp26 antigen was obtained in a simple process involv-
ing supernatant clarification, concentration and dilution. In ELISA
a high P|N ratio was observed, which mean that the positive and
negative samples could be dearly distinguished. A unique pre-
cipitation line was viewed between the rp26 antigen and three
different anti-EIAV sera (OIE reference serum, Bruch commercial
kit and Biovetech) in AGID. From a careful analysis of the assay, a
minimum reaction was observed that accompanied the formation
of a discrete identity line between the serum and standard réecoms
binant antigen. This shows the ability of the antigen to detect weak
positive reactions. These results reaffirm the expression of rp26
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in the supernatant and show that the recombinant protein has a
dimilar immunoreactivity [o native profein.

In SDE-PAGE analysis, it was possible to visualize 2 weak band
with a malecular weight corresponding 1o what can be expected
for the target protein. The confirmation of the 26 protein was
performed by Western blotting. However, the diagnostic tests cone
ducted in this study suggest that these levels of proleing are more
than sulficient, since bath AGID and ELISA required antigen dilu-
tions to establish oplimum concentrations. The results showed
clearly that rp26 was also found inimmunoreactive farm in super-
natants and kept a minimum range of stability variation throughout
the year, as was also observed in the ELISA and AGID preliminary
monitaring tests (O1E, 20081

A common prablem observed in seralagical tests that invalve an
ELA diagnosis, is the nonspecific reactions (Ahvarez st al, 2007a) that
can cause difficulties in interpreting positive results, in particular,
with ELISA Thus, the OIE recormmendation is that the positive sera
in ELISA shoubd be retested in AGID which i< a highly specific 1esn.
Irs this study, no reaction between the equine sera and nanspecific
components of the supermatant was abserved in the Western blot-
ting, AGID and ELISA asiays, which confirms the gqualitative aspect
of the assays. As P postors is not infectious 1o mammals, the prob-
lem of nonspecilic reactions is avaided by using this yeast lor the

exprewiion of rplE.
5. Conclusions

The P. pastoris expression system was shown o be capable of
producing a lunctional EIAV p26 protein that can be used directly
in the functionality tests withoul requiring laberious purification or
recovery steps. The yield of the p26 protein production i scalabile,
and therelare, sullicient in view of the need for antigen dilutisns
in ELISA and ACID, Further studies an achisving standardization in
the praduction of the recombinant pretein will be conducted using
abioresctor, which aflers better contral on variables in the pmdur:-
tien such as temperature, pH and optical density, when compared
with the production of Masks, Finally, the validation process Tor rpa
ELISA and AGID in EIA diagnosis tests, will be carried out in accor-
danee with the principles amd methads employed Tor validating
diagnostic assays for infectious diseases recommended by OIE
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AEBESTRACT

Porcine crcovirus type 2 [PCVI) is associabed with postweaning multisystemic wasting syndrome
(PMIWS). The POVE capsid (Cap) protein is a leading antigen candidate for vaccine and serclogical diag=
nostic testing, due to its immunagenic properties. in this study, the codan-optimized PCV2 Cap gene was
choned into 2 pPACZxA vector for secretory expression in the methylotraphic yeast Miochio pastoris after
methanol induction. The screening of recombinant yeasts was followed by detection of the recombinant
Cap (rCap) protein by ‘Western blot, using s2ra from pigs naturally infected with POVZ. The rCap secreted
prodein was ussd without prior purification as a coating artigen in the ELISA test, with high discrimis
nation between PCV2-paositive and negative sera. These results reveal a high confidence in the specific
immunareactivity of the secrebed amtigen and show the antigenioity of the recombinant protein. The
feasibility of the P pectoris expression systemn for the production of POV2 Cap as secreted protein and its
apparent bioactivity, suggests there are good prospects for the use of this antigen in the investigation of

PLV2 infections and testing fior vaccing punposes.

© 2014 Elsevier B.Y. All rights reserved.

1. Introduction

Parcing drcovirus ype 2 (POV2) is one of the mast important
pathogens for swine in many countries (Gillespie et al, 20091
This wirus is linked to a ser of diseases known as “Porcine Cir-
covirus Associated Diseases™ [POVAD), of which the Postweaning
multisysternic wasting syndrome [PMWS) [Opriessnig et al., 2007,
Rose et al, 2002) B the most impartant (Darwich and Matew,
2012) and has serious economic effects on the swine industry
(Marcekova et al, 2009) PCV2 is a small non-enveloped DNA
virus with a circular single-stranded genome, and i member af
the Circoviridae Family (Allan and Ellis, 2000) The POV genome
ponsists of three open reading frames (ORF): ORFI éncodes the
Rep proteins invalved in viral replication, DRF2 encodes the major
capsid protein [Cap) (Mawagitgul et al, 2000) and ORF3 enoodes

® Corresponding aurhss s Depamment of Cenetios, Rederal Universiny of
Permambuco, Av. Frol Monses 1233, Cidade Universitaria, PD Box 5067 0-501,
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i .o oo ) 110, 1000 G, P GiTee 201 407,021
DIGE-09344E 2014 Elsevier BV All rights reserved.

apoplodis-inducing protein (Lio et al, 2006) The POVZ capsid
protein is the primary immunogenic probein (Mahé et al., 2000,
Blanchard et al, 20030} Due Lo its highly conserded epilopes and
induction of a strong immune reaction against sera from POV2-
positive animals (Blanchard et al, 2003a; Wu et al, 2008), this
protein has been employed in the development of vaceines and
serodiagnostic astays (Patterson et al, 2008; Huang et al, 20011}

Several eriteria must be taken into account when making a
PMWS diagnosis [Segalés et al, 2005) For instance, it should be
nted if the animal shows clinical signs of disease {such as wasting
and paleness) and lurther histopathological lesions as well as POV2
wiral load in the lmphoid Esues [Segalés, 201 2] Hence, it i$ essen-
tial 1o compile a serological profile of animals experiencing PMWS
wihether they have clinical signs or not (Pinto et al, 201 1), Recently,
several enzyme-linked immunosorbent assays [ELISA] have been
carried out based on recombinant proteins employed a8 2 coating
antigen for detecting POV infection (Wu et al., 2008; [dnior et al.,
20089; Yin et al, 2010). The use of recombinant antigens in terolog-
ical diagnosis has signilicant benefits because they are cheap and
eady Lo produce, and their antigenicity can be reliably established
[Wu et al, 2008)
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In general, yeasts have been consistently employed for beterol-
ogous gene exprestion [Gellisen amd Hollenberg, 1997, Sohn et al.,
2000 The Pichia pastoris expression system has been widely used
Tor the production of recombinant proteins {Schuiter et al., 2009,
either secreted or in an intracellular form This system was cho-
sen since it olfers several advantages, these include the use of a
strong and tightly regulated promoeter derived from the aleabol axi-
dase [ [ADK]) gene, the ability of the cells o be cultivated at high
dengity ard the possibility of introducing typical eukaryolic past-
tranglational modifications in the recombinant protein (Fu et al,
200 1) In aadelition, sinoe P posforis secretes only a few native pro-
teins, the purification process of the recombinant products can be
assisted by employing the secretory pathway [Cregg el al., 2000).

The aim of this study was (o oblain the secetory production
of POV2 capsid protein in P pastoris and evaluate the fundtional
activity of the recombinant protein with regard Lo its antigenic
properties.

2. Materials and methods
1. Codon oplimizatéon of the Cap gene

The heterologous gene was designed on the basis of a sequence
of PCVZ BRAL isolates deposited in the GenBank [DQ36465001)
The POVZ Cap sequence was syntheszed with codons oplimized
lor expression in P. pastoris, and a sequence encoding the polyhist-
dirse Lag {BxHis)at the C-lerminal ol the protemn was added 1o allow
the immunodetection of the recombinant protein. The oplimized
seqquence was deposited in GenBank with the acceison nurmber
KMZ 10286 The online program Graphical Codon Usage Analyzer
[availabde at vitp:fpoua schoedl de) was used 1o analyze the codon
usage of the heterologous gene and the host organism, The gene
wia synthedized by Epoch Life Science [TX, USAL

232 CMoning af the Cap gene in an expression vector

The codor-optimized Cap gene was digested with Xhel and Netl
enzymes [New Englands Biolabs, MA, USA) and dloned into the
PPICE oA expression vector (Life Technologies, 5P, Brazil) For secre-
lory expression in the yeast through the use of the a-Fctor mating
decretion signal from Socchoromyces cerevisiae, thal @ present
in the vectar. Escherichia coli DHS5o were transformed and the
PRI oA rCap clones were grown in low salt LE medium [ 1% tryp-
tone, 053 yeast extract, 0.5% NaCl, ZX agar) supplemented with
25 pgfml reocin™ (Life Technologies) The présence and orients-
tion of the insert were analyzred by enzymatic digestion and DNA
seqquencing. The sequencing was performed by the dideocy method
[ABIZ 100 sequencer, Life Technologies), and the alignment of the
sefjuences was carrigd oul by the Clustal'\W' program.

23, Transformation of P. pastoris

The recombinant plasmid [10pg of DNA) was lirst linearized
with the Sacl ensyme and used 1o transform P pasiorss srain X-
33, phenotype Mut+ (methanol utilization plus) by slectroporation,
in accordance with the manufacture’s instructions (Life Technolo-
gies]. Brielly, aler eleciroporation, the cells werne ransierred b a
15 mL sterile tube and incubated for 2 h at 30°C withoul agitation.
The efficiency of the rransformation was increased by adding 1 mL
of YD 1o the tube, which was incubated for another 2-3 h at 30°C
under sgitation. Aliquats of 10, 25 and 100 pl were Laken [rom this
miaterial and plated o YPDE medium [ 11X yeast exiract, 7% peplone,
2% glucose, | M sorbital and 2% Agar) containing 100 pgiml 2eocin
and incubated ar 30°C fior 5 days.

2 Sereening of the recomshingnts (Colony blot and Dat biar)

The recombinants selected by zeocin were scréeened for riCap
protein detection by Colony blot and Dot blol In the colony blot
agiay, the plate with the recombinant colonies is incubated with
methanod, for indudion for 72 The PYDF membrane was Laid
on codonies of the ransformants and incubated at 37°C for 3
Following this, the membrane was washed with TTES, blocked
with 5% milk, and incubated with penta-His antibody [Qiagen, 5P,
Brazil) (1:1000) for 2h at 28°C Alver further washing stage, the
membrang was incubated with the anti-mouse HEP-conjugated
antibody [ 1:2000) [Sigma=Akdrich, SP, Brazil] for 1 h. The reaction
was revealed with tetramethy Ibenzidine (TMEB) substrate solution
[Sigma=Aldrich). In the case of the dot blot assays, the clones were
cultivated on a small scale [Sml) with ¥YPD mediom [1% yexst
extract, ZX peptone, 23 gheoode) for 24 e AL the end of this period,
the chones were induced for heterologows expression by the addi-
tion of methanol 10 a final concentration of 0.5% over a period of
72 h, at 2B The supernalant was recovered and used in the dot
ot aseay as deseribed by Coimbra b al. (200 1] using the mono-
clanal anti-GxHis antibody conjugated with alkaline phosphatase
[ 1:1000) [Sigrma=Aldrich). The NTBJBCIF substrale was used for the
reseelation of reactions (Sigma=Aldrich).

2.5 Expression of recombinant Cap pratein in P, pastoris

P. postoris translormants were insculated into 500 ml of BMGY
medium{ 1X veast extract, 2% peptone, 1. 34XYNE, 02X biatin, 1T
ghycerol, 100 mM sodium phosphate, pH 6.0) and incubated at 2E°C
for 48 h under vigorous agitation {240 rpm) bo obtain biomass. For
the induction ol the rCap protein, the obtained biomas was cen-
trifuged and transferred (o 100 mL of BMMY medium [the same
components ad those of BMGY with glycerol replaced by 05X
methanod) in 1L flasks. Methanol was added to the culture every
24 hto a final concentration of 1X, 1o maintain the induction of the
recombinant protein. The culiune was kept a1 28°C with agitation
(240 rpm) For 72 Alter this, the cells were centrifuged and the
supernatants were recoversd.

26 SDE-PAGE and Western blot oy

The proteins were concentrated with PEG [Polyethylene glyeol)
000 [ 10%) [Vetec Quimica Fina, 5F, Brazil |, boiled at 95 =C for 7 min
in SDS=-loading buffer [ 10K 2-mencaploethanol, 4% SDS, 004X bro=-
maphensl blue, 200 glyeerol, 01258 Tris=HCL, pH 6.8) and then
separaled on 1253 SDE-PAGE gel. The gel was stained with sil-
ver mitrate. For the western blot, bwo aliquols of the supernatant
were used. One was condentraled in PEG, and the otheér precipi-
tated with 20% irichlorsacetic acid (TCA) (Sigma=Aldrich) before
being transfermed onto PVDF membranes using a Trand-blot Sem-
dry apparatus [Sche-Plas, CA, UK) at 320 mA for 1 h

The membrane was blocked with 5% non=-fal dry milk in TBS
al room temperaiure for 1h and then incubated wilh swine sera
at a dilution of 1:25 at 4°C for 1.5k Aler three washes in TES-
Tween, the membrans was incubated with peroxidase-conjugated
protein G [Sigma=Aldrich) atd =C for 1 h. The reaction was revealed
using the ECL chemiluminescent kit (GE Healtheare, 5P, Brazil). The
prodein was quantified by means of the Bradford protein assay kit
[Bic=-rad, 5P, Brazil).

Z7. Inedirect ELISA wsimg the rCap as antéigen (rELISA)
Indirect ELISA was performed (o et preliminarily the
immunoreactivity of the rfap. The supernatamt was dialyzed

against PEG 600D 40X [wiv) in phosphate bulfered caline [PES -
D05 ML .15 M MaCl), pH 7.6 through a membrane with a cut-all
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of 12,000 daitons, at 4+C for 24 h. The supernatants were concens=
trated at 25x and used as an antigen in ELISA. A set of positive
and negative sera from swine herds monitored for circovirus using
an immunoperoxidase monolayer assay (IPMA) were selected for
testing in ELISA. The antigen and serum concentrations were ini-
tially determined so that a significant difference could be obtained
between the optical density of five positive and five negative
sera, which determines the PN ratio (OD of five positive/OD of
five negative). After this standardization, the test was applied in
30 PCV2-positive and 28 PCV2-negative sera previously tested in
IPMA.

Briefly, the ELISA plates were coated with rCap protein at 37 °C
for 3 h. Then, each well was washed with PBS-T(PBS pH 7.4 contain~
ing 0.1% Tween-20) and blocked with non-fat dry milk for 1hina
damp chamber. After washing with PBS-T, 100 pL of the swine sera
that had previously been diluted in PES containing 2% of non-fat dry
milk and 10 mM EDTA (w/v) was added to each well and the plates
were incubated. In addition, after washing with PBS-T, 100 pL of
protein G-peroxidase conjugated in the PES-T containing 2% non-
[at dry milk, was added, and incubated. The plates were washed
three times, and a colorimetric reaction was obtained by using sub-
strate solution (citrate~phosphate buffer 0.1 M pH 5.0, 0.1 mg/ml
TMB, 0.02% hydrogen peroxide). The reaction was stopped with
100 el of 2N sulfuric acid. The plates were read using an ELISA
reader apparatus (Multiskan Plus, Thermo Fisher Scientific, MA,
USA) at a wavelength of 450 nm.

3. Results
3.1. Cloning of the Cap gene for expression in P. pastoris

Alter the modification, the mean difference between the codon
usage of the PCV2 Cap gene and P. pestoris codon bias was
reduced from 19% to 108 A 782 bp fragment was released from
the rCap/pPICZaA vector after enzymatic digestion with Xhol/Notl,
which demonstrated the successful doning of the codon-optimized
PCV2 Cap gene (full length ORF2) into pPICZaA, (Fig. 1) The 4400 bp
final construction was designated/named PCV2pPICZaAfrCap and
was further confirmed by DNA sequencing (data not shown).

3.2. Anclysis of recombinant yeasts and the detection of the rCap
protein

P. pastoris recombinants were obtained after the transformation
with the POV2pPICZaA frCap construction and a further selection
was performed based on zeocin resistance. Alter this, the clones
were screened by the immunodetection of the rCap protein by

colony and dot blot. Seven out of 35 clones analyzed showed a
strong reaction in the colony blot, as seen in Fig. 2a. Three out
of seven recombinant clones were more reactive in dot blot, as
shown in Fig. 2b. The absence of reaction in the negative control
excluded the possibility of a nonspecific reaction in the evaluated
clones. A 39-kDa protein was visualized in the SDS-PAGE gel and
detected by western blot using anti-PCV2 swine serum, whereas
no reaction was observed in the negative control (P. pastoris cells
transformed in the pPICZaA empty vector ). These results confirmed
the production of rCap protein in the supernatant of the P. pastoris
clones (Fig. 3). The total protein quantification in the supernatant
of transformed P. pastoris was 140 pg/mi_

3.3 rCap protein used es an antigen in indirect ELISA

Initial standardization of the ELISA indicated that the dilutions
of 1:100 of the recombinant antigen, 1:20 of serum and 1:90.000
of protein G peroxidase-conjugated showed the best PN ratio. The
ELISA using the rCap presented a P/N ratio of 597. These prelimi-
nary results demonstrated that the secreted rCap protein that was
used directly from the culture supernatant of P. pastoris is func-
tonal and able to cause a significant reaction to PCV2-positive sera
in an indirect ELISA.

4. Discussion

In this study, the recombinant protein of PCV2 (rCap) was pro-
duced in P. pastoris in a secreted form, through the employment of
2 codon-optimized gene. It was also reported that the immunore-
activity of rCap was successfully maintained/confirmed when the
supernatant of P. pastoris was subjected to reaction against sera
from PCV2-infected animals in an ELISA. For this purpose, the
codon-optimized PCV2 Cap gene was cloned into pPICZaA, a vec-
tor for secretory expression in P. pastoris, using the secretion signal
(ce-mating factor of S cerevisioe). After the recombinant clones had
been screened by colony and dot blot assays, the rCap protein was
detected on SDS-PAGE and Western blot.

The detected rCap protein presented approximately 39 kDa; this
was slightly higher than the estimated molecular weight for the
PCV2 Cap protein (30kDa). Glycosylation sites have been found
for this protein (Hamel et al, 1998), and a variation in the pro-
tein mobility was observed when the production of the protein was
compared in different recombinant systems (Bucarey et al,, 2009),
which may explain their different sizes. Nevertheless, the results

here are in agreement with those of Tu et al (2012),
which found the PCV2 cap protein in a similar molecular weight.

Fig. 1. Enzysari digestion of the POV2pPICZaA)rCap constructaon. The reacton resulted in the release of the cap gene with 782 bp; this is visualized on 13 agarose gel Line
M: 100-bp DNA Ladder (Ludweg Bsotec); C+ vector pBlueScrips SK containing the coden-optimized PCV2 capsid gene.
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Fig. 2. S¢ pog of the b yeas. In Fig. 2a, there & a rep
PVDF membrane revealed a specific reaction by using the

the exp of the rCap proce

vecsor,

Each expression system has its benefits and drawbacks (Wurm,
2004; Kost et al, 2005). Some authors have reported that E coli
expression system s not suitable for expressing the PCV2 capsid
gene (Zhou et 2, 2005; Trundova and Celer, 2007). The reason
is that this system requires a degree of optimization which can
be achieved by removing the N-terminal domain of the Cap pro-
tein which provides the nuclear localization signal (NLS) (Yin et al,
2010). However it is recognized that this sequence represents an
important domain for the formation of the inner surface of the
virion (Lekcharoensuk et al, 2004; Wu et al, 2012). Alternatively,
the expression of rCap protein in eukaryotic systems, such as yeast

o o o ou

s antibody; In P 2¢, there is a Dot Blot assay wiach uses a

s of recombinant P. pastoris selected by zeocin in YPD plates; In Fig 20 the
after nductsen of 72 h to verify

penta-Hs Supematant
Positive reactsons (gray box) and the absence of reaction in the negative control (Bdack bax); (C-) P. pastons transformed pPICZaA empcy

(S. cerevisiae), insect cells and mammalian cells has been used suc-
cessfully (Fan et &l 2007; Bucarey et al,, 2009; Janior et al, 2009)
However, yeast cultures are easy to maintain, which makes them
faster and less expensive 1o use than other eukaryolic expression
systems.,

The P. pastoris system has been widely wsed for recombinant
protein production, since it has a folding capacity similar to that
of mammals (Schutter et al, 2009), and the production of short-
chain N-linked oligasaccharides (Kang et al, 1998). Bucarey et al.
(2009) reported that to produce the PCV2 Cap protein in S cere-
visige was necessary Lo oplimize the gene, suggesting that the

\}
“’%F s p€° & M

"\t"" 'w.i

Fig. 3. SDS-PACE and Western Blotriag of recomdinant P. pastorts secreting POV2 Cap protein. [(A) Recombinant protein (1Cap) with molecsdar mass of about 39 kD&, analyzed
by polyacrylamide gel stained by silver nitrase, Lane M: Pager Ruler Prestained Protein Ladder (Thermo); Lase | (rAg!x TCA-coacentrated supematast; Lane 2 (tAg2)
concentrated supematast with PEC; C-: P. pasrons trassformed pPICZaA empty vector, (8) Desection of the recombinant antigen (rfAg), with molecular mass of abous 39 kDa,
wsing seva from pegs snfected with POVZ. Lane M: Pager Ruler Prestained Protein Ladder (Thermo); Lase | (rAgl x TCA-concentrated supematant; Lane 2 (rAg2 k concentrased
supematant with PEC; C-: P. pastovis transformed pPICZaA empry vectorn.
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codan usage derived fnom the wild Cap gene negatively aects the
metabalism of the yeast. In view of Lhis, in this study, the Cap gene
was codon-optimized for expression in P, pastors, and the codon
usage frequency betwesn the Cap gene and the yeast P pestoris was
reduced from 19% to 105 after the codon aplimization.

Todate, Tu et al. (2012) represent the anly work that describes
the expresion of the POV Cap gene in P. pastoris, but in contrast
with this study, the authors Giled ta detect the protein in Uhe super-
matant. According to the authors, the NLS domain present in the
M-terminal region ol the protein may have caused a tragic efec
o 15 expart. The results deseribed here contradict this hypothesis,
since il was nol necessary o produce a truncated Cap protein for
its secretion and function in P pasteris. The rCap presented perfect
integrity and antigenicity in immunoxssays, indicating an effective
Feature when lested agamst POV2-pasitive sera in Western blot and
ELISA

It i3 Fair to say that other studies have reported dilliculties in
secrefing certain probéins in P. pastors (Resina et al, 2005; Gasser
et al, 2006, 2007) According to Lin-Cereghino et al (2003L B
pastoris is often unable o secrete some profteing for a number of
rexsans, for example, the recombinant proteins may be rétained in
the ER or Golgi apparatus, which greatly decreases the secretion
level of the foreign protein. However, similar o this work, other
winrks showed the ability af P. pastars to secrete heleralogous pro-
teins [Outchkourow et al, 2002; Han et al, 2004; Coutinh et al,
213

Alver the concentration of recombinant antigen with PEG, the
rCap profein was used direcly in ELISA without eell lyses ar chro-
matagraphic purification procedure. This Dacility shows a practical
application for the w-tostl recombinant antigen that was pro-
duced, and another sdvantage ol the P. pestars expression system
in being able 1o secrete foreign profeing in a relatively pure form,
without the need for laborious procedures for the recovery of a
biodogically active prolein

These preliminary dala open up perspectives lor the use of P
pastoris for the production of the rflap antigen on a larger scale in
order to develop serological tests or immuonization sirategies for
prevention al POV infection.

5. Conclusion

In the present work, POVZ capsid profein was successfully pro-
duced and secreted for recombinant P posroris after methanal

induction. An immunoassay using POV 2-positive sera showed opti-
rmurm functionality forthe rCap protein and it is expected that future
strategies will be employed 1o establish serological tests or vaccines
for porcine circoviruses.
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TREATMENT OF CERVICAL DISEASE:
REVIEW OF THE CURRENT DATA
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ABSTRACT

Persistent infection involving oncogenic Human Papillomavirus (HPV) types, is the most common
sexually transmissible disease and is associated with 5% of all cancers in people of both sexes.
Although efficient, the currently licensed anti-HPV vaccines do not have therapeutic potential to treat
established lesions. Other immunizing approaches directed to the E6 and E7 viral oncoproteins, have
been tested with varying degrees of success to stimulate immune responses to the regression of pre-
malignant and malignant lesions. On the other hand, the current therapeutic treatment is not virus-
specific and consists of the physical removal of the lesions or the induction of inflammatory responses
to cause the regression of established lesions. Hence, recently attempts have been made to identify and
characterize the potential molecular antagonists against the viral proteins and their respective cellular
targets. The use of lead compounds, which can disturb the viral replication, as well as the inhibitors of
the viral carcinogenesis, have proved to be an attractive approach due to their high affinity and
specificity. However, these studies are still in their early stages and it is unlikely that new anti-HPV
chemotherapeutic agents can be developed for clinics in the next 10-20 years.

Keywords: Cervical cancer, HPV, therapies
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INTRODUCTION

It is estimated that 5% of all human cancers are caused by HPV infection [1]. Together with cervical
intraepithelial lesions of all grades and warts, this scenario represents a huge burden to the health
services [2].

Since 2008, two prophylactic vaccines have been licensed to provide protection against HPV. Both
have high efficacy against HPV-16 and -18 [3, 4], which are the most common viral types linked to
cervical cancer [5], and have the potential to prevent 70% of carcinomas and 90% of genital warts in
the next 10-20 years [6].

However, the estimated impact of these vaccines may be compromised due their high costs which
prevent them from being available in developing countries, where more than 80% of deaths result
from HPV infection [5]. In other words, a large section of the unvaccinated public will still be affected
by HPV-related diseases and, thus high priority must be given to producing virus-specific therapies.

The objective of the treatment against HPV clinical infection is the removal of the clinically-visible
disease through the destruction of condyloma by physical removal or by the induction of
inflammatory responses [2]. Since these alternatives are not virus-specific, these therapeutic
approaches have had varying degrees of success [7]. Hence, a great effort has been made to identify
and characterize molecules that might be antagonistic to HPV proteins and their cellular targets so
that anti-HPV drugs can be produced. However, these studies are still at an early stage and it is
unlikely that a chemotherapeutic agent against cervical cancer be developed for clinical use in the
next 10-20 years [2].

THE TREATMENT OF HPV-RELATED LESIONS:
WHAT MAKES IT DIFFICULT?

The Infectious Cycle X the Host Immunity against HPV

Although the suggestion that HPV plays a role in cervical carcinogenesis was first proposed three
decades ago [8], there has been slow progress in the development of effective anti-HPV therapies,
largely due to the difficulty of conducting studies into the biology and pathogenesis of HPV, which
possess a unique and complex replication cycle [2].

HPV has access to the basal keratinocytes of the stratified squamous epithelium through micro-
lesions and/or micro-abrasions. The small viral genome - 8 kb double-stranded DNA - has 8 ORFs
(open-reading frames), six of which encode non-structural and early proteins (E1, E2, E4, E5, E6 and
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E7), while the other two remaining ORFs encode structural or late proteins (L1 and L2) [9]. The gene
expression pattern of the virus depends on epithelial differentiation and occurs through a complex
network of events involving splicing sites within the virus genome [10].

There are no easily handled animal models for HPV infection and the experimental reproduction of
the viral life-cycle can only be achieved by in vivo culture systems, which are technically demanding,
extremely complex and only capable of producing small amounts of infectious viral particles [11].

As a result of a number of sequential stages, the first sign of cervical carcinogenesis is the HPV
infection, but its progress mainly depends on the persistence of this infection [12]. In this context,
despite the immunity of the female genital tract, HPV is highly adapted to its host, which allows the
persistence of infection. Although they are entirely intraepithelial, HPV infections occur in
"privileged" sites in which the number of antigen-presenting cells (APCs), which are basically
Langerhans cells (LC), is significantly reduced [13, 14]. In addition, the intraepithelial non-lytic cycle is
able to prevent the stimulation of molecular signals which are essential for the immune response,
such as those that lead to the production of pro-inflammatory cytokines that result in the migration
of APCs [15, 16].

Apart from causing the transformation of infected cells, viral oncoproteins also assist viral evasion of
the immune system. The combined action of E5 and E6 proteins has a significant effect on the
recognition of infected cells by the immune cells, either by inhibiting contact between infected and
immune cells [17], down-regulating MHC/HLA-I [18-23], or preventing an appropriate molecular
signaling being employed for the immune system, such as the inhibition of cytokine expression [24,
16, 21].

Another complication of HPV infection is viral latency. This phenomenon is characterized by an
infection that is restricted to the basal keratinocytes because the viral genome is maintained in
episomal form which significantly lowers the expression of the viral proteins [25]. Latent infection is
kept under control by a responsive immunological memory [26], but does not necessarily result in
viral clearance [27]. These lesions are unlikely to recur in immunocompetent individuals, but possible
factors suppressing the immune system can allow viral reactivation and lesion formation [25, 28].

A correct understanding of this scenario is of great importance for the development of therapeutic
strategies against HPV-induced lesions. As a means of bypassing the viral evasion mechanisms and
activating effective responses, the most promising approaches to immunization have explored
different ways of effectively introducing viral oncoprotein- based antigens to the immune system.
However, as these strategies are still in the early stages of being tested, the current therapeutic
options consist of ablative therapies or are based on cytotoxic agents, as will be shown in the
following sections.
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CURRENT THERAPEUTIC ALTERNATIVES

Why to Treat, When to Treat and How to Treat?

The vast majority of individuals are able to react against HPV and eliminate viral infection. However,
there are a few infected individuals that cannot combat the virus; some of them develop clinical
lesions and will be further submitted to the treatment that is currently available; others will remain
infected although without HPV-related diseases [29, 30]. Since there is no virus-specific therapy for
HPV, the treatment against human papillomatosis is based on an attempt to eliminate lesions which
might lead to cancer in association with the stimulus of the immune response in order to resolve the
viral infection. Furthermore, as they represent a sexually transmissible disease, the elimination of
HPV-related lesions is a means of preventing viral dissemination. It is up to the doctor to assess the
need for treatment and which therapeutic option is most suitable, in the light of the following
factors: confirmation of virus presence, the type of infecting virus (whether low or high risk),
characteristics of the lesions (whether localized or disseminated), the type of infection (clinical,
subclinical or latent) [31].

When deciding on the most appropriate treatment the following factors should be taken into
account [31]:

1. A molecular biology diagnosis carried out through a genital swab. This kind of diagnosis can
reveal the presence of viral DNA although it does not specify the existence and/or location of
the lesions, or their characteristics (size, extent etc). It is thus necessary to submit the patient
to genitoscopy to carry out a proper mapping of the lesions. In cases where the findings of
the research are HPV-positive through the use of a swab without any association with
clinically lesions, the patient may be latently infected. As a result, there is no confirmation
regarding either whether it might lead to transmission of the disease or if there are any
therapeutic indications.

2. The examination by genital swab is HPV-negative. In this case, there is no certainty that the
patient is not infected with HPV due to the possible presence of keratinized or old genital
lesions, which have a small amount of viral DNA but might permit viral transmission. It is
necessary to establish the presence of these lesions to avoid an erroneous diagnosis which
might suggest that there is no need for treatment.

3. Treatment of clinical lesions. It is not uncommon to observe warty lesions, called satellite
lesions, which are only detectable by genitoscopy. Likewise, there are significant papular
lesions which are only visible upon application of acetic acid and further examination with
maghnification (usually resulting from infection involving high-risk types). These situations
may explain, for example, why cases are sometimes wrongly assessed as recurrence, when in
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fact they represent intraepithelial lesions that have been incorrectly located and treated in
an inappropriate way.

4. Diagnosis by genitoscopy (colposcopy). This is the most suitable approach for allowing the
correct mapping of lesions and evaluating their characteristics, such as size, location and
extent.

For this reason, common sense should prevail when planning the treatment schedule. Radical
decisions — which are only favorable for the treatment of clinical lesions or, alternatively, which
proposes the treatment of all clinical and subclinical cases, as well as the need to take preventive
treatment based on topical preparations — should not be recommended. The effectiveness of current
available therapies depends on this analysis, since the alternative forms of treatment can lead to
excellent results or be contraindicated, depending on the nature of the HPV infection.

Table 1. The alternative forms of treatment for intra-epithelial lesions caused by HPV are
categorized by levels of clinical recommendation. Adapted from American Society for Colposcopy
and Cervical Pathology [94].

Category Method Mechanism of action Efficacy rate Recurrence rate

First line Imigquimod 5% Immunomodulatory  72-84% 5-19%
Podophyllotoxin  Cytotoxic agent 45-88% 31-60%
Cryoteraphy Ablative/excisional 68-90% 38%

Second line Laser therapy Ablative/excisional 27-82% 7-72%
Electrosurgery Ablative/excisional 70-80% * 25-39% *

Other therapies TCA Cytotoxic agent 70-81% 30-60% **
Interferon Immunomodulatory  32-60% (intralesional) 65-67%

17-21% (systemic) Non reported

Polyphenon E Immunomodulatory  53.6% 6.8%

* Maw, 2004 [38].
** de Carvalho, 2005 [31]

Another important factor is the progress of the treatment, with regard to the frequency with which
recurrence occurs associated with exuberant lesions. This means that, treatment should be more
intensive and bring together the different therapeutic options at an early stage.

Table 1 categorizes the alternative forms of treatment for the intraepithelial lesions in accordance
with clinical recommendations. In the following section, these therapies will be discussed in the light
of the methods employed: non-surgical treatment, ablative/excisional treatment,
immunomodulators and combination therapy.
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Non-Surgical Treatment

Topical preparations based on cytotoxic agents result in cell death through contact, either by
antiproliferative or chemidestructive action, regardless of viral status [2]. The use of podophyllotoxin
as a solution or cream is the first line of treatment for genital warts and promotes the destruction of
verrucous lesions without major alterations to the normal skin [31, 32]. The resulting necrotic action
is thought to be based on its ability to bind to the microtubule proteins with subsequent cell cycle
arrest in metaphase [2]. The disadvantages of using podophyllotoxin in therapy include systemic
absorption, potential mutagenic action in the epithelium and the recurrence of the condition in 65%
of cases. Furthermore, bone marrow suppression, liver disorders and neurological impairment have
been reported [33-35]. An alternative treatment is the topical use of trichloroacetic acid (TCA) which
involves a local caustic and keratolytic activity that causes corrosion of warts without serious
systemic effects [32]. TCA is as effective as podophyllotoxin, although it has drawbacks such as the
ulceration of adjacent normal areas, dermal abrasions and secondary infections [31, 32]. As in the
case of podophyllotoxin, the rate of recurrences may reach 60% [31].

Ablative/Excisional Therapies

Currently ablative or excisional therapies represent the vast majority of anti-HPV therapeutics for
genital lesions [36], which include cryotherapy, excision by scalpel or scissors (also called cold
surgery), laser therapy and electro-surgery [31, 37]. These methods are suitable for treating lesions
at any site. In the presence of intraepithelial neoplasia, the procedure that is most widely
recommended is conization (designation resulting from the conical shape of the removed tissue) or
loop electrosurgery (LOOP). The latter, together with cryotherapy and laser therapy, employ physical
ablative methods — i.e. the application of extreme heat or freezing for epidermal, dermal and
vascular damage, leading to the induction of an effective inflammatory response [31, 32] — which
generally offer a highly effective form of protection in the short term, with the disappearance of 70-
80% of the lesions [38]. In general, cryotherapy assists the treatment of large or grouped lesions,
while laser therapy has beneficial cosmetic results by allowing rapid healing without forming scars
[32].

The main drawback is the recurrence rate which can reach almost 40% of cases [38], although the
procedures entail the removal of a safety margin of 3-5 mm of healthy tissue beyond the injured area
[31]. Alternative treatment in cases of exuberant lesions include the excision of lesions with cold
surgery followed by the application of laser therapy in the wound bed, a method which results in a
lower recurrence rate [31]. In addition, intraepithelial lesions are often multifocal, which makes the
ablation procedure impractical or ineffective [39].
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Immunomodulators

The treatment of genital warts based on immunomodulatory agents is able to assist in stimulating an
innate immune response. The polyphenon E, or sinecatechins, is an extract obtained from the tea
leaves of Camellia sinensis administered as a topic ointment. It has an effect on the regression of
warty lesions because of the epigallocatechin gallate molecule, which operates under different
signaling pathways, and induces apoptosis via caspase activation and inhibition of telomerase [40,
41].

Imiquimod is a topical drug that is capable of inducing the secretion of pro-inflammatory cytokines,
interleukins and type | interferons (IFN-I), through its agonist action on the toll-like receptor 7 in
macrophages, dendritic cells and keratinocytes [42, 32]. Immunomodulation which is based on the
secretion of IFN has integral action on the resolution of warty lesions and also indirectly carries out
an antiviral activity [43, 44]. Thus, in addition to its proven efficacy and safety, the use of imiquimod
leads to reduced recurrence rates (12%) [45].

However, special attention should be paid to imiquimod and other agents that induce immune
responses based on IFN-I. It has been reported that treatment of intraepithelial lesions infected with
high risk HPV through the use of IFN-a and IFN-B is highly effective in cells containing the viral DNA in
episomal form, by arresting growth and inducing the loss of episomes, but no effect has been
reported on cells that are carriers of integrated viral DNA [24, 46]. As a result, repeated use of
preparations that can produce high local concentrations of IFN-I may result in the selection of cells
containing integrated HPV DNA that allow the disease to become malignant [2].

Combination Therapy

It should be stressed that none of the available therapies is superior to the others and there is no
ideal treatment for all cases. Other factors apart from those already discussed with regard to the
treatment schedule, should also be taken into account: the cost of treatment and its practicality, side
effects and the professional experience of the medical staff. Some patients require a series of
treatment sessions rather than just one and, in this respect, the therapeutic modality should be
changed if the patient has not made substantial improvement after a complete course of treatment
(most genital warts respond within 3 months of therapy) or if side effects are severe [47].

Although relatively recent, the studies which have assessed the effectiveness of combined therapy
for the treatment of genital warts have shown promising results. Combination therapy, which
generally establishes the association between cytotoxic and immunomodulator modalities,
represents an interesting alternative for the treatment of patients with both recurrent and new
warty lesions. The recurrence rates observed from a comparison of 5% imiquimod monotherapy,
surgical excision of residual warts after partial response to treatment with imiquimod and surgical
treatment alone, were respectively: 15% (after 17 months), 20% (after 19 months) and 65% (after 5
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months) [48]. Similarly, the use of imiquimod after laser therapy for treatment of genital condylomas
has shown recurrence of lesions in only 7.3% of patients (138) [49].

Finally, better therapeutic results can be achieved even in cases where distinct therapies are
combined, but with the same purpose (for example, by combining two cytotoxic methods). The
remission rates of genital warts (new or recurrent) that were observed from a comparison between
the employment of 25% podophyllin, TCA, cryoteraphy, TCA/podophyllin or cryotherapy/podophyllin
were, respectively, 82.1%, 84.5%, 92.4%, 94% and 100% [50]. In addition, fewer sessions were
needed for the complete remission of warts among patients undergoing the combination therapy in
comparison with those submitted to monotherapy [50].

Special attention should be paid to the fact that the concomitant use of imiquimod and cytotoxic
agents is not recommended because of the risk that it might exacerbate the inflammatory processes
[51].

Special Situations

A rapid growth of friable genital warts has been observed in pregnant women, probably as a result of
the higher serum levels of steroid hormones — which act as cofactors in the epithelial proliferation of
HPV [52-55] — and the relative state of maternal immunosuppression which is peculiar to this
physiological condition [31]. Large or extensive lesions can cause obstruction of the birth canal,
laceration of tissue and/or profuse bleeding during vaginal delivery. Thus, treatment of genital warts
should be performed during pregnancy to reduce the risk of obstetric and/or neonatal complications,
as well as some unforeseen discomfort caused to the mother [31]. The third trimester is considered
to be the ideal period for the treatment of infection since at this time there is a lower risk of
recurrence [56].

Table 2. Therapies currently available for the treatment of genital warts and their recommended
application during pregnancy and puerperal period. Adapted from Maluf & Perin, 2005 [7].

Method Mechanism of action Safety during pregnancy Safety during breastfeeding
Podophylotoxin Cytotoxic agent Unknown Contra-indicated

TCA Cytotoxic agent Yes Indicated

Imiquimod 5% Immunomodulatory Unknown Contra-indicated
Cryotherapy Ablative/excisional Yes Indicated

Electrosurgery  Ablative/excisional Yes Indicated

Laser therapy  Ablative/excisional Yes Indicated

Interferon Immunomodulatory No Contra-indicated
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The use of podophyllotoxin and imiquimod is contra-indicated during pregnancy (Table 2). Although
the teratogenic potential of podophyllotoxin has not been confirmed for humans, this cytotoxic
agent has been classified as category C by the FDA (Food and Drug Administration). The reason for
this is its potential absorption and toxicity to the fetus, since it has neuro and myelotoxicity, as
already reported [32, 57]. The administration of imiquimod during pregnancy is also classified as
category C by the FDA because there have been no clinical trials conducted with pregnant women
with this drug. Even though the teratogenic effects of imiquimod are unknown, it should only be
prescribed during pregnancy in cases where its benefits outweigh the possible risk to the fetus [31].

The treatment of genital warts in HIV-infected patients should follow the same line of reasoning.
Attention must be paid, however, to immunocompromised patients since their warty lesions have
more serious features (they are larger and more numerous), they are not responsive to therapy and
there are more frequent recurrences [58, 59]. The use of imiquimod in immunosuppressed patients
is safe, although in some circumstances the use of combined therapy is needed to achieve better
results and a longer disease-free period [60-63].

PERSPECTIVES ON NEW FORMS OF TREATMENT

Specific therapies against HPV infection are able to treat both non-apparent infections and visible
clinical diseases. These antiviral drugs are the only alternative, for a significant section of the
population who are already infected with HPV, and comprise immunosuppressed individuals, who
cannot be treated by immunotherapy. In addition, multifocal genital lesions are not sensitive to
ablative therapy and do not respond to immunotherapy [2].

The challenges for the development of anti-HPV drugs are proportional to their degree of
effectiveness. Papillomaviruses only encode one enzyme, E1 helicase, which considerably constrains
the adoption of traditional approaches. The other early genes E2, E4, E5, E6 and E7 act through
molecular interactions with DNA and proteins of the host cell, but these interactions have not been
suitably characterized for drug design or the identification of candidate molecules [2].

Targeting the Replication of HPV

The replication of the HPV genome is dependent upon E1 and E2 protein interaction [64, 65] in the
viral origin of replication (ori) [66]. Once the E1-E2 complex is assembled, these proteins recruit the
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DNA polimerase a to the ori for the initiation of viral DNA replication [67]. However, the assembly of
this complex is sequential and depends on the binding of ATP to E1 [68], which is a helicase with
ATPase activity.

Small inhibitory molecules of the ATPase activity of HPV-6 E1 were identified by high-throughput
screening [69]. These lead molecules probably inhibit ATP binding by allosteric mechanisms [70] but,
unfortunately, they were not active in cell culture assays [71]. At the same time, two series of
inhibitory molecules of the cooperative interaction between E1-E2 and ori were identified for
genotypes -6 and -11 [69)]. These compounds are able to bind to the overlapping sites on the
interface between E1-E2 [72]. The mechanism of interaction is illustrated in the figure 1.
Unfortunately, the studies involving this class of inhibitors were discontinued after the efficacy of the
prophylactic vaccines had been demonstrated in the control tests [2].
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Figure 1. HPV E1 and E2 proteins as antiviral targets. (A) HPV genome replication is dependent upon the interaction
of the E1 and E2 proteins in the ori, which is located on the viral LCR (Long Control Region). In turn, the formation of
E1-E2 complex depends of ATP binding. Once formed, the E1-E2 complex recruits the DNA pol a to the ori. (B)
Molecule inhibitors compete allosterically for the ATP-binding site and prevent the formation of the E1-E2 complex in
the HPV-6 ori. (C) Other molecules are also capable of interfering with the formation of E1-E2 complex of HPV-6 and
-11 targeting sites which are located in the interaction interfaces of these viral proteins.
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Figure 2. HPV E2 protein as an antiviral target. (A) By interacting with E2, Brd4 is able to attach the viral episome to
the host chromosome since it is bound to the acetylated histones of the chromatin. The cooperation between E2-Brd4

allows the viral genomes to be equally partitioned at the mitoses. (B) JQ1 is a small molecule capable of inhibiting the
binding of Brd4 to the chromatin and thus represents a potential target for the development of anti-HPV drugs.

Finally, recent evidence has shown the interaction between Brd4 — a bromodomain protein that
binds to acetylated histones — and E2 protein of both high and low risk HPV types [73]. Given the role
of E2 in the maintenance of the viral episome [74], the E2-Brd4 interaction is likely to be responsible
for attaching the viral episome to the mitotic spindle, and thus allow an equal partition of the viral
genome during mitosis [75, 76]. The discovery of a molecule capable of inhibiting the binding of Brd4
to chromatin, called JQ1 [77], provides a prospect for producing drugs that can inhibit the interaction
between E2 and Brd4. Figure 2 illustrates the role of HPV E2 protein.

Targeting the HPV Carcinogenesis

The combined action of E6 and E7 oncoproteins of high-risk genotypes is essential for the
maintenance of the neoplastic phenotype and uncontrolled cell cycle [78]. As a result, different
strategies have been employed to investigate the interruption of the activity of these oncoproteins:
siRNA, antisenseRNA, ribozymes and peptide aptamers [79]. However, the major progress has been
made in the case of E6.
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Figura 3. HPV EB6 protein as antiviral target. (A) The interaction of p53 with E6 forms a stable complex that recruits
the E6/AP ubiquitin ligase. The p53 protein is then ubiquitinated and signaled for degradation via proteasome. (B) The
p53 reactivation and induction of apoptosis (RITA) can be achieve in cervical cancer cells through the use of small
molecule inbibitors capable of interact directly with E6 and prevents its binding to p53. (C) The inhibition of p53-
mediated degradation by E6 has also been achieved through the use of small peptides capable of binding to E6 and
prevents its interaction with E6-AP, which results in p53 reactivation and subsequently promotion of apoptosis. (D)
The degradation of p53 in cervical carcinoma cells can be achieved through the use of Lopinavir, which is a protease
inhibitor molecule used in anti-HIV therapy due to its ability to block the viral proteasome activation.

The deregulation of the cell cycle caused by HPV is due, in part, to the E6-mediated degradation of
p53. After interacting with p53, the E6 oncoprotein recruits ubiquitin ligase E6/AP, which
ubiquitinates the complex and signals to proteolytic degradation [80]. Three different molecular
strategies have been employed to prevent E6-mediated degradation: (i) interference with the direct
p53-E6 interaction; (ii) interference with the binding of E6/AP to E6; (iii) selective inhibition of
proteasome. These molecular strategies are illustrated in the figure 3. With regard to the first
alternative, cervical cancer cells can be suppressed in vitro by small molecules that cause the
reactivation of p53 and induction of apoptosis (RITA) [81]. RITA interacts with p53, by blocking the
binding of this molecule to E6 and its subsequent ubiquitination [2]. In the second strategy, small
peptides that are capable of inhibiting the formation of E6/AP-E6 complex, were developed in
parallel and have been shown to promote cell cycle arrest and/or apoptosis by p53 reactivation [82,
83], but these studies are still in an early stage of evaluation [2].

The third strategy probably represents the most practical alternative from the standpoint of clinical
viability. The use of Lopinavir, an antiretroviral protease used in anti-HIV therapy, is able to block the
activation of proteasome caused by HIV, stabilize p53 and induce apoptosis of HPV-infected cells in
vitro [84-86]. The effectiveness of Lopinavir in the clearance of lesions caused by HPV was evaluated
without success [87], but it is worth noting that the concentration of the drug used in in vitro assays
is greater than that achieved by oral administration [84]. The cervico-vaginal concentration of the
drug was probably suboptimal. Lopinavir is a licensed drug and thus the formulation of topical
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preparations for anti-HPV therapeutics may be used in clinical trials within a few years [2], since their
efficacy and safety have already been proven.

Immunotherapy

Both the HPV vaccines that are currently available have proved to be effective against the HPV types
that were targeted by each vaccine in clinical trials. The vaccines are targeted at adolescent girls but
their precise ages vary from country to country. In spite of these differences, vaccination should
ideally be performed before the onset of sexual activity, since neither vaccine has demonstrated
therapeutic activity for preexisting infections [88].

However, vaccination with these prophylactic vaccines could support the treatment of HPV-related
diseases. The use of quadrivalent HPV vaccine has been linked to a reduced incidence of subsequent
cervical, vulvar and vaginal intraepithelial neoplasia and genital warts in women who had been
diagnosed and treated for cervical and vulvar or vaginal disease [89]. Those women who had been
given prior vaccination, had a significantly reduced risk (64.9%) of subsequent high-grade cervical
lesions, as well as a reduced risk (35.2%) of developing any subsequent disease related to the HPV
vaccine types (-6, -11, -16 and -18), in comparison with the placebo recipients. Although the exact
underlying mechanism is not fully known, these observed reduction rates are clinically significant
[89].

Despite the effectiveness of prophylactic vaccines, anti-HPV therapeutic interventions based on
immunotherapy could make it possible to treat unapparent infections and/or diseases. As the
regression of HPV-caused diseases is the result of a Thl cellular response [16], the more attractive
immunotherapeutic approaches have explored the immunization with E6 and E7 antigens, which are
essential for the progression and maintenance of the malignant phenotype and are constitutively
expressed in all the cervical intraepithelial lesions [2, 12].

Although studies of immunization with HPV-16 and -18 E6 and E7 have shown they are successful
against HPV-expressing cancers in mice, the same results have not been observed in humans [90]. All
the vaccines tested in human clinical trials have proved to be safe and capable of inducing antigen-
specific cellular immune response, but cancers and high-grade lesions induced by HPV have been
highly refractory to the same immunotherapies explored in the mouse model [91]. The attempts that
are currently being employed to circumvent these problems have investigated immunomodulators
and/or adjuvants that are capable of enhancing the immunogenicity of therapeutic vaccines and/or
manipulating the local immunity [2]. Some discrete, but significant, advances have been made in this
direction [91-93].
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FINAL CONSIDERATIONS

Despite the advances in prevention strategies against cervical cancer, the ‘unknowns’ regarding the
mechanisms for the viral evasion of the host immunity, impose significant challenges for the
development of antiviral therapeutic approaches. For this reason, even though several alternatives
are available for the treatment of cervical lesions, they are all limited in regard to the clearance of
the diseases caused by HPV.

Great progress has been made in carrying out various programs to identify and characterize both
molecular targets and antagonist molecules for HPV proteins. However, marketing considerations
have prevented the pharmaceutical companies from making progress in producing antiviral drugs
and improving chemotherapy for the treatment of cervical cancer. These companies have been afraid
that these drugs would have reduced market face to the prophylactic vaccines that have recently
been licensed. Despite their proven effectiveness, the optimistic forecasts and the amount of
lobbying for the currently available HPV vaccines, the success of immunization is below expectations.
The reality is that over the next two or three decades a large section of the public will remain
unvaccinated, and it is necessary to develop appropriate treatment for these people, either by
antiviral drugs and/or immunotherapy.
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