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RESUMO

REZENDE, A. G. Avaliacdo da expressao génica em células de mamiferos utilizando o
Semliki Forest virus. 2014. 92 f. Dissertacdo (Mestrado em Biotecnologia) - Instituto de
Ciéncias Biomédicas, Universidade de Sdo Paulo, S&o Paulo, 2014.

O sistema de expressdo génica derivado do Semliki Forest Virus (SFV) vem sendo muito
utilizado nos ultimos tempos para expressdo em grandes quantidades de inimeras proteinas,
qguando comparado com outros sistemas. O objetivo desse estudo foi otimizar a capacidade
desse vetor viral de expressar proteinas em diferentes linhagens celulares de mamiferos,
utilizando como alvo, a glicoproteina do virus rabico (RVGP). Foram avaliadas formas de
obtengdo do vetor SFV recombinante, através de diferentes métodos de transfeccdo, como
eletroporagdo e lipofeccdo, utilizando um lipossomo comercial chamado Transmessenger
(Qiagen, Valencia, CA., U.S.A)). Foi estabelecido, um método rapido e preciso de
quantificacdo das particulas virais, através da técnica de qPCR, para padronizar a relagédo
entre a quantidade de virus recombinante a ser utilizada em um processo de infec¢éo, visando
aumentar os niveis de producdo da proteina heter6loga. Diferentes proporcdes entre virus e
células foram utilizadas em cinco linhagens distintas: BHK-21, Huh-7, VERO, L929 e HEK-
293T; sendo avaliados dois tempos de coleta da RVGP apds a infeccdo (24 e 48 h). A proteina
gerada foi avaliada atraves de diferentes métodos como Western Blot, Dot blot e
imunofluorescéncia indireta (IFI), sendo a quantificacdo da proteina realizada através de
ensaio imunoenziméatico (ELISA). Esse trabalho contribui para o desenvolvimento de
abordagens que utilizam o SFV como vetor de expressdo, indicando as melhores
metodologias e linhagens celulares, que podem ser utilizadas para aplicacdo na producéo das

mais variadas proteinas.

Palavras-chave: Semliki Forest Virus (SFV). Glicoproteina do virus rabico (RVGP).
Expressdo de proteinas recombinantes. Cultura de células de mamiferos.



ABSTRACT

REZENDE, A. G. Evaluation of gene expression in mammalian cells using the Semliki
Forest virus. 2014. 92 p. Masters thesis (Biotechnology) - Instituto de Ciéncias Biomédicas,
Universidade de S&o Paulo, Séo Paulo, 2014.

The expression system based on Semliki Forest virus (SFV) is a system which has been
widely used in recent times for expression of many proteins in large quantities as compared
with other systems. The aim of this study was to optimize the capacity of this vector to
express viral proteins in different mammalian cell lines, using as target, the rabies virus
glycoprotein (RVGP). We assessed two different methods of transfection to obtain
recombinant SFV vector, such as electroporation and liposome commercial Transmessenger
(Qiagen, Valencia, CA., U.S.A.). It was established also a fast and accurate quantification of
viral particles by gPCR technique, to improve the relation between the amount of recombinant
virus to be used in a process of infection, to increase production levels of the heterologous
protein. Different proportions between viruses and cells were used in five distinct lineages:
BHK-21, Huh-7, Vero, L929 and HEK-293T; being evaluated two sampling times after
infection of RVGP (24 e 48 h). The protein was assessed by various methods such as Western
blot, Dot blot and indirect immunofluorescence (lIF), and the protein quantification
performed by enzyme immunoassay (ELISA). This work contributes to the development of
approaches to using the SFV expression vector indicating the best methods and cell lines that

can be used for application in the production of various proteins.

Keywords: Semliki Forest Virus (SFV). Rabies virus glycoprotein (RVGP). Expression of
recombinant proteins. Culture of mammalian cells.
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1 INTRODUCAO

A raiva € uma doenca mundialmente disseminada, causando a morte de mais de
55.000 pessoas por ano, sendo que 0s paises mais pobres sdo os mais afetados. A dificuldade
em controlar a doenga apds o inicio de seu desenvolvimento em um individuo faz com que a
melhor abordagem contra a raiva, seja a vacinagdo dos principais animais reservatorios do
virus, e também de humanos (WORLD HEALTH ORGANIZATION, 2013). Porém, o0s
custos de producdo de uma vacina anti-rabica, campanhas de vacinacdo e sua distribuicéo,

ainda limitam seu acesso a maioria das pessoas que vivem em areas potencialmente de risco.

Além da questdo econdmica, as vacinas atualmente disponiveis sdo produzidas atraves
de diferentes abordagens em todo o mundo, ocasionando em alguns casos, efeitos colaterais
relacionados a sua administracdo. No Brasil, a vacina anti-rabica € produzida utilizando o
virus rébico inativado, 0 que ndo as garantem como uma vacina totalmente seguras, sendo
contra indicado a gestantes e pessoas imunodeprimidas (NATHANSON et al., 1995). Outro
fator importante é a necessidade de condicbes especificas para 0 armazenamento e
distribuicdo do produto a regides mais remotas, sendo este fato mais evidenciado em paises
em desenvolvimento, onde o acometimento de pessoas pela doenca esta diretamente
relacionado ao seu poder aquisitivo, ocasionando em maiores dificuldades ao acesso a
tratamentos e as campanhas de vacinacdo (ERTL, 2009). Por esses motivos, novos métodos
que possam ser utilizados para aperfeicoar o processo de producdo vacinal se mostram

necessarios.

Visto que em um processo de infeccdo pelo virus da raiva, a glicoproteina presente no
envelope do virus rébico (RVGP), é a principal indutora de anticorpos contra 0 virus em
guestdo, um sistema que seja capaz de expressa-la corretamente, com todas as modificacdes
pos-traducionais adequadas, pode vir a ser utilizado como ferramenta no processo de

producdo de uma vacina anti-rabica (GAUDIN et al., 1992).

Sistemas capazes de expressar proteinas especificas em culturas celulares surgem
como candidatos em potencial. Sendo que para tal finalidade, diversas abordagens vém sendo
desenvolvidas ao longo do tempo, visando uma melhor eficiéncia na entrega de um gene
heterdlogo e, consequentemente, um maior nivel de producdo da proteina correspondente
(ASTRAY et al., 2013; DE JESUS et al., 2011). Nesse tipo de abordagem, a utilizacdo de

cultura de células eucarioticas se faz necessaria quando a proteina a ser expressa necessita de
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modificacbes pods-traducionais, sendo o caso da RVGP (WALSH et al., 2010). Existem
diversos trabalhos que demonstram a utilizacdo desse tipo de célula para esse propésito,
mostrando bons indices de producdo e processamentos convenientes na proteina gerada
(BALDI et al., 2007; CONCEICAO et al., 2007; JORGE et al., 1995, 1996). Apesar disso,
muitas vezes 0s sistemas de expressao estudados ndo suprem as expectativas, devido a relacdo
do tempo e material consumido, com os niveis de producdo da proteina de interesse, além de
outros problemas como a perda, por inativacdo ou delecdo, do gene heterélogo no genoma
celular (LUNDSTROM, 2003).

Neste sentido, tém-se desenvolvido sistemas de expressdo transiente, que possibilitam
niveis elevados de expressdo génica, de até 4 pg / 1E6 células (LUNDSTROM, 2003; PAUL
et al., 1993). E o caso dos vetores virais, que permitem a utilizacio de fortes promotores
génicos que sao responsaveis por altos niveis de expressdao do transgene, e possuem uma alta
eficiéncia de infeccdo e, portanto, de introducdo do gene na linhagem celular desejada
(TWYMAN, 2005).

O sistema de expressdo génica derivado do Semliki Forest Virus (SFV) vem sendo
muito utilizado nos Gltimos tempos, para expressar inimeras proteinas e possui ampla
capacidade de infectar diferentes linhagens celulares (LUNDSTROM, 2010). Portanto, surge
como um sistema com grande potencial para avaliar a producao de RVGP em varias linhagens

de culturas celulares, sendo um dos objetivos desse trabalho.

O desenvolvimento deste projeto estabeleceu uma tecnologia de producdo de
particulas virais recombinantes (SFV-RVGP), capazes de expressar proteinas heter6logas
(RVGP) em culturas de células de mamiferos. Diversas linhagens foram infectadas pelo vetor
SFV-RVGP e avaliadas quanto a producdo da proteina, como BHK-21, Huh-7, Vero, HEK
293T, L929 e BHK-21 adaptadas a suspensdo. Além disso, uma metodologia para realizar a
quantificacdo das particulas virais foi estabelecida através de uma metodologia de qRT-PCR,
de forma a otimizar o processo de infeccdo, avaliando ensaios com diferentes proporgdes de

virus por célula.

O trabalho em questdo contribui para um melhor entendimento quanto ao sistema de
expressdao utilizando o SFV, e sua capacidade de expressar proteinas heter6logas em
diferentes linhagens de células de mamiferos. Essa abordagem pode ser estendida para a

expressdao de diversas outras proteinas, com potenciais usos terapéuticos e vacinais.
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2 REVISAO BIBILIOGRAFICA

2.1 Doenca da Raiva (World Health Organization — WHO)

A raiva é uma zoonose, causada pela infeccdo do virus rébico, que é pertencente a
familia Rabdoviridae e ao género Lyssavirus. A infeccdo em humanos, geralmente ocorre
apos uma mordida profunda ou arranhdo de um animal infectado, sendo os cées o principal
hospedeiro e transmissor da doencga, que tem ainda morcegos e outros animais silvestres como

importantes transmissores (TORDO et al., 1988).

O desenvolvimento da doengca em humanos leva a ébito, na auséncia de um tratamento
pos-infeccdo. Esse procedimento consiste na limpeza profunda do ferimento, imunizagédo e
tratamento com imunoglobulinas, logo ap6s o contato suspeito. Uma vez que se manifestem
0s sintomas, ndo ha tratamento e a doenca é quase sempre fatal. Estima-se que a cada ano
mais de 15 milhdes de pessoas em todo o mundo recebam vacinacdo p0Os-exposicdo para

prevenir o desenvolvimento da doenca (WHO, 2013).

O custo médio por pessoa de um tratamento anti-rabico é de US$ 40 na Africa e de
US$ 49 na Asia, sendo esse valor considerado muito elevado para um grande nimero de
paises em que a renda média é de US$ 1 a 2 por pessoa por dia. O gasto global com a
prevencdo da raiva estd em torno de US$ 1 bilhdo (WHO, 2013).

N&o estdo disponiveis testes para diagnosticar a infeccdo pela raiva em humanos antes
do aparecimento da doenca clinica e, a menos que o0s sinais especificos de raiva, como
hidrofobia ou aerofobia estejam presentes, o diagndstico clinico pode ser dificil. A raiva
humana pode ser confirmada intra-vitam e post mortem por varias técnicas de diagndsticos
destinados a deteccdo do virus inteiro, ou &cidos nucléicos em tecidos infectados (cérebro,
pele, urina ou saliva). Com base em recomendacdes da World Health Organization (WHO), a
principal ferramenta para prevenir a disseminacao da doenca é a profilaxia, principalmente em

animais reservatorios do virus, como céaes (WHO, 2013).

A doenca da raiva e disseminada mundialmente, ocorrendo em mais de 150 paises e
territorios, sendo que apenas alguns poucos paises no mundo néo registraram casos de raiva
recentemente, em sua maioria ilhas e peninsulas. Segundo dados da WHO, mais de 55.000
pessoas morrem por ano por acometimento da doenca, principalmente na Asia e Africa, que

concentram 95% dos casos de Obitos. Nos paises desenvolvidos ha prevaléncia de infeccbes
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através de animais silvestres, e na América do Sul, no ano de 2003, pela primeira vez mais
pessoas morreram de raiva devido ao contato com animais selvagens, principalmente

morcegos, que por mordida de cdes (WHO, 2013).

A doenca da raiva constitui um problema sério de saude publica no Brasil, pois expde
um grande numero de pessoas e animais ao risco de contrair a doenga, que é facilmente
disseminada e quase sempre fatal, necessitando de grandes esforgcos por parte do governo no
combate eficaz da raiva animal e humana. Desde 1973, com a criacdo do Programa Nacional
de Prevencdo da Raiva, houve uma reducao de 90% nos casos de raiva canina. Segundo dados
do Ministério da Saude o nimero de casos reportados de cdes raivosos no Brasil caiu de 635,
em 2002, para 83, em 2012. O Ministério da Saude (BRASIL, 2012) subsidia anualmente
duas campanhas de vacinacdo contra a raiva para cdes e gatos, uma nacional e outra de
intensificacdo, nas areas de risco. No ano passado foram vacinados mais de 23 milhGes de
animais durante a campanha nacional e quase 5 milhdes na campanha de intensificagdo
(BRASIL, 2012).

Entre 2002 e 2007 observou-se um aumento no numero de casos de raiva detectados
em morcegos hematdfagos no pais. Em 2004 e 2005 um surto de transmissdo da doenca para
humanos por esses animais aconteceu nos estados do Pard e Maranhdo. Os animais de
producdo, principalmente os bovinos, também vém sendo atingidos pela raiva ao longo dos
anos, embora o Ministério da Agricultura desenvolva, desde 1966, o Programa Nacional de
Controle da Raiva dos Herbivoros, que tem na vacinacdo sua maior aliada. A raiva humana
apresentou expressiva reducdo nos ultimos anos, visto que em 1990, foram registrados 73
casos de raiva humana no pais, enquanto que em 2012 esse nimero caiu para apenas cinco
oficialmente registrados (BRASIL, 2012).

Estima-se que, anualmente, 0 Governo do Brasil gaste US$ 28 milhdes na profilaxia e
controle da raiva, com vacinas de uso humano e para cées, imunoglobulinas, diagnostico
laboratorial, treinamento de recursos humanos e campanhas de vacinacdo de cdes. Como
comparagao, nos EUA, esse custo foi estimado em mais de US$ 300 milhGes anuais, sendo a

maioria destinada para a vacinacao de cdes (MORATO et al., 2011).

Durante o processo de desenvolvimento de uma vacina contra a doenca, trés geragdes
de vacinas anti-rabicas foram utilizadas. A primeira geragdo consiste na vacina a partir de
virus atenuado obtido de tecido nervoso infectado, principalmente de camundongos e ovelhas
recém-nascidos, como na primeira vacina anti-rabica de Pasteur, a Fuenzalida-Palacios. A

baixa potencialidade da mesma, requerendo varias imunizagfes diarias para conferir protecéo,
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e a associacdo a ocorréncia de uma reacao adversa grave de encefalomielite alérgica, devido a
presenca de neuroproteinas contaminantes, no caso da Fuenzalida-Palacios, culminou com o
desenvolvimento das vacinas de segunda geracdo, baseadas em culturas celulares. Estas
consistem na disseminacdo do virus em ovos embrionados ou em cultura de ceélulas, e
posterior inativagdo e concentracdo dos mesmos. Ja as de terceira geracdo sdo as vacinas
recombinantes, que tendem ser mais seguras e eficazes, mas ainda se restringem a area
veterinaria (WU et al.,2011).

Tabela 1 - VVacinas anti-rabicas

Vacinas Descricao Ano

Pasteur Virus vivo inativado por 1885
sucessivas passagens em
cerebro de coelho

Fermi and Semple Inativacédo da cepa de 1911
Pasteur com fenol
Fuenzalida-Palacios Propagacéo viral em 1955
cérebro de camundongos
Flury egg passage Propagacdo viral em ovos 1960
de galinha embrionados
PHKCV Primeira vacina com virus 1968

propagado em cultura de
células (Primary hamster
kidney — PHK)

HDCV Primeira vacina com virus 1974
purificado, concentrado e
liofilizado, propagada em
células humanas dipldides

PDECV Virus obtido pela 1984
propagacao em células de
embrido de pato

PVRV Virus purificado e 1985
inativado, propagado em
cultura de células VERO

Purevax (Merial) Virus canarypox 2011
recombinante expressando
a RVGP — Uso veterinario

Fonte: modificado de WU X. et al., 2011; European Medicines Agency (EMA).
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2.2 Virus da raiva e glicoproteina do virus rabico (RVGP)

O virus rébico possui como genoma uma Unica fita de RNA negativo, linear e ndo
segmentado, com aproximadamente 12 kb, sendo capaz de codificar uma nucleoproteina, uma
fosfoproteina, uma RNA polimerase, uma proteina de matriz e a glicoproteina de superficie
(RVGP) (Figura 1) (TORDO et al., 1988).

Figura 1 - Esquema do virus rabico.

Glycoprotein Matrix protein

Nucleoprotein Polymerase Phosphoprotein

Nature Reviews | Microbiology

Fonte: Schnell (2010).

A RVGP, em sua forma trimérica, possui peso molecular de 140 kDa, e esta presente
no envelope viral como 1200 moléculas agrupadas na forma de 400 espiculas triméricas,
sendo responsaveis pela adesdo do virus aos receptores da célula hospedeira, e pela inducéo
de anticorpos neutralizantes no organismo exposto ao virus (GAUDIN et al., 1992; PERRIN
et al., 1985). Ela é composta por 524 aminoacidos, sendo 0s 19 primeiros correspondentes ao
peptideo sinal, estando ausentes na proteina madura. Os demais se encontram organizados em
trés dominios: ectodominio N-terminal glicosilado (aminoacidos de 1 a 439), um dominio
hidrofébico transmembranario (440 a 461), e o dominio hidrofilico intracitoplasmatico
carboxiterminal (aminoacidos de 462 a 524) (GAUDIN et al., 1999). No ectodominio da
RVGP, encontram-se 8 sitios antigénicos (I-VI, “a” e G1), dos quais, os sitios II e III,
segundo estudos, demonstraram possuir a maior representacdo de epitopos para anticorpos
neutralizantes (97%), sendo portanto, 0s de maior interesse para o estudo do desenvolvimento

de resposta imune contra essa molécula (BENMANSOUR et al., 1991). O sitio antigénico IlI
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esta presente apenas na forma trimérica da proteina, apontada como essencial para ligacéo da

mesma a receptores celulares.

Na ceélula hospedeira, a RVGP é sintetizada pela traducdo ribossomal associada ao
reticulo endoplasmatico rugoso. Nas cisternas dessa organela, a proteina é translocada
formando os trimeros e sofrendo as modificacdes pds-traducionais necessarias, como a
glicosilacdo inicial. No complexo de Golgi, ocorre a glicosilagcdo terminal com hidrolise
parcial da fracdo glicidica e a adicdo de novos acglcares em um ou dois dos sitios de ligacao
N-link para oligossacarideos (DIETZSCHOLD, 1977; GAUDIN, 1997,). Além da
glicosilacdo, a RVGP sofre uma acetilagdo durante seu transporte para o0 Complexo de Golgi,
e uma palmitolacdo em uma cisteina situada ao lado do carbono terminal da sua regido
transmembrana, sendo assim, uma proteina com necessidade de alteracdes pos traducionais
para sua atividade antigénica (GAUDIN et al., 1992).

2.3 Sistemas de expressao de proteinas heterélogas

Atualmente, os estudos para desenvolvimento de vacinas se baseiam na utilizacdo da
tecnologia do DNA recombinante, de forma a utilizar como componente vacinal, apenas a
proteina correspondente a geracdo de anticorpos neutralizantes, e ndo mais o patégeno como
um todo. Sendo assim, é cada vez maior o nimero de trabalhos envolvendo avaliagdo de
diferentes tipos de vetores, para realizar a entrega do gene de interesse em uma célula
hospedeira, de forma que haja altos niveis de expressdo protéica, e que a mesma seja
qualitativamente adequada (ERTL, 2009).

Dependendo da proteina de interesse, existe um melhor sistema para que ela seja
expressa, que compreende na escolha de um organismo ou tipo celular a ser usado, e qual
vetor realizard a entrega génica. Uma grande variedade de organismos vem sendo utilizados
com sucesso na expressdo de proteinas, incluindo plantas, algas, leveduras, bactérias, células
de mamiferos, células de insetos, dentre outros (LANGER, 2009). Para cada sistema
escolhido, havera um vetor adequado, desde que apresente as caracteristicas de ser estavel,

com um custo efetivo para sua producdo e ser isento de toxicidade (CORTESI et al., 1996).

Apos a insercdo do gene de interesse na célula, a expressdo pode ocorrer de maneira
transiente ou estavel. Na expressao estavel, o material genético inserido € integrado de forma

randémica ao material genético da célula, atraves de enzimas de recombinacéo, de forma que
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pode ser herdado pelas células filhas. Marcadores de selecéo séo utilizados para que as células
com o gene de interesse sejam selecionadas (WULHFARD, 2009). Tal abordagem tem como
vantagens, o fato de que em teoria todas as células estdo expressando a proteina, a
necessidade de uma quantidade menor de material genético para transfeccdo, e que apos a
selecdo tem-se uma fonte ilimitada de producdo da proteina. Porém, as principais
desvantagens sdo a necessidade de um marcador de selecdo adequado, o longo tempo para
realizar a correta selecdo de clones produtores, e 0s niveis de expressao ser influenciados pelo
sitio de integracdo (BOLLATI; COMINI, 2007). No caso da expressao transiente, as células
expressam a proteina de interesse em pouco tempo ap6s a inser¢do do material genético, nao
ocorrendo integracdo, alcancando bons niveis de expressdo em um curto espaco de tempo
(BOLLATI; COMINI, 2007; NETTLESHIP, 2010). O uso desta abordagem esta relacionado
a producdo de proteinas de alto valor agregado, em diferentes linhagens celulares (PHAM et
al., 2006). Como desvantagens desse sistema, tém-se o curto periodo de expressdo, a grande
quantidade de material genético necessario, e a necessidade de um processo de transfeccdo
sempre que for utilizado. Como vantagens tém-se a possibilidade de utilizacdo de fortes
promotores génicos, a ndo necessidade do extenso processo de selecdo, pode-se alcancar altos
niveis de expressao, e a possibilidade de uma mesma abordagem ser utilizada em diferentes
linhagens celulares, permitindo assim, avaliar em qual célula uma determinada proteina pode
ser melhor expressa (BOLLATI; COMINI, 2007).

Dentre os diversos sistemas utilizados para a expressao transiente de proteinas
heter6logas, 0s vetores virais surgem como promissores candidatos. Um virus para ser
caracterizado como um vetor de expressdo, geralmente sofre uma manipulacdo genética,
alterando, por exemplo, seus riscos frente ao desenvolvimento de doencas, e possibilitando a
insercdo de genes de interesse, mas de modo gque ndo perca sua capacidade inata de infectar
células e liberar seu material genético (EL-ANEED, 2004). Diversos trabalhos relatam a
utilizacdo desses vetores na producdo de proteinas terapéuticas (CASALES et al., 2010), e em
terapia génica, com pesquisas especificas para o tratamento de cancer (QUETGLAS et al.,
2013). Nos trabalhos relacionados a terapia génica, o0s vetores virais surgem como
predominantes, sendo que os principais virus utilizados como vetores sdao Adenovirus,
Retrovirus, Virus Adeno-associados, herpes virus e poxvirus (vaccinia virus) (VANNUCCI et
al., 2013).

Os vetores virais se destacam frente aos ndo-virais, devido a sua alta taxa de expressao

protéica e a sua grande capacidade de entrega génica aos mais diversos tecidos. Entretanto,
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existem limitacOes relacionadas ao tamanho dos genes que podem ser carreados, e a
necessidade da utilizagdo de cultura de células, cuja padronizagdo pode ser dificil, além de ter
custo mais elevado se comparada a producdo de DNA plasmidial. Outro fato relevante, no
caso de terapia génica, seria a alta imunogenicidade de alguns virus, o que dificultaria sua

administracdo para efetuar a entrega génica (PATINO SFS, 2011).

2.4 Semliki Forest Virus (SFV)

O SFV é um virus envelopado, de RNA positivo simples fita, do género Alphavirus, e
familia Togaviridae, e vem sendo utilizado como um contundente sistema de expressdo
génica. A infeccdo de células permissivas por virus desse género tem demonstrado
significativos resultados, tornando esse sistema um método de expressdo génica com grande
potencial (LILJESTROM; GAROFF, 1991; PUSHKO et al., 1997).

Os vetores derivados de SFV tém sido largamente utilizados para obtencdo de diversas
proteinas recombinantes, para os mais variados fins, como caracterizacdo da funcéo celular,
testes farmacoldgicos e estudos estruturais (HOFFMANN et al., 2001). Comumente, séo
expressas proteinas de membrana, receptores, enzimas e proteinas virais, sendo obtidos altos
niveis de expressao protéica com esse sistema em células de mamiferos (BENMAAMAR et
al., 2009; BIKKER et al., 1997; EIFLER et al., 2007; SHUKLA et al., 2006; SHUKLA et al.,
2007). O rendimento deste sistema de expressdo heter6loga pode ser de até 20 vezes mais do

que outras abordagens de expressdo transiente (SHUKLA et al., 2007).

O genoma do virus é composto de duas regides abertas de leitura (open reading frames
- ORFs), sendo que a 5° ORF codifica quatro proteinas nao estruturais (nspl-4), e a 3> ORF
codifica cinco proteinas estruturais que compdem o capsideo e as glicoproteinas (E1, E2, E3 e
6K) (STRAUSS; STRAUSS, 1994; RAYNER et al., 2002). As proteinas ndo estruturais sao
traduzidas diretamente do RNA senso, e tem como fungdo gerar o0 RNA anti-senso a partir
deste (Figura 2). Desta fita RNA anti-senso serdo geradas as proteinas estruturais do genoma,
a partir do promotor 26S que € ativado pelas proteinas ndo estruturais. O RNA subgendmico,
que originard as proteinas estruturais, sera gerado até 10 x mais que o RNA gendmico, gragas
ao forte promotor subgendmico 26S. A poliproteina gerada sofre posteriormente,
modificagdes pos traducionais que permitem a cada proteina estrutural desempenhar a real
funcdo (LUNDSTRON, 2003).


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1182313/#ref29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1182313/#ref37
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Figura 2 - Ciclo de vida do Semliki Forest virus (SFV)
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Fonte: http://bilbo.bio.purdue.edu/~viruswww/Kuhn home/research.php

A utilizacdo do SFV como vetor de expressdo, envolve uma abordagem de engenharia
genética para a construcdo de vetores baseados no seu genoma viral. Para a construgdo do
vetor de expressdo, o cDNA correspondente ao genoma do SFV foi dividido em dois
plasmideos diferentes: o plasmideo de expressdo, que contém os genes ndo estruturais do SFV
e o promotor forte subgendémico SFV 26S, contendo ainda uma regido de policlonagem para a
introducdo do gene de interesse, no caso a RVGP (pSFV-RVGP); e o plasmideo auxiliar,
contendo as proteinas estruturais do envelope viral (pSFV-Helper) (PUSHKO et al., 1997;
KAMRUD et al., 2010). Apés um processo de co-transfeccdo dos RNAs gerados in vitro
referentes a ambos os plasmideos, ha a formacao de particulas virais capazes de infectar uma

ampla gama de células animais, notadamente as células de mamiferos. Entretanto, devido a


http://bilbo.bio.purdue.edu/~viruswww/Kuhn_home/research.php
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auséncia do sinal de encapsidacdo no RNA codificante para as proteinas estruturais, apenas o
RNA contendo o gene de interesse é empacotado nas particulas virais recém-formadas,
constituindo o unico RNA presente na particula viral, o que na pratica faz com que essas
particulas sejam infecciosas, mas ndo replicativas (BERGLUND et al., 1993; GAROFF,
1991; LILJESTROM, 2003) Em uma abordagem de engenharia genética, visando aumentar a
seguranga do sistema, a proteina de envelope viral E2 foi mutada de forma que o virus apenas
possa realizar a fusdo com a membrana plasmatica da célula a ser infectada, quando
previamente tratado com a-quimiotripsina (LUNDSTROM, 2003).

O presente estudo consiste em uma otimizacdo de um trabalho realizado no
laboratério, que avaliou o sistema SFV como potencial vetor para expressar a RVGP. Frente a
outros trabalhos que avaliaram diferentes sistemas para expressar a RVGP, o sistema SFV se
mostrou muito promissor. A expressao dessa proteina ja foi estudada em sistemas utilizando
tanto células eucarioticas, quanto procariéticas (Tabela 2) (LATHE et al., 1984; PREHAUD
et al., 1989). Trabalhos com a RVGP expressa em bactérias mostraram que a proteina obtida e
administrada em camundongos, ndo gerou protecdo apds o desafio, provavelmente por ndo
realizarem as modificacbes pods-traducionais adequadas (YELVERTON et al.,, 1983).
Morimoto et al. (1992), construiram um vetor derivado de retrovirus contendo o gene da
RVGP, que foi capaz de expressa-la em células de neuroblastoma (NA) e células BHK-21,
sendo corretamente glicosilada apenas em células BHK-21, sugerindo que as alteraces pés-
traducionais dependem também das condicGes celulares sob as quais a proteina €
metabolizada. A RVGP também foi bem expressa em leveduras Saccharomices cerevisiae
utilizando um vetor de expressdo sob controle de um promotor indutivel (metalotioneina) e
um promotor constitutivo (triose desidrogenase) (KLEPFER et al., 1993, SAKAMOTO et al.,
1999). Ramya et al., (2011) demonstraram através da constru¢cdo de um baculovirus
recombinante com o gene da RVGP, sob comando do promotor poliedrina, que a RVGP
expressa em células de inseto Spodoptera frugiperda (Sf9), manteve as caracteristicas
estruturais e imunogénicas. Em células S2, a RVGP foi expressa utilizando um vetor
plasmidial com o gene da proteina, sob um promotor constitutivo de actina, alcangcando niveis
de 300 ng / mL (YOKOMIZO et al., 2007). Em trabalho semelhante, utilizando o promotor
indutivel metalotioneina, foram alcangados maiores niveis de expressdo chegando a 5,4 ug /
1E7 células, (LEMOS et al., 2009).
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Sistemas de Célula Producéo de Conclusao Referéncia
Expressao RVGP
A proteina expressa
Bacteérias Escherichia n.d. falhou na protecéo de Yelverton,
coli camundongos apos o 1983
desafio
RVGP néo foi
Leveduras Saccharomyces | 30-40 ng / mL corretamente Sakamoto et al.,
cerevisae produzida, com baixa 1999
imunogenicidade
Expressdo de RVGP
Transfecgéo S2 300 ng / mL em células S2 com | Yokomizo et al,
Estavel (pPACRVGP2) correta atividade 2007
biol6gica
Cultivo em
Transfecgéo S2 300-400 ng / biorreator de 2L: Galessi et al,
Estavel (pPACRVGP2) 10’ Biostat MD System 2008
Estratégias utilizando
Transfeccédo S2 5,5ug /10" cel | diferentes vetores, e Lemos et al,
Estavel (PMtRVGPHYy) uma nova pressao 2009
seletiva
Cultivo em
Transfeccédo S2 1,5-2 pg / 107 biorreator de 1L: Ventini et al,
Estavel (pPMtRVGPHY) cel BioFlo 110 2010
Bons indices de
Semliki Forest BHK-21 18-22 ug/ 10" | expressdo de RVGP | Benmaamar et
Virus (SFV) cel com esse sistema. al, 2009
Expressao por esse
Baculovirus Sf-9 0,89 pg/10” cel sistema com alta Ramya et al,
imunogenicidade 2011
Expresséo de RVGP
Baculovirus BHK-21 n.d. utilizando esse Huang et al,
sistema em células 2011
de mamiferos
n.d. Expressédo de RVGP | Yarosh et al,
Adenovirus HEK-293 a baixos niveis. 1996
Comprovado por
Parainfluenza MDBK n.d. Western bk_Jt’. ¢ boa Chen et al,
imunogenicidade 2013

Fonte: Adaptatado de Patifio (2011).

2.5 Quantificacdo viral através de gRT-PCR
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Com o intuito de garantir a reprodutibilidade e maximizar a producéo de proteinas, é
importante uma estimativa do titulo do virus recombinante que serd utilizado em um processo
de infeccdo. A utilizacdo de um MOI (Multiplicity of infection) excessivamente alto de virus
pode ocasionar danos as células antes que a producdo da proteina de interesse seja iniciada, e
desperdicar valiosos estoques de virus (KOOL et al., 1991). Enquanto que o uso de poucas
particulas virais por célula causa uma baixa produtividade da proteina de interesse.

Uma grande variedade de métodos alternativos para titulacdo foi desenvolvida nos
ultimos tempos, como a utilizacdo de genes repdrter, tais como B-galactosidase e proteina
verde fluorescente de &gua viva, citometria de fluxo, medi¢do das mudancas do didmetro de
celulas infectadas usando um contador de células e indicadores colorimétricos (CHA et al.,
1997; JANAKIRAMAN et al., 2006; POULIQUEN et al., 2006; SHEN et al., 2002;
YAHATA et al.,, 2000). O método de titulacdo em placa é uma alternativa para a
quantificacdo viral, porém, tal método € trabalhoso e requer muito tempo, além de exigir um
grau de especializacdo em cultura de células e manipulacdo viral, as vezes produzindo

resultados que podem ser dificeis de interpretar (HUNT, 2005).

Lo e Chao (2004), descreveram uma técnica de PCR quantitativa (qPCR) para
titulacdo de baculovirus, baseado na extracdo e quantificacdo do material genético viral.
Sendo esse, um método que permite de uma maneira muito mais rapida e simples, determinar
os titulos virais com base na intensidade de um sinal de fluorescéncia, geradas durante a

amplificacdo da PCR.

Devido a sua alta sensibilidade, a transcricdo reversa seguida pela gPCR é altamente
utilizada para quantificar mudancas fisiol6gicas na expressdo génica. A técnica depende da
sequéncia alvo, da quantidade de RNA esperada, do grau de precisdo necessario e se a
quantificacdo precisa ser relativa ou absoluta. Essa combinacdo de técnicas de biologia
molecular (QRT-PCR), com a tecnologia do SybrGreenMaster Mix (Applied Biosystems,
Carlsbad, CA., U.S.A.) é capaz de fornecer resultados rapidos, precisos e confiaveis.

Em geral, duas curvas de calibracdo externas podem ser usadas, uma baseada no RNA
recombinante, e outra baseada no DNA recombinante. Porém a curva baseada no DNA
recombinante é mais estavel que a de RNA, ndo sofrendo atividade de RNAses, e podendo

ficar estocada por um periodo de tempo maior. Ao utilizar a curva baseada no DNA
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recombinante, somente moléculas de cDNA derivadas de uma RT podem ser quantificadas
com precisdo, sendo que a eficiéncia de sintese do cDNA deve ser sempre confirmada
(PFAFFL, 2001).
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3 OBJETIVOS

3.1 Objetivo geral

Este trabalho tem como objetivo, o estudo de um sistema de expresséo génica, baseado
em um Alphavirus (Semliki Forest Virus - SFV), utilizando diferentes linhagens de células de
mamiferos. Para tanto, a proteina utilizada para avaliar a expressao, foi a glicoproteina do
virus rabico (RVGP).

3.2 Objetivos especificos

estabelecer um protocolo de transcricdo in vitro e transfeccdo de RNA, para producao
de particulas virais SFV recombinantes (SFV-RVGP);

e analisar a expressdo da RVGP no sistema de expressdo SFV com diferentes métodos

como ELISA, Western blot e imunofluorescéncia indireta (IFI);

e estabelecer um método de titulacdo/quantificacdo dos virus recombinantes para

otimizar a infeccdo viral e expressao da proteina heter6loga;

e determinar as melhores condicdes de cultivo celular e infeccdo viral para expressédo da

proteina heteréloga;
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4 MATERIAIS E METODOS

4.1 Células de mamiferos utilizadas para avaliar a expressdo de RVGP

4.1.1 Baby Hamster Kidney (BHK-21)

Foram utilizadas nesse trabalho, células BHK-21 para a geracdo das particulas virais
SFV-RVGP através de uma co-transfeccdo dos RNAs originados dos vetores pSFV-RVGP e
pSFV-Helper. Esta linhagem é originaria do organismo Mesocricetus auratus (Syrian golden
hamster), passagem 87. Seu cultivo foi realizado em meio Dulbecco’s Modified Eagle
Medium (DMEM - Gibco, Grand Island, NY., U.S.A.) suplementado com 10% de soro fetal
bovino (SFB), nas condicBes de 37 °C, com 5% de CO,. A célula também foi utilizada para

avaliar a expressdo da RVGP a partir da infeccdo com o virus SFV-RVGP.

4.1.2 BHK-21 suspenséo

Células BHK-21 C-13 (Sigma-Aldrich ECACCCell Lines, Lyon, France), adaptadas a
suspensdo, generosamente doada pelo Dr. Renaud Wagner (Ecole Superieure Biotecnologie,
Universidade de Strasbourg), utilizadas na passagem 137, foram cultivadas em meio IMDM
(46,5%) (Gibco, Grand Island, NY., U.S.A); DMEM (46,5%); suplementado com Soro Fetal
bovino inativado (5%) e solucdo de Glutamina 4 mM (2%). Foram avaliadas quanto a

capacidAde de expressdo de RVGP a partir da infec¢do com o virus SFV-RVGP.

4.1.3 Células de Hepatocarcinoma humano (Human Hepato Cellular Carcinoma-HuH 7)

Células diferenciadas in vitro de hepatocarcinoma humano, passagem 118 foram
utilizadas para avaliar a produgdo de RVGP apds a infeccdo com o virus SFV-RVGP.

Condigoes de cultivo iguais as descritas para BHK-21.
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4.1.4 Human Embrionic Kidney (HEK-293T)

Células derivadas do rim humano, utilizadas na passagem 123 também foram
utilizadas para avaliar a producdo de RVGP ap0s a infecgdo com o virus SFV-RVGP, sob as
mesmas condicdes de cultivo das demais células. As células HEK-293T derivam da linhagem

HEK-293, com o adicional de expressar o antigeno T, do virus simio 40 (SV 40).

4.1.5 Green Monkey Kidney (VERO)

Também utilizamos a linhagem celular derivada do rim do macaco verde africano

(Cercopithecus Aethiops), na passagem 62.

4.1.6 Linhagem L929 (ATCC — CCL-1)

A célula L929 é um subclone da linhagem parental L. Foi uma das primeiras linhagens
celulares a serem estabelecidas em cultura continua. A linhagem L é derivada do tecido
aureolar subcutaneo e adiposo de um camundongo macho C3H/An de 100 dias. Foram
utilizadas na passagem 18, sendo avaliada a producdo de RVGP apo6s a infec¢do por SFV-
RVGP.

4.2 Obtencdo do Semliki Forest Virus recombinante (SFV-RVGP)

Para a construcdo do vetor de expressdo, 0 cDNA correspondente ao genoma do SFV
foi dividido em dois plasmideos distintos.O plasmideo de expressdo (pSFV-RVGP), contendo
0S genes nao estruturais do SFV e o promotor subgendmico SFV26S, além de uma regido de
policlonagem para insercdo do gene de interesse, no caso a RVGP. O cDNA da RVGP foi
obtido a partir do plasmideo RVGP/PV fornecido pelo Dr. Yves Jacob do Instituto Pasteur, de
Paris. O outro plasmideo, denominado como “auxiliar” (pSFV-Helper), contém a informacéo
genética para as proteinas estruturais do virus (Figura 3). Ambos os plasmideos possuem
como sinais de selecdo bacteriana, o gene de resisténcia a ampicilina. O plasmideo de
expressao possui ainda um sinal de encapsidacdo, ausente no plasmideo “auxiliar”, tendo essa

sequéncia, a funcdo de permitir que o plasmideo/RNA que a possui seja incorporado pela
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particula viral recém gerada. A etapa de construgdo dos vetores foi realizada por um trabalho
anterior a esse, no laboratério de Receptores de Proteinas Membranérias da Universidade
Louis Pasteur em Strasbourg, Franca (BENMAAMAR et al., 2009).

Figura 3 - Vetores utilizados no trabalho.
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4.2.1 Transformacéo bacteriana para amplificagdo dos vetores

Aliquotas de bactéria DH5a competentes foram descongeladas, e os vetores pSFV-
RVGP e pSFV-Helper foram adicionados separadamente na proporcdo 3:30, sendo feito
simultaneamente um controle negativo (sem plasmideo). As misturas foram mantidas por 30
minutos no gelo. Em seguida, as bactérias foram mantidas a temperatura de 42 °C, 2 min, e
imediatamente foram colocadas novamente no gelo por 5 minutos. O plagueamento de todo
volume da bactéria foi entdo feito em meio LB- agar com antibidtico (ampicilina) e incubados
a 37 °C, 20 h (overnight).
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4.2.2 Obtencgéo dos plasmideos

Coldnias isoladas de bactérias contendo o vetor de interesse (pSFV-RVGP ou pSFV-
Helper) foram inoculadas em 100mL de meio LB em um frasco erlenmeyer estéril e vedado,
incubado a 37 °C, 20 h (overnight), sob agitacdo a 250 rpm. Apds o periodo de incubacdo o
DNA plasmidial foi extraido e purificado com o kit Maxiprep Plasmid (Qiagen, Valencia,
CA., U.S.A)), conforme instrucGes do fabricante. A concentragdo dos vetores foi determinada
por fluorimetria através do equipamento Qubit (Invitrogen, Carlsbad, CA., U.S.A) e

confirmada por leitura em espectrofotémetro a 260 nm.

4.2.3 Transcricao in vitro

Primeiramente, os plasmideos pSFV-RVGP e pSFV-Helper foram linearizados com as
enzimas Nru | e Spe |, respectivamente, sendo o processo confirmado através de um
procedimento de eletroforese em gel de agarose 0,8% (Figura 5). Apds essa etapa, 0S mesmos
foram entdo submetidos a um processo de transcri¢do in vitro, através do kit MAXIScript
SP6® (Ambion, Carlsbad, CA., U.S.A.), conforme instrucdes do fabricante com algumas
modificacdes, como a temperatura de incubacéo de 40 °C, e o tempo de 2 h, além da adicédo
dos reagentes CAPanalog (Invitrogen) e Ribolock (Thermo Scientific, Vilnius, Lituania). Os
RNAs gerados foram quantificados através de método fluorimétrico no equipamento Qubit, e
um procedimento de eletroforese em gel de agarose (0,8%) foi feito, para verificar a eficiéncia

da transcricéo (Figura 5).

4.2.4 Transfeccéo por Eletroporacéo

O protocolo de eletroporacdo foi baseado em Karlsson e Liljestrom (2003), com
algumas modificacbes. Os RNAs obtidos foram prontamente transfectados em células BHK-
21 (8 x 10° células), repicadas no dia anterior, com 80% de confluéncia, utilizando o aparelho
GenePulser 11 (Biorad, Hercules, CA., U.S.A.). A proporcao entre os dois tipos de RNAs
utilizados foi sempre de dois RNAs oriundos do pSFV-RVGP (RNA-RVGP), para cada um
RNA obtido do pSFV-Helper (RNA-Helper). As condicdes de eletroporagéo utilizadas foram

as seguintes: 360 v; 75 UF; resisténcia oo, para cubetas de 0,2 cm. As células recém
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eletroporadas foram colocadas em garrafa T-75, com 10 mL de meio DMEM, suplementado
com 10% de soro fetal bovino, e incubadas a 37 °C, 24 h, com 5% de CO,. Apds esse periodo,
0 sobrenadante das células foi coletado e centrifugado a 15550 g, 4 °C, 30 min. O
sobrenadante da centrifugacdo, contendo os virus, foi entdo filtrado com filtros de 0,22 um

(Milipore, Billerica, MA., U.S.A.), aliquotados e armazenados a -80 °C.

4.2.5 Transfeccdo utilizando o reagente comercial Transmessenger (Qiagen)

O processo de transfeccdo através do kit Transmessenger, foi realizado conforme
instrugdes do fabricante, sendo realizada em garrafas T-75 com BHK-21 (80% confluentes)
repicadas no dia anterior. Utilizou-se a propor¢do 1:4, de RNA com relacdo ao reagente,
sendo que foram utilizados 12 pug de RNA total, dos quais 8 pug eram do RNA-RVGP, e 4 ug
do RNA-Helper. A coleta das particulas virais foi realizada 24 h apos a transfeccéo, através de
centrifugacdo a 15550 g, 4 °C, 30 min. O sobrenadante da centrifugagdo foi entdo filtrado

com filtros de 0,22 um, aliguotados e armazenado a -80 °C.

4.3 Quantificacdo viral

Para determinar o titulo viral e, consequentemente, a quantidade de virus a ser
utilizada no processo de infecgdo (MOI), utilizou-se um protocolo de extracdo do RNA viral
seguido de uma etapa de transcrigdo reversa, de forma que o cDNA obtido fosse entdo

quantificado por qPCR.

4.3.1 Desenho de oligonucleotideos

Através do aplicativo Primer Express 3.0, foram desenhados os oligonucleotideos

utilizados para o desenvolvimento do processo de quantificagdo viral (Tabela 3).
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Tabela 3 - Caracteristicas dos oligonucleotideos

Nome Seqiiéncia Tm (°C) %GC
F-1-2 ACAGACTGT CACTGAGCAG 52 53
R-1-2 TCT CTG CAG TAG ATG GTC AC 54 50
SFV1 TGT GCC GCT ACG CAATGA 64 56
SFV2R CATGCTTTT AACTTGGTG TGACCT A 62 40
SFV3 AGA CCA TGT GGA CCT CGA GAA 62 52
SFV4R GAG GCA AGG TATGCAGCTCTCT 62 55
R-E-2 CTC AAT GAT GAC GTG GAG CT 54 50

Tm - Temperatura de Melting.
GC — Par de bases nitrogenadas formado por Guanina e Citosina.

Foram utilizadas como alvo para anelamento, a regido nsp2 da poliproteina nao
estrutural do SFV, sendo desenhados trés pares de oligonucleotideos (F-I-2/R-1-2;
SFV1/SFV2R; SFV3/SFV4R), cujas caracteristicas estdo dispostas na tabela.

4.3.2 Extracéo de RNA

O sobrenadante contendo as particulas virais foi submetido a um processo de extracdo
do RNA viral, através do kit QIAmp Viral RNA (Qiagen), conforme instru¢des do fabricante.

4.3.3 Tratamento com DNase

O RNA obtido foi quantificado através do reagente Quant-it RNA assay Kkit
(Invitrogen) e do fluorimetro Qubit (Invitrogen), sendo que esse reagente permite a
quantificacdo em separado do RNA e do DNA presente na amostra. O material foi entdo
tratado com a enzima DNase | (Promega, Madison, WI., U.S.A.), para eliminar possiveis
DNAs contaminantes que possam existir na solucdo. Apos a adicdo de 3 unidades da enzima
para cada 3 microgramas do material, a solucdo foi incubada a 37°C, 30 min. Terminado esse
periodo, adicionou-se 2 pL de um inibidor enzimatico a base de EGTA (Stop Solution), e a

reacdo foi incubada a 65 °C, 10 min. Este passo visa a inativacdo da enzima, para que ndo
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haja acdo da mesma no cDNA viral que serd4 obtido posteriormente. O RNA tratado foi

imediatamente submetido a uma reacéo de transcrigdo reversa.

4.3.4 Transcricdo Reversa

O processo de transcricdo reversa, visa obter o cDNA correspondente ao material
genético viral para posterior quantificacdo do mesmo. Para essa etapa, foi utilizado o

oligonucleotideo R-E-2 (Tabelal), especifico para a regido nsp2 do virus.

Cada amostra de RNA livre de DNA foi entdo imediatamente submetida a reagdo de
transcrigdo reversa com a enzima M-MLV (Invitrogen). Primeiramente, 200 ng de RNA
tratado com DNase foram incubados a 65 °C, 5 min, juntamente com 1 puM de
oligonucleotideos anti-senso especifico (R-E-2), 0,5 mM de dNTPs e agua livre de DNase e
RNase. Em seguida, a mistura foi resfriada rapidamente no gelo e adicionou-se o tampao,
juntamente com o DTT 0,1M e 200 U de M-MLV, em um volume total de 20 pL. A reacdo
foi incubada a 37 °C, 30 min, para a sintese do cDNA do SFV, sendo interrompida pela
incubacdo a 70 °C, 15 min. As amostras foram entdo armazenadas —20 °C até a analise.
Durante a padronizagdo dos protocolos, as preparacées de RNA tratadas com DNase foram
testadas em reacOes de nested-PCR, utilizando os mesmos pares de primers (F-1-2 e R-1-2),
para avaliar a eficacia da digestdo do DNA contaminante. Somente ap6s a confirmacdo da
remocdo do DNA contaminante, o cDNA de cada amostra viral foi submetido a gPCR,
simultaneamente com os padrfes da curva padrdo. O cDNA obtido era utilizado

imediatamente, ou armazenado a -20 °C por no maximo 3 meses.

4.3.5 PCR e Nested PCR

A reacdo em cadeia da polimerase (PCR) foi desenvolvida com o kit comercial Taq
DNA Polymerase (Invitrogen), seguindo recomendagdes do fabricante. Foram adicionados 5
ML de amostra, para 1 pL de cada primer (R-1-2 / F-1-2, a 5uM), 1 pL de MgCl; (1,5 mM),
0,5 uL dNTP (10 mM), 2,5 pL de Buffer 10x, 0,2 uL de enzima (1 U) e 4gua para um volume
final de 20 pL. A reacédo foi realizada no termociclador PTC-200 (MJ Research, St Bruno,
Quebec, Canada) com o seguinte ciclo de amplificacdo: 94 °C / 3 minutos, (94 °C/ 15s, 53 °C/
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30s, 72 °C/ 30s) x 34, 72 °C/ 10 minutos. As mesmas condi¢des foram utilizadas nas reacfes

de nested-PCR, sendo as amostras provenientes da primeira PCR.

Os fragmentos amplificados puderam ser visualizados através de eletroforese em gel
de agarose 1,5 % contendo 0,5 pg/mL de brometo de etideo e revelagcdo em transiluminador
(TFX-20M, Life Technologies) sob luz ultravioleta, captura de imagem através de sistema
fotodocumentador com camera DC290 (Kodak,Rochester, NY, Estados Unidos) e analise com

aplicativo Alpha DigiDoc (Figura 4).

4.3.6 Obtencéo dos padrdes para construcdo da curva-padréo para qPCR

Para realizar a quantificacdo do RNA gendmico das particulas virais, foi construida
uma curva-padrdo, a partir do vetor de expressdo (pSFV-RVGP). O vetor foi submetido a
digestdo através da enzima Nrul (Fermentas) para linearizacdo, que foi confirmada através de
eletroforese em gel de agarose 0,8% (Figura 5). Posteriormente, foi quantificado através do
Qubit, e diluido em EGTA (1mM), para a obtencdo de diversas quantidades de copias em um
mesmo volume de 3 pL (6 x 10, 6 x 10°, 6 x 10°, 6 x 10% 6 x 10° 6 x 10% e 60 copias). Os
padrdes diluidos e aliquotados foram armazenados a -20 °C até o0 momento do uso. Diversas
amplificacbes da curva padrdo foram realizadas em ¢PCR para determinar sua
reprodutibilidade, avaliando trés pares de oligonucleotideos distintos (Tabelal), sendo os

experimentos realizados em triplicatas para cada padrao (Figura 8).

4.3.7 gPCR

A gPCR foi realizada no equipamento StepOne Real Time PCR System (Applied
Biosystem, Foster City, CA, U.S.A.). Utilizou-se o kit Power Sybr Green (Life
Technologies), que contém uma mistura de dNTPs, MgCl,, Tag DNA polimerase, e 0
reagente fluorescente intercalante de bases, Sybr Green, em tampao proprio, pronto para uso.
Em 6,5 pL correspondente a esse reagente foram adicionados 0,65 pL de cada primer (R-1-2 /
F-1-2, a 5 uM) e &gua para um volume final de 12 pL. A solucdo foi entéo distribuida na
placaMicroAmp™ (Applied Biosystems), adicionando-se posteriormente 3 pL de amostra,
totalizando 15 pL de volume final. A placa foi entdo vedada e brevemente centrifugada (45 g/

5s) para coletar todo o volume no fundo do recipiente.
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O ciclo de amplificagdo utilizado foi o mesmo ja descrito (Metodologia 5.3.5). A
leitura da fluorescéncia emitida era feita uma vez a cada ciclo ap6s a elevacao da temperatura
a 80°C. Ao final da amplificacdo era determinado o ponto de dissocia¢do dos produtos da
PCR (“Melting point”), através da elevacdo gradual da temperatura de 60 °C a 95 °C, com
leitura a cada 1 °C de elevacdo, para verificar a especificidade da reacdo, sendo que o
fragmento amplificado deve apresentar dissociagdo a temperatura de 83 °C + 0.3 °C, com base
no seu tamanho (145 bp). Para cada anélise das amostras oriundas do SFV-RNA, foi realizada
na mesma placa a analise dos padrdes para a construgcdo da curva padrdo de quantificacéo,

sendo o experimento realizado em triplicata para as amostras e padrdes.

O aplicativo StepOne Software v2.2.2 foi utilizado para realizar a analise de dados
obtidos durante a reacdo de gPCR. O nivel de fluorescéncia, pelo qual passa a linha de
amplificagdo exponencial (“treshold”), foi definido pela subtragio do sinal de fundo
(“baseline”) pela média entre o sinal obtido no primeiro ciclo ao do décimo segundo ciclo.
Posteriormente, visualizando o grafico em modo suavizado (“smooth”) na escala logaritmica,
pode-se estabelecer o nivel de fluorescéncia mais adequado, proximo ao inicio da curva
exponencial de aumento da fluorescéncia. O ciclo de quantificagdo (“cycle treshold” - Ct),
que é o parametro utilizado para realizar a analise, corresponde ao ponto de intersec¢do entre

a curva de amplificacdo da fluorescéncia e o patamar fixado como ideal.

Para determinacdo do titulo viral, foram realizados alguns célculos com base na
equacdo da curva de quantificacdo. Sendo que, o numero de cépias do SFV-RNA era
determinado multiplicando-se o resultado fornecido pela gPCR por um valor obtido com base

nas diluigdes efetuadas e pelo rendimento do processo de extragéo (Figura 4).
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Figura 4 - Célculos para determinag&o da titulacéo viral.

SEV=AxB/CxD/E

SFV — namero de copias de virus por pl

A —resultado obtido pela gqRT-PCR

B — volume total da RT

C — volume da amostra usada na gPCR

D — volume de eluic¢do da coluna de extracao

E — volume utilizado apds tratamento com DNase para fazer RT

4.4 Ativacéo do virus SFV-RVGP

Os virus recombinantes sdo obtidos na forma inativa devido a uma mutacdo na
proteina estrutural E1, sendo necessario um processo de ativacdo, para que a infeccdo seja
realizada por eles. As particulas de SFV-RVGP sdo entdo tratadas com a-quimiotripsina
(Sigma-Aldrich, St. Louis, MO, U.S.A.), 1,6 mg/mL de virus, e incubadas a temperatura
ambiente (TA), 30 min, sendo posteriormente submetidas a um processo de inativacao dessa
enzima, realizado com a adicdo de aprotinina (1 mg/mL) (Thermo Scientific, Vantaa,
Finlandia), e incubacdo a TA, 5 min. Ap0s esse processo, as particulas ativadas podem ser

utilizadas ou armazenadas a -80°C.

4.5 Infeccdo com o virus SFV-RVGP

As diversas linhagens de células de mamiferos foram inoculadas em placas de 6 pocos,
com 3 x10° células por pogo, um dia antes da infecgdo. No dia seguinte, as células recebiam
os volumes de SFV-RVGP correspondentes aos MOIs determinados (1, 10, 15 e 50), sendo
gue no caso das células BHK-21 adaptadas a suspensdo, utilizou-se apenas o MOI 15. Os

tempos de coleta avaliados ap0s a infecgéo foi de 24 e 48 horas.

Para o processo de infecgdo, as placas foram primeiramente lavadas com PBS estéril
(0,8 mL/ pogo), para retirar o meio de cultura contendo soro fetal bovino. Apos a retirada do
PBS, o virus foi adicionado na quantidade desejada, previamente diluido em 0,5 mL de meio

DMEM sem soro fetal bovino. As placas permaneceram a temperatura ambiente (24°C)
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durante duas horas, em agitador Kline. Apo6s esse tempo, foram adicionados 1 mL de meio
DMEM com soro fetal bovino (10%), e os cultivos colocados a 37 °C em atmosfera contendo
5 % de CO,.

Apls 24 e 48 horas, 0 sobrenadante de cada poco foi coletado e centrifugado,
enquanto que as células foram descoladas com PBS-EDTA (5 mM) e incubadas a 37°C, 5
min, sendo posteriormente centrifugadas. Apds centrifugacdo de ambos (800 g / 5 minutos), o
sobrenadante e o pellet foram armazenados a -20°C, para posterior avaliacdo quanto a
presenca de RVGP, através de ensaio imunoenzimatico (ELISA) especifico para a RVGP. A
preferéncia pelo uso de PBS-EDTA se deve ao fato de que a utilizacdo de tripsina diminui a
concentragdo de RVGP presente (BENMAAMAR et al., 2009).

4.6 ELISA

A técnica de ELISA para deteccdo da RVGP foi realizada conforme descrito em

trabalho anterior, para deteccdo da mesma proteina em células S2 (ASTRAY et al., 2008).

4.6.1 Reagentes e solucdes

- Anticorpos monoclonais para a sensibilizagdo das placas (IgG-D1): Imunoglobulina anti-

sitio 111 da glicoproteina rabica.

- Anticorpos monoclonais conjugados com peroxidase (IgG-D1-Po): Imunoglobulina idéntica

a utilizada para a sensibilizacéo das placas, conjugada com peroxidase.

- Antigeno de referéncia: virus rabico (linhagem Pasteur) inativado, purificado e liofilizado,
apresentando 10 pg de RVGP.

- Tampéao carbonato 0,05 M (pH 9,6): solucdo de bicarbonato de soédio 0,05 M, com pH 9,6
ajustado com solucdo de carbonato de s6dio 0,05 M.

- Tampéo de bloqueio: 0,3 % albumina de soro bovino (BSA) + 5% sacarose em tampéo
carbonato (pH 9,6).

- Tampéo PBS (pH 7,0) concentrado 10x.

- Tampao de lavagem: PBS + 0,005% Tween 20.



47

- Tampao de diluicdo: PBS + 0,05% Tween 20 + 0,5% BSA (pH 7,0).
- Tampdo citrato (pH 5,6):citrato de sodio + acido citrico + 0,1% perdxido de hidrogénio 40 v.
- Solucédo de substrato cromdgeno: Tampéo citrato + orto-phenylene diamine (2 mg/mL).

- Soluc&o de parada: Acido sulfarico 4 N.

4.6.2 Procedimento

No dia anterior ao procedimento, as placas foram sensibilizadas com anticorpos
monoclonais especificos para o sitio Il antigénico da RVGP em seu estado trimérico, e
armazenadas a 4 'C. No momento do uso, as placas foram bloqueadas com solugdo de
bloqueio e incubadas por 30 minutos a 37 °C, sendo entdo lavadas 5x com tampdo de
lavagem. O antigeno de referéncia foi diluido em tampé&o de diluicdo nas concentracdes 7,8
ng/mL, 14,6 ng/mL, 31,2 ng/mL, 62,5 ng/mL, 125 ng/mL, 250 ng/mL e 500 ng/mL, para
definicdo da curva padrdo do experimento. As amostras de lisado celular e sobrenadante
foram primeiramente descongeladas, adicionou-se 500 uL de tampdo T4, e foi feita
homogeneizacdo por vortex. Em seguida, foram colocados 500 uL de tampéo de lise e nova
homogeneizacdo foi realizada, incubando em seguida as amostras a 4 C, 1 h, com
homogeneizacdo a cada 15 minutos. Apds esse periodo, foi feita centrifugacdo a 12000 g
durante 10 minutos para separar os debris celulares. O sobrenadante e os padrdes foram entdo
aplicados na placa no volume de 200 uL em duplicatas e incubados por a 37°C, 1 h, para
permitir a ligacdo da RVGP aos anticorpos aderidos na placa. Apés esse periodo, as placas
foram novamente lavadas 5x e receberam o anticorpo monoclonal anti-RVGP conjugado com
peroxidase, sendo incubadas a 37 °C, 1 h. Apos serem lavadas 6x, a solucdo de cromdgeno era
adicionada e a reacdo incubada no escuro a 22 °C, 30 min, recebendo apds esse tempo a
solucdo de parada. A absorbancia era lida no comprimento de onda de 492 nm em leitor de
microplacas (Multiskan MJ-Labsystems). A determinacdo da concentracdo de RVGP em cada
amostra era realizada com base na comparagdo das absorbancias das amostras com a curva

padréo.
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4.7 Western-Blot

4.7.1 Reagentes e Solugdes

- Anticorpo primario:lgG-D1 - Imunoglobulina policlonal contra a glicoproteina rabica.
- Anticorpo secundario:algG-D1 — Anti-rabbit conjugado com peroxidase.
- Solugdo de acrilamida 40%: 40% de acrilamida e 0,8% de bis acrilamida em &gua destilada.

- Tampao Tris-HCI 1,5 M — pH 8,8: 1,5 M de tris base em agua destilada e pH 8,8 ajustado
com solucdo de HCI 2N.

- SDS 20 %: 20 % de dodecil sulfato de sodio (SDS) em agua destilada.
- Persulfato de aménio 10%: 10% de persulfato de aménio em &gua destilada.
- Tetrametiletilenodiamina (TEMED).

- Tampao de transferéncia — pH 8,3: 3 g de Tris-base, 14,4 g de Glicina, 1 g de SDS, 0,2 L de
etanol e H20 qsp 0,8L.

- Tampéo de blogueio — pH 7,0: PBS com pH 7, leite em pé desnatado (3%) e Tween 20
(0,05%).

- Tampao de corrida — pH 8,3 (5x): 75,5 g de tris-base, 360g glicina, 25 g de SDS e H20 milli
Q gsp 5L.

Os géis de separacdo (12%) e empilhamento (4%) foram preparados conforme a
Tabela 4. Ap6s polimerizacdo, o gel foi mantido em tampé&o de corrida (overnight).
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Tabela 4 - Composicgdo dos geis utilizados no Western blot.

Reagentes Gel de Separacéo Gel de Empilhamento

(mL) (mL)

Acrilamida/Bis 37 / 1 — 40% 1,5 0,312

Tris-HCI 1,5 M —pH 8,8 1,4 0,35

H,O Milli Q 2,1 1,85

SDS 20% 0,025 0,0125

Persulfato de amonia - APS 10% 0,045 0,0125

Temed 0,0042 0,006

Temed — Tetrametiletilenodiamina
SDS - Dodecil sulfato de sédio

4.7.2 Procedimento

Foram montados dois géis de poliacrilamida (Tabela 4), para a realizacdo simultanea
dos procedimentos de Western blot, e da coloracdo do gel por prata. As amostras foram
submetidas a um processo de lise, adicionando-se 500 uL de tampdo T4, com posterior
homogeneizagdo por vortex. Em seguida, foram colocados 500 uL de tamp&o de lise e nova
homogeneizagdo foi realizada, deixando-as incubadas a TA, 30 min, sendo entéo
posteriormente, centrifugadas a 1550 g, 5 min. Para o experimento de coloracdo por prata,
foram utilizados 50 pL de amostra juntamente com 10 pL de Loading buffer 6x (5:1).
Enquanto que, para o Western blot, utilizou-se 45 pL de amostra, com 15 pL de LDS Sample
buffer non-reducing 4x (Thermo Scientific) (3:1). Todas as amostras foram entdo incubadas a
90°C, 5 min, sendo posteriormente aplicadas em seus respectivos géis. A corrida do gel foi
realizada a 110V, 1,5 h. Em seguida, o gel contendo as amostras para o Western blotting, foi
colocado em um aparato especifico para realizar a transferéncia para membrana de
nitrocelulose Amersham Hybond — ECL de 0,45 um (GE Healthcare, Piscataway, NJ,
U.S.A)), sob as condicBes de 120V, 385 mA, 1,5 horas. Sendo posteriormente, a membrana
transferida para a solugédo de bloqueio, e incubada overnight a 4°C. Enquanto que o gel para a
coloracédo de prata foi primeiramente lavado 2x com agua destilada por 10 minutos, fixado
com solucdo contendo etanol 30%, e acido acético 10%, e também incubado a 4 °C,

overnight.

No dia seguinte, a membrana para Western blot foi lavada 3x por 10 minutos com TBS

+ Tween 20 (0,05%). Logo apds, foi adicionado o anticorpo primario, diluido 1:1000 em 20
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mL de tampdo de bloqueio, sendo incubado por 1 h sob agitacdo. Trés novos procedimentos
de lavagem com TBS + Tween 20 (0,05%) foram realizados, e em seguida adicionou-se o
anticorpo secundario, diluido 1:4000 em 25 mL de tampdo bloqueio, sendo novamente
incubado por 1 h sob agitacdo. O mesmo procedimento de lavagem ja descrito foi realizado

novamente.

Para o processo de revelagédo, primeiramente a membrana foi colocada sobre um papel
celofane (film), com as bandas voltadas para cima. Foi adicionado o reagente Super Signal
West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, U.S.A.), deixando
agir por 5 minutos. Posteriormente, foi montado o cassete de filmes raios X, contendo uma
folha de transparéncia acoplada entre as faces. Na camara escura de revelacdo, coloca-se a
transparéncia em contato com a membrana, e o filme de raios X (Kodak) sobre a
transparéncia, deixando em contato durante 5 minutos. Para concluir, é feita a revelacdo do

filme utilizando o revelador e fixador (Kodak).

Com relagdo a coloracdo de prata, ap6s o processo de parada, o gel é lavado 2x com
etanol 10% por 5 minutos, e depois mais 2x com &gua destilada também por 5 minutos. O
processo de coloracdo é entdo realizado com o kit Pierce silver stain (Thermo Scientific),

conforme instrugdes do fabricante.

4.8 Dot Blot

O procedimento para realizar o Dot blot € realizado diretamente na membrana de
nitrocelulose. O preparo das amostras € 0 mesmo que o do Western blot, até 0 momento de
centrifugacdo das amostras. As amostras sdo entdo aplicadas a membrana Amersham Hybond
— ECL de 0,45 um (GE Healthcare), sendo entdo lavadas 3x com TBS. A membrana é entdo
incubada em solucéo de blogqueio a 4 °C, overnight. No dia seguinte, todo o procedimento € o

mesmo do Western blot, ja descrito anteriormente, até a revelacao em filme de raios X.
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4.9 Imunofluorescéncia Indireta

4.9.1 Reagentes e solucdes

- Anticorpo primario:lgG-D1 - Imunoglobulina anti-sitio 111 da glicoproteina rabica.
- Anticorpo secundario:algG-D1 — Anti-mouse conjugado com FITC.

- Azul de Evans

- Paraformoldeido (4%)

- Tampéo PBS —pH 7,0

- Tampao PBS-Tween — pH 7,0: PBS + 0,05% Tween 20

4.9.2 Procedimento

No dia anterior ao procedimento, foi realizada uma infeccdo com SFV-RVGP em
todas as linhagens estudadas, em placas de 6 pocos com laminulas, com os MOlIs
correspondentes (1 e 10). Apds 24 horas, o meio de cultura foi retirado, e cada pogo foi
lavado sem homogeneizacdo brusca, 3 vezes com PBS (1x). Para a fixacdo das células na
laminula, foram adicionados 0,5 mL de paraformaldeido (4%) em cada poco, sendo as placas
incubadas sobre o gelo, 20 min. Passado esse tempo, cada poco foi novamente lavado 3 vezes
com PBS (1x). O anticorpo primario (IlgGD1) foi adicionado com diluicdo 1:400 (200 uL),
através de gotejamento sobre a laminula, e as placas incubada a TA, 1 h. Trés novos
procedimentos de lavagem foram realizados, utilizando 1 mL da solucdo de PBS-Tween. Para
a adicdo do anticorpo secundario (algGD1), o mesmo foi diluido em solucdo de azul de
Evans, sendo adicionado 200 uL por poco, e as placas incubadas a TA, 1 h, no escuro. Apos
esse tempo, cada poco foi novamente lavado 3 vezes com PBS (1x). As laminulas foram entéo
retiradas de cada poco, e colocadas em laminas, que ja haviam recebido 8 uL de SlowFade
Gold® (Invitrogen), um reagente que preserva a fluorescéncia por um periodo maior de
tempo, e que contem ainda o DAPI, um marcador de nucleo celular. A visualizagéo foi feita
em microscépio de fluorescéncia BX51 (Olympus, Téquio, Japdo), com auxilio do sistema de

captacdo de imagem DP73 (Olympus), e do software CellSens Standard.
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5 RESULTADOS
5.1 Avaliagdo dos métodos de linearizacao e transcricdo in vitro dos vetores

Para a obtencdo dos RNAs correspondentes aos vetores plasmidiais, sdo necessarias
duas etapas, a linearizacao dos vetores e a transcricdo in vitro. Apos cada etapa, foi realizado

um procedimento de eletroforese para verificar a efetividade do processo (Figura 5).

Figura 5 — Eletroforese em gel de agarose (0,8%)

A

23130
9416
6557
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2027

(A)Vetores linearizados; 1 — pSFV-Helper; 2 e 3 — pSFV-Helper linearizados; 4 — pSFV-
RVGP; 5 — pSFV-RVGP linearizado; (B) RNA obtido pela transcri¢éo in vitro; 1 — pSFV-
RVGP linearizado; 2 — RNA- RVGP; 3 — pSFV-Helper linearizado; 4 — RNA-Helper;

No gel correspondente a linearizacdo dos vetores, é possivel verificar que a banda
correspondente ao linearizado, se encontra entre as duas bandas do vetor circular (normal e
supercoiled). Sendo o tamanho do pSFV-Helper linearizado de aproximadamente 8194 bp, e
do pSFV-RVGP, de 11582 bp, correspondentes ao tamanho original dos vetores. Ja com
relacdo ao gel com o produto da transcricdo in vitro, € possivel verificar a banda do RNA
gerado, bem abaixo das correspondentes aos vetores linearizados, fato esperado pelo menor
tamanho e pela forma do RNA. Importante ressaltar, que o tamanho do RNA observado no
gel ndo corresponde ao seu tamanho real, visto que devido as diferencas entre as moléculas de

DNA e RNA, as bandas do marcador ndo representam a corrida da molécula de RNA.
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5.2 Avaliagdo dos métodos de transfecgdo

Para a obtengdo dos virus recombinantes- SFV-RVGP, duas abordagens distintas
foram avaliadas para a transfecgdo dos RNAs em células BHK-21. Um lipossomo comercial
especifico para RNA (Transmessenger) e 0 método de eletroporacdo. Em todos 0s casos, as

particulas virais foram coletadas 24 h apo6s a transfeccéo.

Os virus obtidos dessas transfeccdes foram utilizados para ensaios de infeccdo em
células BHK-21 e Huh 7, em placas de 6 pogos com 7 x 10° células por poco. Utilizou-se 100
pL da suspensdo viral, visto que o procedimento de quantificacdo das particulas virais foi
realizado posteriormente. A coleta de RVGP foi realizada 24 e 48 h apés a infeccdo e a

quantificacdo da mesma foi realizada por ELISA (Figura 6).

Figura 6 - Expressdo de RVGP a partir da infecgdo com o virus SFV-RVGP obtido
por diferentes métodos de transfecgéo.

1,5
W BHK-21

B Huh-7

RVGP ug/1E6 células

Transmessenger | Eletroporagdo | Transmessenger| Eletroporagdo

24h 48h

Os resultados apresentados demonstram uma clara evidéncia de que o método de
eletroporagéo se mostrou mais eficaz que o método baseado no Transmessenger. O fato de ter
sido obtido um maior nivel de expressdo de RVGP utilizando um mesmo volume de
suspensdo viral, indica que a abordagem utilizando eletroporacéo, foi capaz de produzir uma

maior quantidade de particulas virais, fato comprovado posteriormente através da
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quantificacdo viral por gRT-PCR (Metodologia 5.3). A partir dos célculos de quantificagéo,
pode-se determinar que foram utilizados valores de MOI de 0,2 e 2,9, para 0s virus obtidos

por Transmessenger e eletroporacao, respectivamente.

Em ambos os protocolos de transfeccao, foram utilizados RNAs obtidos de um mesmo
protocolo de transcricdo in vitro (Metodologia 5.2.3), com algumas modificacdes. Uma delas
foi a adicdo do CAP analog, sendo que a presenca de CAP no RNA gerado é reportado como
determinante na regulacdo e estabelecimento de uma traducdo eficiente dos RNAs recém
transfectados (GALLIE, 1991). Outra modificacdo foi a adicdo de um inibidor de RNAse,
com o propdsito de retardar o processo de degradacdo do RNA. Como precaugdo com intuito
de tornar o experimento padronizado, foi utilizada uma mesma linhagem celular oriunda de
um mesmo banco, e em uma mesma passagem, para ambos 0s casos. Portanto, € valido dizer
que fatores externos ou prévios ndo devem ter interferido no resultado, e que os dados

expostos representam de maneira real a efetividade de cada processo.

Com relacdo as duas linhagens de células avaliadas (BHK-21 e Huh-7), os valores de
RVGP expressos foram muito semelhantes em ambas, sendo alcancados entre 0,8 e 1 ug de
RVGP/1E6 células. A linhagem BHK-21 apresentou uma maior expressdo de RVGP no
tempo de 24 horas ap0s a infeccdo em ambas as abordagens, ao contrario da linhagem Huh-7

gue apresentou maior expressdo no tempo de 48 horas.

5.3 Padronizacdo da qRT-PCR

Primeiramente, antes do procedimento de gPCR, foi realizado um experimento de
PCR convencional (Metodologia 5.3.5), afim de verificar que 0 RNA extraido das particulas
virais representava o material de interesse, e que o tratamento com DNase para eliminar
possiveis contaminantes foi efetivo (Figura 7). Somente ap6s a confirmacdo através do
produto da PCR, € que o cDNA correspondente ao material genético viral foi submetido a

gPCR para sua quantificacao.
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Figura 7 - Gel de agarose 1,5 % com os produtos da PCR-Nested

200
145
100

Marcador - 100bp; (1 e 2) RNA extraido das particulas virais; (3 e 4) RNA extraido tratado com
DNase; (5 e 6) cDNAs; (7) Agua; (8) pSFV-RVGP (C+)

Para realizar a padronizagdo do procedimento de quantificacdo viral através de qPCR,
foram realizadas dilui¢des do plasmideo pSFV-RVGP ja linearizado, de forma que ficassem
com os seguintes nimeros de copias 6 x 107, 6 x 10° 6 x 10°, 6 x 10*, 6 x 10°, 6 x 102, e 60.
Para avaliar a eficiéncia da curva padréo, trés pares de oligonucleotideos (Tabela 1) foram

utilizados e os resultados estdo expostos nos graficos a seguir (Figura 8).
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Figura 8 - Curva padrdo obtida por gPCR atraves de diferentes pares de primers
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(A) SFV 1/ SFV 2R; (B) SFV 3/ SFV 4R e (C) F-1-2 / R-1-2.
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Observamos que para os pares de oligonucleotideos SFV1 e SFV2R, SFV3 e SFV4R,
0s CTs (Cycle Threshold) de cada ponto da curva foram detectados tardiamente (a
amplificacdo do primeiro ponto ocorreu proximo ao 15° ciclo em ambas as curvas) e nao
houve reprodutibilidade entre as triplicatas. Também ndo houve amplificacdo do padrédo
contendo 60 copias quando utilizado o par SFV3 e SFV4R. O par de primers R-1-2/F-1-2
apresentou a melhor curva padréo, com um valor elevado de R? e uma eficiéncia de cerca de
90%, sendo que o primeiro ponto, contendo 6x10’ cépias, foi detectado ja no 12° ciclo, sendo
assim, o par escolhido para desenvolver os procedimentos seguintes. Dois novos
experimentos com esse par de primers foram realizados em dias diferentes, para verificar a

reprodutibilidade da mesma.

Valores de CTs muito proximos entre as curvas produzidas em dias diferentes
resultaram em valores praticamente iguais de R? e inclinacdo das curvas, o que comprova a
reprodutibilidade da mesma e a estabilidade dos primers e padrdes. Os desvios padrdo médios
calculados a partir de nove replicatas de uma mesma amostra de cDNA aplicada a reagdo de
gPCR foram de 0,23 + 0,06 Ct entre ensaios e de 0,10 £ 0,06 Cts intra ensaios. Esses dados
permitem considerar a curva de quantificacdo e a metodologia, como sendo adequadas para a
analise da quantidade de SFV — RNA nas amostras pretendidas (NOLAN et al., 2006).

5.4 Titulag&o viral

A partir da avaliacdo dos diferentes métodos de transfeccdo, um Unico lote foi
desenvolvido para ser utilizado em ensaios de infeccdo com diferentes linhagens celulares.
Foi obtido através de um procedimento de transfeccdo por eletroporacdo dos RNAS
correspondentes aos vetores plasmidiais em células BHK-21, utilizando cubetas de 0,2 cm,
com as seguintes condi¢des: 360 v; 75 PF; resisténcia oo. Sendo as particulas virais coletadas
24 h apds o processo. Posteriormente, esse lote foi quantificado através de qRT-PCR,
utilizando o par de primers que apresentou melhor resultado. Foram realizados trés
experimentos em dias diferentes com o lote em questédo, e o valor medio da quantificacdo foi

de 8 x 10* particulas virais por pL.



58

5.5 Avaliagdo da expressao de RVGP em diferentes linhagens celulares

5.5.1 BHK-21

A partir do lote de virus SFV-RVGP, obtido através do método de eletroporacéo,
foram realizados ensaios com diferentes MOls de infecgdo (1, 10, 15 e 50) em células BHK-
21. O experimento foi realizado em placas de seis pogos, com 3 x 10° células por poco, sendo

que a coleta de RVGP para analise foi realizada 24 e 48 h apos a infeccdo (Figura 9 - A).

Figura 9 - Expressdo de RVGP (ug / 1E6 células) em células BHK-21
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(A)Diferentes MOls (1, 10, 15 e 50), com RVGP coletada 24 e 48 h ap6s a infec¢do; (B) Porcentagem
de RVGP encontrada em “células aderidas” e “células ndo-aderidas™, para cada MOI, nos tempos de
24 e 48 h apds a infeccao.
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Com base nos resultados obtidos, € possivel verificar que 0 aumento na quantidade de
virus usada para a infeccdo, foi prejudicial a expressdao da RVGP. Com coleta 24 h apés a
infeccdo, nota-se que quando utilizado o MOI 1, a quantidade de RVGP gerada foi igual a
quando utilizou-se o MOI 10. Porém, ha uma significativa diminuicdo de RVGP detectada,
quando se compara a expresséo do MOI 10, com a do MOI 15. O mesmo fato pode ser
observado quando comparado o MOI 15, com MOI 50, sendo que esse Ultimo apresentou o
menor valor dentre todos avaliados. No caso dos experimentos com tempo de coleta de 48 h
apos a infeccdo, o perfil € semelhante, exceto pelo fato de que os MOIs 1, 10 e 15,
apresentaram quantidades iguais de expressdo, mas novamente o MOI 50 apresentou 0 menor
nivel de expressdo. Em todos os MOls avaliados, a quantidade de RVGP expressa foi maior

em 24 h, quando comparada com 48 h apds a infeccéo.

Neste ensaio, vale ressaltar a grande quantidade de RVGP obtida quando a infec¢édo
foi feita com MOI 1, e a RVGP coletada apés 24 h, chegando a niveis de 4,3 pg por 10°
células, valor significativamente superior quando comparado a outros sistemas de expressao
(Tabela 2). Outra observacdo importante é a propor¢cdo entre a quantidade de RVGP
encontrada nas “c€lulas aderidas” e em “células ndo-aderidas”. Com 24 h, a presenca de
RVGP em células aderidas, diminui conforme se aumenta o0 MOI. Sendo que no tempo de 48
h, toda a RVGP foi encontrada em “células ndo-aderidas”. Fato ja esperado, pois conforme o
processo de infeccdo se estende, mais as células sdo lesadas devido a infecgdo viral e a RVGP

acaba sendo detectada em restos celulares presente no sobrenadante (Figura 9 - B).

Imagens obtidas momentos antes da coleta da proteina revelam o estado morfolégico
da célula frente a cada MOI avaliado (Figura 10). Pode-se verificar, que conforme se
aumenta a quantidade de virus por célula, maior o efeito citopatico ocasionado pelo processo
de infeccdo. E também, no tempo de 24 h, as células apresentam melhor aspecto morfologico
guando comparadas com o tempo de 48 h. Estes dados sustentam a ideia de que um maior
MOI na infec¢do de células BHK-21, pode ocasionar um menor nivel de expressao da RVGP,
possivelmente devido ao forte efeito citopatico desencadeado pela infeccéo.
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Figura 10 - Efeito citopatico em células BHK-21

(A) 24 h apos a infecgdo com SFV-RVGP; (B) 48 h apds a infecgdo com SFV-RVGP.
MOI — Multiplicity of infection

Outros métodos de deteccdo da RVGP foram utilizados, como por exemplo, as
técnicas de Dot blot e Western blot. Nos resultados do experimento de Dot blot, é possivel a
visualizacdo de uma banda intensa na amostra correspondente as células BHK-21,
evidenciando a presenca de RVGP, fato ndo observado no controle negativo (Figura 11). No
caso do Western blot, a banda gerada confirma que a proteina expressa pelo sistema possui 0
padrdo de glicosilagdo adequado, sem a presenca de formas distintas (Figura 12). O tamanho
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da RVGP obtido por esse método foi de 65 kDa, valor ja estabelecido por outros estudos que
caracterizaram a mesma proteina (BENMAAMAR et al., 2008).

Foi realizado ainda, um experimento de imunofluorescéncia indireta (IFI) para
detectar a proteina na célula. Conforme visto, a proteina se encontra nas membranas das
células infectadas pelo virus, fato ja esperado por ser a RVGP, uma proteina transmembranica
(Figura 13). Conforme observado em dados anteriormente expostos, também pela técnica de
IFI, é possivel perceber que ndo ha diferencas de expressdo entre os MOIs 1 e 10. Vale
ressaltar, que devido a dificuldades da técnica com relacdo a fixacdo das células, foram

realizados experimentos apenas com MOI 1 e 10 em todas as linhagens.

Figura 11 - Dot blot para RVGP expressa em diferentes linhagens celulares infectadas com o
virus SFV-RVGP.

HEK-293T C-

Figura 12 - Western blot para RVGP expressa em diferentes linhagens celulares infectadas
com o virus SFV-RVGP.

C+ Huh-7 C- 1929 C- VERO C- BHK-21 C- HEK-293T C-
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Figura 13 - Imagens de IFI com células BHK-21, 24 h apés a infec¢do com SFV-RVGP.

MOI — Multiplicity of infection

5.5.2 Huh-7

No processo de infeccdo com SFV-RVGP em células Huh-7, foram avaliados os
mesmos MOIs ja descritos anteriormente. Com base nos resultados (Figura 14 - A), pode-se

verificar que a quantidade de RVGP expressa, foi a mesma considerando o tempo de 24 h
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apos a infecgdo, para todos os MOls, exceto o MOI 1, que mostrou maior expressdo frente aos

demais. Os MOlIs 10, 15 e 50, obtiveram niveis iguais de expressdao entre eles também no

tempo de 48 h, com todos apresentando significativo aumento de expressdao quando

comparados com 0s respectivos ensaios no tempo de 24 h. Novamente a exce¢do € o MOI 1,

que no tempo de 48 h apresentou um nivel de expressdo menor frente ao tempo de 24 h.

Figura 14 - Expressdo de RVGP (ug / 1E7 celulas) em células Huh 7.
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(A) diferentes MOls (1, 10, 15 e 50), coletada 24 e 48 h apds a infec¢do; (B) Porcentagem de RVGP
encontrada em “células aderidas” e “células ndo-aderidas”, para cada MOI, nos tempos de 24 ¢ 48 h

apos a infeccgdo;

A maior producdo de RVGP 48 h apds a infeccdo sugere que, ou 0 processo de

infeccdo viral, ou a geracdo da proteina, nesse tipo de célula ocorre de maneira mais lenta,

fato indicado pelo menor efeito citopéatico presenciado, onde mesmo com MOI 50 apés 48 h,

ainda pode ser verificado algumas células aderidas (Figura 14— B). No tempo de 24 h ap6s a
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infeccdo, praticamente toda RVGP gerada é oriunda de amostras de “células aderidas”.
Enguanto que somente ap6s 48 h do processo de infecgdo, a quantidade de RVGP nas células
aderidas decai gradativamente, conforme aumenta o0 MOI, aumentando o nivel de RVGP
presente nas “células ndo-aderidas”, que consiste nos restos celulares oriundos do processo de
apoptose. O efeito citopatico nessa linhagem se mostra menor no decorrer do processo de

infeccdo, quando comparado as demais linhagens (Figura 15).

Figura 15 - Efeito citopatico em células Huh 7 infectadas por SFV-RVGP.

(A) 24 h ap6s a infeccdo com SFV-RVGP; (B) 48 h apds a infecgdo com SFV-RVGP.
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Figura 16 - Imagens de IFI com células Huh-7, 48 h ap06s a infeccdo com SFV-RVGP.

Também foram utilizados outros métodos para avaliar a expressdao de RVGP nas
linhagens Huh-7, como Dot blot, Western blot e imunofluorescéncia indireta (IFI). No
experimento de Dot blot, é possivel verificar uma intensa marcagdo na amostra oriunda dessa
linhagem celular, e que ndo houve marcacéo no controle negativo (Figura 11). Na técnica de
Western blot, houve geracdo de uma banda do tamanho correspondente &8 RVGP do controle

positivo (Figura 12). No caso da avaliagdo por IFI, é possivel verificar intensa marcacao da
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proteina nas membranas das células, e uma boa porcentagem de expressdo por células totais
(Figura 16).

5.5.3 1929

No experimento envolvendo células L929, foi verificado que a maior producdo de
RVGP foi utilizando o MOI1 (Figura 17 - A), com coleta 24 h apds a infecgdo. Os demais
MOlIs também apresentaram expresséo significativamente maior no tempo de 24 h, frente ao
de 48 h, com valores semelhantes de expressdo. Vale ressaltar o baixo nivel de expressdo

obtido utilizando MOI 50, com coleta 48 h apds a infec¢éo.

O fato de apresentar melhores resultados 24 h apds a infecgdo, juntamente com as
imagens morfoldgicas das células no momento da coleta, evidenciam a grande suscetibilidade
da linhagem L929 ao efeito citopatico oriundo da infecgdo viral (Figura 18). Nestas células,
0 momento em que a maior quantidade de RVGP passa a ser encontrada em “células nao-
aderidas” € em 24 h ja com o MOI 10, sugerindo efeito de lise celular ja com quantidades

menores de virus quando comparado com as demais linhagens (Figura 17 — B).
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Figura 17 - Expressdo de RVGP (ug / 1E7 células) em células L929.
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No experimento de Dot blot, é possivel a visualizagio de uma marcagdo
correspondente as células L929 infectadas, de forma que o controle negativo ndo a apresenta
(Figura 11). Vale ressaltar, a menor intensidade de marca¢do quando comparada com as
demais linhagens. J& com relagdo a técnica de Western blot, ndo foi visualizado banda que
corresponda a RVGP, mas também n&o houve revelagdo de bandas inespecificas (Figura 12).
No procedimento de IFI, é possivel a visualizagdo com clareza da expressdo de RVGP pelas
células, sendo que, foi a linhagem que menos sofreu durante a execucdo da técnica,
apresentando membranas mais integras e uma melhor marcacdo (Figura 17). Visto que

através da mesma amostra de L929 infectada, foi possivel confirmar a presenca de RVGP por
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ELISA e IFI, possivelmente houve algum problema no procedimento de lise da célula e
obtencdo de RVGP para a técnica de Western blot, ndo gerando a marcacgéo correspondente.

Figura 18 - Efeito citopatico em células L929.

A

(A) 24 h ap6s a infeccdo com SFV-RVGP; (B) 48 h apds a infecgdo com SFV-RVGP.



Figura 19 - Imagens de IFI com células L929, 24 h apds a infecgdo com SFV-RVGP.
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5.5.4 Vero

Nos ensaios envolvendo células Vero, pode-se verificar uma maior producdo de
RVGP no tempo de 24 h apo6s a infecgdo (Figura 20), caso semelhante aos resultados das
linhagens L929 e BHK-21. Tal fato pode ser explicado pela sensibilidade da linhagem a um
processo de infeccdo, onde a geracdo de proteinas pela célula vai se tornando ineficaz com o
passar do tempo. Também semelhante as linhagens L929 e BHK-21, o aumento do MOI
acarretou na diminuicdo do nivel de expressdo de RVGP. Possivelmente, o aumento do
numero de particulas virais ndo acarrete necessariamente um aumento da producgéo proteica,
pois o efeito citopatico ocasionado na célula impede uma maior producdo da proteina
heter6loga (Figura 21). Curiosamente, toda a RVGP produzida foi encontrada em “células

aderidas”.

Figura 20 - Expressdo de RVGP (ug / 1E6 células) em células Vero, utilizando diferentes
MOls (1, 10, 15 e 50), coletada 24 e 48 h apds a infecc¢éo.
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No experimento de Dot blot com amostras da linhagem VERO, € possivel verificar
uma marcacdo menos intensa do que as das demais linhagens (Figura 11). J& com o
experimento de Western blot, semelhante a linhagem L929, ndo houve geracdo de bandas, 0
que possibilita ser um problema da técnica, visto que RVGP foi encontrada através de outros

métodos (Figura 12). No experimento de IFI, foi verificada a presenca de RVGP nas
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membranas das células, porém, foi a linhagem que mais sofreu com os procedimentos,

mostrando membranas menos integras e células em grumos (Figura 22).

Figura 21 - Efeito citopatico em células Vero.

(A) 24 h apos a infeccdo com SFV-RVGP; (B) 48 h apds a infecgdo com SFV-RVGP.
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Figura 22 - Imagens de IFI com células VERO, 24 h apés a infec¢do com SFV-RVGP.

5.5.5 HEK 293T

Com base na avaliacdo da expressdo de RVGP em células HEK-293T (Figura 23),
pode-se verificar que h&4 uma maior producdo, quando elas sdo infectadas com uma
guantidade menor de virus. Isso se deve ao fato de ser uma linhagem semi aderente, e com
isso ela se solta da superficie da placa muito precocemente, o que possivelmente, deva

dificultar a penetracdo viral. Portanto, quanto maior a quantidade de virus colocada (MOI),
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mais as células tendem a se soltar, e assim, menor a possibilidade de ser infectada e produzir a
RVGP. A producdo de RVGP se mostrou bem maior quando coletada 24 h ap6s a infeccéo,
com relacdo a 48 h, em todos os MOls avaliados. Conforme ja visto em outras linhagens, nao
houve diferenca significativa entre os MOls 1 e 10, e entre os MOIs 10 e 15, sendo que no

MOI 50, a produgdo da proteina foi substancialmente menor.

Figura 23 - Expressdo de RVGP (ug / 1E6 células) em células HEK-293T, utilizando
diferentes MOls (1, 10, 15 e 50), coletada 24e 48 h ap0s a infecgéo.
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Com relacdo ao efeito citopatico, a linhagem HEK-293T se mostrou com um
comportamento semelhante as demais, onde o0 aumento do MOI, e 0 maior tempo de infecgéo,
ocasionaram maiores danos na morfologia celular. Por se tratar de uma linhagem semi-
aderente, as células se soltaram com mais facilidade mesmo com MOIs menores, ainda no
tempo de 24 h. Porém, as células em suspensdo, ainda aparentam estar vivas, e possivelmente,

ainda estejam expressando RVGP.



74

Figura 24 - Efeito citopatico em células HEK-293T.

(A) 24 h ap0os a infeccdo com SFV-RVGP; (B) 48 h apds a infecgdo com SFV-RVGP.

No experimento de IFI é possivel verificar a presenca de RVGP nas células HEK-
293T, com uma alta porcentagem de células infectadas (Figura 25). Conforme apresentado
nos resultados do ELISA, ndo ha diferenca significativa entre os MOIs 1 e 10. No
procedimento de Dot blot, a marcacdo gerada nas amostras dessa linhagen foi bastante
intensa, semelhante as de BHK-21 e Huh-7 (Figura 11). O mesmo fato ocorreu no Western
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blot, onde apenas essas linhagens apresentaram a banda correspondente a RVGP, mostrando o
mesmo tamanho que a do controle positivo (Figura 12).

Figura 25 - Imagens de IFI com células HEK-293T, 24 h ap6s a infeccdo com SFV-RVGP.




76

5.5.6 BHK-21 em suspensao

Simultaneamente, aos ensaios com as linhagens celulares ja citadas, foi realizado um
experimento com a linhagem BHK-21 adaptadas em suspensdo (Figura 26). Nesse caso,
foram utilizadas placas de 24 pocos com 1,25 1E5 células por pogo. Tal experimento
corresponde a uma parceria com outro projeto do grupo, visando a expressao em linhagens

BHK-21 em supensdo, para uma possivel aplicacdo em biorreatores.

Figura 26 - Expressdo de RVGP (ng / 1E7 células) em células BHK-21 em suspenséo,
coletada 24 e 48 h ap0s a infecgdo.
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Tabela 5 - Resumo dos valores de RVGP (ug / 1E6 células) obtidos em cada linhagem

MOI 1 MOI 10 MOI 15 MOI 50

24 h
BHK 21 4,00 4,37 3,56 2,00
48 h 1,55 1,72 1,69 0,50

24 h
Huh-7 3,29 2,23 2,54 2,25
48 h 2,65 3,65 3,80 4,08

24 h
HEK.293T 4,10 3,60 3,02 1,22
48 h 1,48 0,86 0,77 0,49

24 h
L 929 2,82 1,80 1,96 1,68
48 h 1,81 0,70 0,80 0,20
24 h 1,26 1,17 1,03 0,76

Vero

48 h 0,61 0,34 0,49 0,10

Valores de RVGP em g/ 1E6 células

77
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6 DISCUSSAO

O presente trabalho teve como objetivo otimizar o processo de producdo de proteinas
heter6logas utilizando o sistema de expressdo SFV. Um trabalho anterior utilizando o sistema
SFV para expressar a glicoproteina do virus rabico (RVGP), ja havia sido desenvolvido em
nosso laboratoério, em parceria com um laboratério na Franca (ASTRAY, 2009). Sendo que no
presente estudo, avaliamos e padronizamos algumas variaveis que poderiam melhorar a
producdo da RVGP neste sistema. E importante ressaltar as dificuldades encontradas em
estabelecer um protocolo baseado nesse sistema de expressdo em nosso laboratério, visto que
ocorrem algumas diferencas entre equipamentos e materiais disponiveis. O presente trabalho
apresentou niveis de expressao de até 4,3 ug de RVGP por 1E6 células em células BHK-21,
sendo um valor maior do que aquele apresentado no trabalho anterior, onde 0 méximo de
expressdo alcancado foi de 2,2 pg de RVGP por 1E6 células. Outro ponto importante, foi o
fato de ter conseguido a expressdo de RVGP em linhagens VERO e HEK-293T, o que n&o foi
obtido no trabalho anterior. Ressaltando o alto nivel de expressdao em HEK-293T, ocorrendo o
mesmo com a linhagem Huh-7. Além de uma nova linhagem avaliada, L929, que também

apresentou resultados promissores.

Em relacdo ao trabalho anterior, nos propusemos a aperfeicoar e padronizar a geracéo
das particulas virais recombinantes (SFV-RVGP). Para tanto algumas modificacfes foram
realizadas no processo, como na transcricao in vitro, onde um novo kit comercial foi utilizado,
e necessitou de uma padronizacdo para que fosse obtido um melhor rendimento de RNA, a
partir dos vetores de expressdo. Foram inseridos reagentes ndo disponiveis no kit, como o
RNAcap analog, que fornece a 7-metil-guanosina, responsavel pelo “capeamento” da
extremidade 5’ do RNA recém gerado. A importéncia de inser¢cdo do CAP é amplamente
discutida, sendo indicado como um mediador e potencializador em um processo de traducao
protéica (GALLIE, 1991). E um inibidor de RNases, para diminuir sua degradacdo e
consequentemente, aumentar a quantidade de RNA inserido na célula. O protocolo
estabelecido para tal procedimento foi repetidamente utilizado, apresentando bons niveis de
geracdo de RNA em todas as vezes. Sendo realizado sempre ap6s cada procedimento, um gel
de eletroforese para confirmar a transcrigdo, evidenciando uma banda intensa correspondente
ao RNA gerado. Além de quantificacdo através de método fluorimétrico (Qubit), com valores

de 1,5 pg / reacéo.
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A partir do estabelecimento de um protocolo adequado de transcri¢do in vitro, 0s
RNAs obtidos foram transfectados imediatamente em células BHK-21, através de duas
abordagens distintas. Foram avaliados um kit comercial de transfeccdo de RNA, denominado
Transmessenger (Qiagen), e também a técnica de eletroporacdo, ja descrita em alguns
trabalhos envolvendo SFV (LUNDSTROM, 2012). Com base na comparacdo dos dois
métodos de transfeccdo utilizados, pode-se concluir que a abordagem utilizando a
eletroporacdo se mostrou mais eficiente para gerar uma maior quantidade de virus por
experimento, visto que uma mesma quantidade de suspensdo contendo as particulas virais
(100 uL), possibilitou uma maior producdo de RVGP nas células infectadas. Tal fato foi
comprovado posteriormente com a quantificagdo de cada lote, fornecendo os valores de 2 x
10* e 1,35 x 10° particulas virais por microlitro, para eletroporagdo e Transmessenger,

respectivamente.

A transfecgdo utilizando o kit comercial se mostrou inferior ao procedimento de
eletroporagdo, mas seu uso ndo pode ser descartado visto que alguns procedimentos de
padronizacdo da técnica podem elevar a quantidade de virus obtido por esse processo.
Existem estudos especificos para a otimizacdo do método de transfeccdo através desse
reagente, que determinam a necessidade de padronizacdo da quantidade de RNA utilizado
para se complexar com o reagente, utilizando genes reporteres como a GFP, além da adicéo
de reagentes como Yeast tRNA (Invitrogen) como inibidor da degradacdo do RNA
(NARAYANASAMY et al., 2005). Porém, apesar de diversos trabalhos mostrarem a
eficiéncia desse reagente, seu custo perante 0 método de eletroporacdo inviabilizaria sua
utilizacdo, além do fato de ser um procedimento muito mais laborioso, e estar mais sujeito a
erros por parte do executante (GONZALEZ et al., 2007). Sendo assim, uma extensa
padronizacdo dessa técnica ndo foi realizada, visto que outro método apresentou melhores
resultados em ensaios preliminares. Vale ressaltar que, mesmo a condicdo de eletroporacédo
tendo mostrado ser mais eficiente, em termos de quantidade de virus gerado, 0 método com
Transmessenger obteve virus de mesma qualidade, sendo esses capazes de expressar RVGP

em quantidades proporcionais ao MOI que foi adicionado as células.

Ap0s o processo de geracdo dos virus recombinantes ter sido bem estabelecido, foi
desenvolvido um meétodo que fosse capaz de quantificar tais virus de forma precisa e
reprodutiva, sendo esse um procedimento de grande relevancia em todo o processo, e que néo
havia sido bem estabelecido em outros trabalhos. 1sso se faz necessario, para que 0 processo

de infeccdo viral nas mais diversas linhagens celulares seja bem determinado, com uma real
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comparagdo entre a quantidade de particulas virais utilizadas e o ndmero de células
infectadas. Com base em estudos recentes, foi utilizado a técnica de gPCR, onde o0 RNA
extraido de cada virus foi submetido a uma transcricdo reversa e o cDNA obtido foi
quantificado, e assim o titulo viral determinado (LO; CHAO, 2004).

Primeiramente, uma curva padrdo foi construida com base no plasmideo de expressdo
do SFV (pSFV-RVGP) linear. A utilizagdo de um padrédo de DNA para quantificar RNA se
fez necessario, devido as dificuldades de se manter amostras de uma curva padrao de RNA,
visto a instabilidade do mesmo (PFAFFL, 2001). Com as devidas diluicdes do padréo, foram
testados trés pares de oligonucleotideos em um experimento de gPCR. A curva padréo obtida
com os primers F-1-2 e R-1-2 se mostrou mais eficaz, obtendo valores dentro do desejado para
0s principais parametros que determinam uma boa curva e uma boa reprodutibilidade entre
curvas que foram realizadas em dias distintos. Fato esse ndo verificado nos demais
oligonucleotideos, o que poderia comprometer uma possivel quantificacdo que os utilizassem,
sugerindo que a titulacdo viral deve ser padronizada para cada sistema viral utilizado. Nesse
sentido, a nossa padronizacdo da titulacdo viral através da qQRTPCR permitiu ainda que esta
seja utilizada para qualquer construcdo relacionada ao sistema SFV, independentemente do
gene alvo inserido, ja que utilizamos oligonucleotideos especificos para regides que ndo se

alteram nessas construcdes, no caso a nspl.

Alguns procedimentos de controle do processo de titulagdo viral foram realizados,
como o tratamento com DNase do RNA recém extraido dos virus, e a confirmacdo desse
tratamento através de uma PCR convencional, com posterior corrida das amostras em gel de
eletroforese. Somente as amostras que ndo apresentassem amplificacdo apds o tratamento com
DNase, eram submetidas ao procedimento de gPCR. Outro ponto importante, € a analise da
curva de Melting obtida, sendo essa, uma ferramenta essencial para diferenciar possiveis
produtos inespecificos que tenham sido amplificados, e que podem influenciar no resultado,
visto a alta sensibilidade da técnica (WITTWER, 2009). De forma que somente foram
consideradas as titulagfes cujo as amostras ndo apresentassem picos inespecificos, sendo que

a temperatura de dissociagéo dos primers da sequéncia alvo, era de 83 °C.

Os experimentos e padroniza¢des envolvendo o método de quantificacdo viral por
gPCR, foram desenvolvidos simultaneamente com outro projeto do laboratério, que avaliava
a producéo de um vetor SFV expressando GFP. Como resultado, foi publicado um artigo em
parceria (PUGLIA AL etal., 2013) (ANEXO A).


http://www.ncbi.nlm.nih.gov/pubmed?term=Wittwer%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=19479960
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A partir da curva padrdo selecionada, os lotes utilizados na comparagdo e
determinacdo do melhor método de transfeccdo do RNA, foram titulados. Com a confirmacao
do método de eletroporacdo como melhor abordagem, um Unico lote foi desenvolvido através
desse método, para que estudos relacionados ao MOI fossem realizados, sendo esse lote
quantificado e fornecendo o valor de 8 x 10* particulas virais por L, baseado em uma média
de trés experimentos de gRT-PCR.

Nos ensaios de infeccdo, foram avaliadas diferentes linhagens celulares de mamiferos,
ja utilizadas na literatura, como BHK-21; Huh-7; HEK-293T; VERO; L929;; BHK-21 CS
adaptadas em suspensao, sendo as trés primeiras as mais estudadas para o sistema em quest&o.
A avaliacdo de células BHK-21 CS adaptadas em suspensdo, foi realizada de forma
simultanea por outro grupo do laboratério, baseado nas possibilidades de ampliacdo de escala

do sistema para biorreatores.

Nos ensaios de infecgédo, foram utilizados os MOls 1, 10, 15 e 50. Com exce¢éo da
BHK-21 CS em suspensdo, onde foi utilizado o MOI 15, visto a viabilidade do processo, onde
a utilizacdo de diferentes MOIs ou um alto MOI em células em suspensdo encareceria 0
processo, baseado na possibilidade de extrapolacdo do ensaio para spinner ou biorreator. A
escolha desses MOls se deve ao fato de tentar avaliar a influéncia da quantidade de virus no
processo de expressdo, sendo assim, foram utilizados MOIs que pudessem representar um
aumento significativo de virus por célula, utilizando quantidades ndo tdo grandes de lotes

virais, conforme realizado em outros trabalhos com vetores virais (LEYVA et al., 2011).

As células BHK-21 mostraram uma grande expressdo de RVGP nas primeiras 24 h,
quando utilizado MOI 1 e 10. Sendo que os ensaios com MOI 15 mostraram niveis inferiores
de expressdo quando comparados com MOI 10, ocorrendo 0 mesmo decréscimo de expressao
guando comparado o MOI 15 com MOI 50. Ja com relacdo ao tempo de 48 h apos a infecgéo,
0s MOls 1, 10 e 15, mostraram resultados semelhantes frente ao desvio padrdo, associado ao
experimento. Enquanto que o MOI 50, novamente foi 0 que apresentou 0 menor nivel de
expressdo. Todos os valores de expressdo, de todas as linhagens, estdo apresentados no
Tabela 5.

Os dados obtidos mostram que o aumento no nimero de virus utilizados na infecgéo
fez com a expressdo diminuisse, considerando o tempo de 24 h apds a infecgéo.
Possivelmente, isso ocorra devido ao grande efeito apoptdtico desencadeado pela infeccédo
viral (BARRY et al., 2010). Sendo assim, quanto mais virus entrarem em uma determinada

célula, maior e mais rapido sera o processo de apoptose, e a maquinaria celular estaria menos
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apta para produzir a proteina em questdo. Estudos mostram que no sindbis virus, outro
membro dos alphavirus, o processo de apoptose ja é desencadeado logo no momento da
ligacdo do virus na célula, ndo sendo necessario todo o processo de replicacéo viral para que o
evento ocorra (JAN; GRIFFIN, 1999). Portanto, seria valido a hipotese de que o efeito
apoptdético desencadeado pela infeccdo viral, é influenciado tanto pela interagdo virus-célula,
quanto pelo tempo de infeccéo, o0 que explicaria 0 comportamento de expressdo visto nessa
linhagem, ou seja, mais virus interagindo com mais receptores (MOI elevado),
desenvolveriam o processo de apoptose mais rapidamente e, consequentemente, produziriam

menos proteina.

Outra observagdo importante é a proporg¢do entre a quantidade de RVGP encontrada
no lisado celular e no sobrenadante, pois a RVGP encontrava-se mais presente no lisado
celular no tempo de 24 h, enquanto que no tempo de 48 h toda a RVGP estava presente no
sobrenadante, que corresponde na verdade, a restos celulares presentes no sobrenadante. Fato
também comprovado pelas imagens obtidas momentos antes da coleta da proteina, onde fica
evidente que células submetidas a um maior MOI, apresentam morfologia mais caracteristica

de células em apoptose.

No caso das células Huh-7, a producdo de RVGP foi maior no tempo de 48 h apds a
infeccéo, e a maior producéo de RVGP, ocorreu utilizando MOIs mais elevados, sendo que 0s
resultados séo considerados estatisticamente iguais para os MOIs 10, 15 e 50. Tendo esses
mesmos MOlIs, também resultados semelhantes no tempo de 24 h. Apenas no ensaio com
MOI 1, a expressdo foi maior a 24 h quando comparado com a coleta a 48 h. Essa diferenca
com o perfil de expressdo da linhagem BHK-21 se deve possivelmente, ao menor dano
causado pela infec¢do viral em células Huh-7, sendo que mesmo ap6s as 48 h, ainda haviam

células aderidas, fato que pode ser visualizado nas imagens obtidas no momento da coleta.

Uma possivel explicacdo para esse comportamento descrito seria uma quantidade
limitante de receptores que possam interagir com o virus, dispostos nessa linhagem. Pois,
sendo essa linhagem derivada de células tumorais, uma alteracdo na estrutura da membrana da
mesma é um fato j& explicitado. Estudos evidenciam a utilizacdo de vetores SFV para
infeccdo em algumas células tumorais, mostrando que a lise completa da célula ocorre
somente ap6s 72 h, o que reforga a hipotese de que esse tipo de linhagem se mostra mais
“resistente” a agdo viral (VAHA-KOSKELA et al., 2006). No mesmo estudo, é realizada uma
comparagdo com células BHK-21, tendo como conclusdo, que essa linhagem foi mais

permissivel a proliferacdo viral, do que as linhagens tumorais.
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A utilizacdo de MOI 50 e uma consequente producdo de 4,08 pg por 1E6 células,
sugere que a utilizacdo de uma quantidade ainda maior de virus, pode ocasionar uma maior
producdo de RVGP. Pois em diversos trabalhos envolvendo vetores virais, sdo utilizados
MOlIs de 100, ou até de 1000, para revisao veja Lee et al., 2007.

A linhagem L929 ja foi previamente utilizada para expressao de proteinas utilizando o
sistema SFV (MEINKOTH; KENNEDY, 1980). E no trabalho atual, apresentou expressao de
RVGP no tempo de 24 h, alcancando niveis de até 2,82 ug por 1E6 células, enquanto que em
48 h, a producdo menor com valores de no maximo 1,81 pg por 1E6 células. Tal fato,
semelhante 8 BHK-21, se deve também a maior sensibilidade desse tipo de célula aos efeitos
da infeccdo viral, refletindo em um grande efeito citopatico. Possivelmente, porque a célula
recém infectada produz grande quantidade de proteina devido ao forte promotor génico do
SFV, mas conforme a infec¢do avanca, a célula ndo mais consegue manter a maquinaria de
producdo protéica e a mesma diminui abruptamente. Talvez a mesma quantidade de RVGP
tenha sido gerada no ensaio de 48 h, mas houve uma degradacdo da mesma com o tempo e a
quantificacdo tardia indicou um menor nivel de expressdo. Outro fato similar com a BHK-21,
foi o aumento do MOI ocasionar uma menor producdo de RVGP, podendo tal fato ser
novamente relacionado ao desencadeamento de um processo mais intenso de apoptose, em

celulas infectadas com uma maior quantidade de virus (BARRY et al., 2010).

E interessante notar que as células BHK-21 foram as que menos sofreram durante o
procedimento de IFI, gerando boas imagens e evidenciando a capacidade da célula em
expressar RVGP. Ainda com relacdo a essas imagens, € possivel verificar o alto percentual de
células expressando a proteina, o que nos leva a crer, que no desenvolvimento de um vetor
SFV com menor efeito citopatico, ela se torna uma linhagem altamente recomendavel para

expressao das mais variadas proteinas (CASALES et al., 2008).

As células VERO, apresentaram o0 mesmo comportamento da linhagem BHK-21,
apresentando uma maior producdo de RVGP com MOI 1 no tempo de 24 h, diminuindo a
producdo com o aumento do MOI. Porém os valores obtidos foram inferiores aos encontrados
com a célula BHK-21, mas ainda assim relevantes. Nesse tipo celular, toda a RVGP

encontrada, independentemente do tempo de coleta, estava presente no lisado celular.

Dentre as linhagens avaliadas, a VERO, foi a que apresentou 0s piores resultados de
expressdo de RVGP, na analise por ELISA. Nédo possibilitando a deteccdo de bandas no
experimento de Western blot e evidenciando a banda menos intensa no procedimento de Dot

blot. Na técnica de IFI, foi evidenciada a presenca de RVGP nas membranas, porém foi a
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célula que mais sofreu no procedimento, apresentando membranas menos integras que as
demais, e muita formagdo de grumos. Entretanto, € uma linhagem interessante ja que é das
mais utilizadas para producdo de farmacos e vacinas, que envolvem cultura de células de
mamiferos, sendo inclusive a células utilizadas para propagacdo do virus rabico na atual
vacina anti-rabica do Brasil, desenvolvida no Instituto Butantan (FRAZATTI-GALINA et al.,
2004). Portanto, seria importante alcancar bons niveis de expressdo com essa linhagem, por
ser uma célula ja preconizada em o6rgaos de regulamentacdo. O fato de ndo apresentar bons
resultados nesse trabalho, ndo a descarta como substrato para utilizacdo do sistema SFV, pois
novos trabalhos com diferentes proteinas e diferentes metodologias podem reverter esse
quadro.

Nos ensaios envolvendo células HEK-293T, também houve maior expressdo de RVGP
no tempo de 24 h, sendo que ela foi diminuindo conforme se aumentava o MOI. Ja em 48 h,
0s niveis de expressdo foram praticamente 0s mesmos para todos os MOIs, sendo
significativamente mais baixos que aqueles apresentados a 24 h. Esse fato, também pode ser
explicado pelo desencadeamento do processo de apoptose devido a infeccdo viral, fato que
comprometeria a célula em continuar a produzir a proteina, na presenca de grandes

quantidades de virus, ou por longos periodos.

Os resultados apresentados com as células BHK-21 CS, adaptadas em suspensao, sdo
oriundos de um trabalho complementar, que foi realizado simultaneamente, em parceria com
0 Departamento de Engenharia Quimica da USP, onde foram utilizados os virus produzidos
por este trabalho. Para efeito de comparagdo, apenas estdo expostos os dados obtidos com
condicBes semelhantes as utilizadas para as demais células. Com base nisso, pode-se verificar
que houve uma maior producdo de RVGP no tempo de 24 h apds a infeccdo. Entretanto, a
producdo nesse tipo celular, foi muito abaixo do que aquelas vistas em todas as demais
linhagens, inclusive na BHK-21. Possivelmente, exista uma relacdo entre a infectividade do
SFV e a necessidade da célula estar aderida, ou ser menos sensivel ao processo de infeccéo.
De qualquer forma, existe a necessidade de melhor entendimento desse processo e dessa
relacdo, visto que uma possivel aplicacdo desse método de expressdo envolve diretamente
uma extrapolacdo do sistema para biorreatores e com isso, a utilizacdo de células em

suspenséo.

A semelhanca entre o perfil de expressédo obtido com a linhagem HEK-293T, com os
obtidos com as células BHK-21, L929 e VERO, sustentam a hipGtese de que o aumento de

MOI, ndo necessariamente aumenta o nivel de expressdo de RVGP, sendo que em alguns
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casos, ocorre até mesmo o contrario. E que, utilizando o sistema SFV, a proteina alvo é
melhor expressa nas primeiras 24 h. Outra importante semelhanca entre as linhagens BHK-21,
HEK-293T e VERO, é que elas sdo oriundas de rins de diferentes espécies, explicando assim
essa semelhanca de comportamento. A excecdo a esse perfil, é a linhagem Huh-7, que por ser
derivada de células tumorais, é sabidamente detentora de um metabolismo distinto das
demais. Entretanto, foi uma das linhagens que melhor expressaram a proteina, juntamente
com a BHK-21 e HEK-293T.

Alguns trabalhos utilizando o préprio sistema SFV, relatam que o aumento do MOI
pode estar relacionado ao aumento do nivel de expressdo, mas possivelmente, tal afirmacéo
seja especifica para o tipo de proteina expressa (BLASEY et al., 1997). Em um processo de
producdo de uma proteina diversos fatores sdo relevantes, quando se utiliza um procedimento
in vitro, como temperatura, tempo de coleta, linhagem celular, composi¢cdo do meio de
cultura, pH, dentre outros. Sendo que os resultados apresentados nesse trabalho correspondem
aos indices de expressdo de proteinas, que foram detectadas pelo método utilizado, no tempo
especifico. Portanto, visto que em alguns casos a expressao protéica foi melhor no tempo de
24 h, frente a 48 h, é prudente afirmar que a proteina foi produzida em guantidades iguais em
ambos os sistemas, 0 que os diferencia € o tempo que a proteina levou para ser detectada.
Sendo assim, pequenas mudancas que alterem a conformacdo protéica, podem alterar os
resultados finais, pois cada linhagem cria seu proprio microambiente, com metabdlitos
especificos, que podem agir na proteina gerada, através, por exemplo, de uma mudanca de pH
(GAUDIN et al., 1991). O MOI utilizado pode também interferir nessa relacdo da proteina
gerada com o ambiente em que esta, sendo que a presenca de uma quantidade maior de virus

pode vir a afetar a posterior deteccao da proteina.

Como conclusdo, pode-se destacar o sistema SFV como um método eficaz e
promissor, sendo capaz de bons niveis de expressdo, e podendo utilizar diferentes linhagens
celulares. Seu principal ponto positivo é sua versatilidade, pois pode expressar proteinas
diversas em linhagens que sejam especificas para cada uma. Portanto, apo6s estabelecida a
plataforma mais adequada para esse sistema, & possivel estende-la para diversas outras

vertentes e produtos.

A desvantagem da aplicacdo do sistema baseado no SFV, especialmente para a
producdo em larga escala, é que a producdo de estoque de virus é relativamente cara. Os
custos elevados estdo relacionados com o processo de transcricdo in vitro. Sendo que

tentativas para facilitar e reduzir os custos de producdo desses virus sdo introduzidos
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constantemente através do desenvolvimento de novos sistemas baseados no SFV (POLO et
al., 1999). Outra preocupacéo tem sido a seguranca relacionada ao SFV, especialmente para a
producdo em larga escala, que obviamente requer grandes volumes de virus. Mas com
abordagem atual utilizada para o SFV, os riscos sdo bastante baixos, ainda mais se comparado

a outros sistemas semelhantes.

Por fim, os dados obtidos por esse trabalho s&o de grande importancia para o
entendimento desse promissor sistema de expressao, visto a possibilidade de expressdo em
diferentes linhagens e assim, obter as mais diversas proteinas para diferentes aplicacdes. O
SFV se mostrou muito eficiente para infectar todas as células estudadas, quando comparado
com o nivel de expressdo de outros sistemas, e as informacdes obtidas sdo muito relevantes,
devido ao fato de que diferentes proteinas a serem expressas, podem necessitar de linhagens
especificas, e esse estudo preconiza que o sistema se comporta de maneira distinta conforme a

linhagem utilizada.

7 CONCLUSOES

Neste trabalho estabelecemos um protocolo de transcricdo in vitro e transfeccdo de
RNA, para producdo de particulas virais SFV recombinantes (SFV-RVGP) em células BHK-
21. Estabelecemos também uma metodologia baseada em gRT PCR para quantificar as
particulas virais obtidas e a partir dai pudemos obter um lote de virus recombinante e
padronizar as melhores condicGes de infeccdo celular (MOI e tempo de coleta) para producao

da RVGP em diferentes linhagens celulares de mamiferos.

Os resultados obtidos demonstram uma diferenca evidente entre 0s niveis de expressao
utilizando as diferentes linhagens, sugerindo que o sistema SFV, possui um comportamento
de infeccdo especifico para cada tipo celular. Pode-se admitir também, que cada linhagem
possui diferencas no processamento da proteina, obtendo indices de expressao distintos ndo

somente na quantidade, como também no tempo apos a infeccdo com o vetor viral SFV.

O trabalho consiste em uma abordagem preliminar sobre o comportamento desse vetor
viral em diferentes linhagens de mamiferos, sendo que estudos complementares podem
possibilitar seu emprego, para expressdo de diferentes proteinas, utilizando uma linhagem

celular especifica para a mesma.
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ANEXO - TRABALHOS PUBLICADOS

ANEXO A — Quantitative RT-PCR for titration of replication-defective recombinant Semliki
Forest virus.

ANEXO B — Using Statistical Tools for Improving Bioprocesses.

ANEXO C - Semliki Forest Virus as a Vector: Pros and Cons for Its Use in
Biopharmaceuticals Production.

ANEXO D - Influence of aeration—homogenization system in stirred tank bioreactors,
dissolved oxygen concentration and pH control mode on BHK-21 cell growth and
metabolism. Cytotechnology.

ANEXO E — A multivariate calibration procedure for UV/VIS spectrometric monitoring of
BHK-21 cell metabolism and growth.
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ABSTRACT

¥imus titration may constitute a drawback in the development and use of replication-defective viral

Received 14 May 2013 wectors like Semliki Forest virus (SFV) The standardization and validation of a reverse transcription quan-
m;"’:ﬂ‘;ﬂ‘ 17 juty 2013 titative PCR {qET-PCR) method for SFV titration is presented here. The gRT-PCR target is located within

Availabie online o

the nspl gene of the non-structural polyprotein SFY region (SFY RNA) which allows the strategy to be
used for several different recomsbinant SFY comstructs. Titer determinations were carmied oot by perform-

K

Epwords:
Semillk] Forest vines
QRT-PCR
Wines Hitraton

img wirus titration and infection assays with 5FVs containing an RMA coding region for the rabiies virus
glycoprotein (BYGF) or green Auorescent protein (GFPL Results showed that the standardzed qRT-PCR
is applicable for diffierent 5PV constnacts, and showed good reproducibility. To evaluate the comelation
between the amount of functional SFV BMA in 2 winus lot and its infectivity in BHK-2 1 cell cultures, 2 tem-
perature mediated titer decrease was performed and successfully quantitated by gET-POL When osed
fiar cell infection at the same multiplicity of infection (MO1), the temperatune treated SPV-RVGP samiples
induced the same levels of RVGP expression. Similarky, when different SPY-GFP lots with different vimus
titers, a5 accessed by gET-PCH, were used for cell infection at the same MOL, the cultures showed compa-
rabde amounts of Auorescent cells. The data demonstrate a pood correlation between the amount of virs
used for infection, as measared by its SFV RNA, and the protein synthesis in the cells. In condusion, the
qET-PCR method developed hereis acourate and enables the titration of replicat ion -defective SFV wectors,
an exsential aid for viral vector development as well as for establishment of production bioprocesses.

& 2013 Published by Elsevier BV.

Introduction and inserted into two different plasmids. The expression plas-

mid contains the genes for SFY non-structural proteins (nspl-4)

The Semliki Forest virus {SFY) is an enveloped, single-stranded
RMA wimus of positive polarity belonging to the genus Alphawines,
family Togaviridae. The viruses of this family comprise a single
non-segmented RMA molecule, which acts as a messenger RMA
[Schlesinger and Schlesinger, 1991) The finding that the SFY was
abde to infect many cell types with high efficiency in gene delivery
and that the use of a strong viral pmmn‘beril]{medﬂu:uﬂjﬁm—
tiom of heterologous RMA into the host cell led to the
of the SFY expression vector (Liljestrom and Garoff, 1991) Fncr
this purpose, the cDMA comesponding to its genome was cut
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and the strong subgenomic SFV 265 promoter located upstream
of a polycloning site. The helper plasmid contains the genes for
the structural proteins (Liljestram and Garoff, 1991; Smerdou and
Lilpestroim, 19949). In order toobtain SFV particles, both plasmids are
linearized and transcribed in vitro in expression and helper RMAs.
After the electroporation of the RMAs in mammalian cells. infec-
tious but non-replicative virus particles are formed, which can be
collected from the supernatant (for review see Lundstrom et al,
2001; Rayner et al,, 2002 These particles can be used for infect-
ing several cell types in viiro or for in vive gene delivery. Infected
cells can then translate the heterologous RNA and synthesize the
recombinant protein. In a previous study, an SFY vector camying
the rabies vimes glycoprotein (5FV-RVGP) was constructed. Uipon
baby hamster kidney( BHK-21) cell infection with SFY-RVGF. RVGE
mEMNA amplification took place and high levels of RWGF could be
produced (Benmaamar et al, 2009).

An essential step in wsing recombinant SFV particles is the vims
titratson. Traditional methods for assessing cytopathic effects in
plaque assays are often wsed for the titration of replicative wild

Pleass cite this artichs in press as: Puglia, ALP, =t al, Quantitative BT-PCR far titration of replication-defective recombinant Semiiki Forest virus.
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or madified sirains of 5PV (Liljestrom et al, 1991; Zusinaite et al.,
2007, but these methods are not applicable to non-replicative SFV
vectors, which do not develop plaques. The titration of replication-
deficient SFV vectors has traditionally been accomplished by the
use of methods such as virus infection of plated cells with subse-
quent detection by immunofluorescence using primary antibodies
against the protein of interest (Karlsson and Liljestrom, 2003;
Hubiby et al, 2007 ) or againest the viral replicase (Klimpi et al 2001),
or evenusing a reporter gene like green fluorescent protein ( GFP) or
p-galactosidase (Mi et al,, 2005; Zusinaite et al., 2007; Lundstrom,
2012) The viral titration can also be by dot-blotting
technique, using radioactively labeled DMA probes (wahlfors and
Margan, 2002). Mevertheless, these methods are time-consuming
and often not sensitive enough. 1t is clear that the titration of 5PV
vectors still lacks a simple and sensitive technique for an accurate
evaluation of the system. A simdlar demand led to the standardiza-
tionof a gPCR approach for baculovins titration (Lo and Chao, 2004;
Hitchman et al. 2007). The gRT-PCR technigque is a good alternative
for the titration of 5PV vector particles since the diffusion of gRT-
PCR technology and prior knowledge about its use in viral titration
provide considerable support for this approach (Rohr et al, z002;
Hitchman et al,, 2007; Morsy El-Senousy et al., 2007; Zhang et al,
2008; Thao et al, 2007).

This study presents the standardization of 2 method for gRT-
PCR titration of non-replicative SFV particles. The method proposed
here could be applicable to virtually any non-replicative SFV parti-
cles since the target for amplification is a conserved region of the
gene coding for the nonstructural protein 1(nsp1). Results of using
different SFV constructs show that gRT-PCR is a suitable method for
SFV titration since there is a good comrelation between the amount
of SFV containing RNA wsed for cell infection, the amount of infected
cells. and the production of the recombinant protein.

2 Materials and methods
21. SFVvectars

Different recombinant SFY vectors were obtained by cloning
the gene of interest under the control of the strong subgenomic
promoter, SFV 265, into the pSFvgen3C plasmid, which code for
maon-structural SFY proteins as already described (Karlsson and
Liljestrom, 2003; Benmaamar et al, 2003 SFV veclors Carmying
genes coding for membrane proteins were wsed: SFV-REVGF, SFV-
melatonin A1 receptor (Mta-1], SAv-modified adenosine receptor
(Ala-80) and SFV-adenosine receptor A2A (20A2). An SFV-GFP vec-
tor expressing cytoplasmic GFF was also used For obtaining 5PV
particles, the genes coding for structural proteins were supplied
by sPv-Helper2 plasmid (Berglund et al, 1993). Briefly, helper and
different expression plasmids were linearized wsing Spe 1 and N
1 restriction erzymes, respectively. Linearized plasmids were tran-
scribed in vitro using 5P6 RMA polymerase and the MAXISoript®
5P6 kit (Life Technologies, Carlshad, UsA) at 40-C for 2h RNA
was then quantitated by flucrimetry using the Quant-it™ RENA
assay kit (Life Technologies, Eugene, USA). Expression and helper
EMAs were used for co-transfect of BHK-21 cells by electropora-
tion. After 24 h recombinant SFv particles were harvested from
supernatant Before wtilization, SFV particles were activated with
a-chemotrypsin 0.5 mg mL (Sigma-Abldrich, 5aint Louis, USA) fol-
lowed by enzymatic inactivation with aprotinin 1 mg/mL (Thermo
Fisher Scientific, Rockford, USA) Activated SFV particles were
titrated and used for BHE-21 infection. All virus stocks were main-
tained at —80*C until the moment of activation and utilization.
Alternatively, activated SFY-RVGP aliquots were submitted to tem-
peratures of 24 “Cor 37 “C for 1 hor 3 h and thentitrated and utilized
for infection.

2.2 RNA extraction from SFy samples

EMA extraction from SFY samples was performed using the
RMeasy kit (Qiagen, Maryland, UsA), following the mamusfacturer's
instructions. First, three SFY-RVGF sample volumes were assayed
(S0 pL, 100pd and 200l) to determinate the best sample size,
based on the amount of RNA required for analysis. The best gRT-
PCE amplification performance was found using 100 pL As the
amount of total RNA in any SPY sample was below the limit of
quantitatson of our available quantitation methodologies, the RMA
recovery after extraction was evaluated by the introduction of 3 pg
yeast tRMA (Life Technologies. Carlsbad, 1ISA) in each 5PV sample.
After the extraction process, total extracted RMA was quantitated
by fluorimetry, and the RMA extraction yield was caboulated.

231 DNase treatment and cONA symthests

For contaminant DNA removal, 1 g of total RNA was treated
with 1 Uof DNase | {Promega Corporation, Fitchburg, USA) and 10
of RNase inhibitor (Life Technologies, Carbsbad, UsA) for 30min
at 37 “C, followed by incubation with ethylene glycol tetraacetic
acid (EGTA) for 10min at 65°C for DMase 1 inactivation. Each
600 ng sample of DNA-free RMA was then reverse transcribed with
200U M-MLV (Life Technologies, Carlshad, USA), 1pM reverse
specific primer SFV-R1 (5-CTCAATGATGACGTGGAGCT), 0.5mM
dNTPs, 0.1 M DTT, and RMase-free water. The reaction was incu-
bated at 37 *C for 30min, followed by erzyme inactivation at 70+C
for 15 min. cOMA samples were stored at —20“C until processed.

24 QPCR

QPCR runs were performed in a StepOne™ (Life

singapore] real-time fluorescence detector thermocycler. The reac-
tion was set-up using the Power SYBR® Green kit (Life Technologies,
Foster City, LISA), 3 LL cDMA sample, 50 nM forward primer 5Fy-52
{F-ACAGACTGTCACTGAGCAG), 50 nM reverse primer SFV-R2 (5'-
GTGACCATCTACTGCAGAGA) in 15 pL total reaction volume. After
distribution of samples and standards, the optic plates {Life Tech-
nologies, Foster City, USA) were sealed and briefly centrifuged
{1200 rpm for 3min). gPCR was performed at 95°C for 10min,
34w (85°C/ 158, 5540155, 60°C/155), and the fluorescence was
measured at 50-C. The threshold fluorescence level for quantifica-
tion was set within the exponential phase where all amplification
curves exhibited the most significant signal increase. The cycle
threshold (Ct) was obtained by recording the number of cycles
required for the fluorescent signal to cross the threshold. After
amplification, the melting curve [60-95 “C) was developed in order
to verify reaction specificity, with the amplified fragment (145bp)
presenting dissoriation at B3 £ 003 4C.

25 Stmdard curve

The standard curve for SPY-RNA quantitation was obtained by
serial dilution of pSFV-RVGF plasmid. pSFV-RVGF was produced
in bacteria, extracted, and purified using the Plasmid Maxi-Prep
kit [Qiagen, Maryland, UsA)L Plasmid was treated with DMase-free
RMase, quantitated by spectrophotometry and subsequently 2 pg
of pSFV-REVGP was linearized by Not | digestion and quantitated by
Auorimetry using the Quant-it™ DMA assay kit (Life Technologies,
Carlsbad, USA) The concentration required for a specific mm-
ber of the target sequence was calculated based on the mass of
a single plasmid molecule and the mass of plasmid containing the
copy number of interest. Six dilutions were performed in 10 mM
Tris+1 mM EGTA buffer, generating the standard dilutions con-
taining 6= 107, 6 x 10F, 6« 10°, 6 x 10%, 6 10° or 6 107 copies
in each 3L Four independent runs with three replicates of each
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standard dilution were performed, and each standard curve was
defined as the regression line of the logarithm of standard copy
number versus CL A mean standard curve was caloulated from
previous curves and data was plotted. All curves were evaluated
in accordance with published guidelines (Molan et al, 2006). Effi-
ciency was determined by the formula (Pfaffl, 2001)

E = 1015
where “E” is efficiency and =5 is the slope of the standard curve.
26 Titration of 57V BNA

cDMA obtained after reverse iranscription of SFY ENA samples
were amplified together with standard curve dilutions, in three
replicates each. Mean Cts were applied to the standard curve equa-
tion to determinate the cOMA copy number in each sample. The
total SFV RNA copy number present in the original 5PV sample
wias calculated by the multiplication of the cDNA copy number by
a conversion factor specific to each sample, which considered all
dilutions made and the yield of ENA extraction. Each 5Fv RNA copy
wias considered to belong to one potentially infective particle. so
vines titer was expressed in virus particle per milliliter (WF/mLL

27 Cell cultures ond Infection

BHE-21 cells were cultivated inn-MEM medium [ Life Techmolo-
gies, Carlshad, USA) containing 10% fetal calf seram (FCS), at 37 <C
and 5% C07. For infection studies, cells were seeded in six-well
plates at a concentration of 7 = 10° cellsiwell; the medium was
replaced with o-MEM containing the desired amount of recom-
binant 5FV. The multiplicity of infection (MOI). or the amount of
SFVi cell, wias cabculated based on the SFV titer and the cell number,
To provide a homogeneous infection and avosd temiperature-
mediated degradation of vinses, the cultures were kept under
gentle agitation at room temperature (24 4 2 “C) for 2 e The culture
medium was then replaced with 1.5ml of o-MEM with FC5, and
cells were incubated at 37<C At different time points after infec-
tion, cells were resuspended in PBS+ 5 mM EDTA by incubation at
37 «C for 5 min. Samples containing 3 » 10° cells were analyzed by
ELISA (Perrin et al., 1996) for determination of EVGFP production
following previously published procedures of sample treatment
[Astray et al. 2D08; Benmaamar et al, 2009). For RGP mEMNA
quantitation, samples of & « 10° cells were KMA-extracted and the
procedures of DMase treatment, reverse transcription. and gPCR
wiere followed as previously desaibed (Benmaamar et al., 2004).

28 Flow cytometry mnalysis

To analyze the relationship between the MO1 used for infection
and the relative amount ofinfected cells, three different lots of SFV-
GA* were produced and titrated by gRT-PCR. Following titration,
vines lots were used for BHK-21 infection with MO1 1, 3, 5, 10, or
15, After 24 b cells were harvested with PBS + 5 mM EDTA, washed
and fixed with PBS + 0.2% para-formaldebyde. The proportions of
fluorescent cells were determined by counting 10,000 events on a
FACSCalibur™ flow cytometer (Becton Dickinson, San jose, USA ).
The equipment was calibrated with 2 mock infected BHE-21 as
negative control, and samples were read at wavelength of 530nm.

259 Fluorescence MIooscopy

The kinetics of GFP expression was evaluated by infecting BHEK-
21 cells with SFY-GFP (MO0 10) and incubation at 37 «C in a MIL-1BS
C0z chamber coupled to an 1X-81 fluorescence microscope (Olym-
pus, Tokyo, Japan). Photomicrographs were taken automatically
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Fig. 1. qRT-FCR standard curve for the tibration of SFV. Fowr gRT-POR standard ommees
‘were obiained in paraliel from six 10-fold dilutions of 2 reference DA Mean values
of cycle tresholds [CF) coresponding b each logarithm of standard copy number

wene plotterd. Equation of regression line shows the siope [—345) med for -
culation of ampiification eMigency as indicated above {1.91] and the cometlatbion

oneficient B9 [CLODEL. Enmor bars show S0

from the same observation field at several time points after infec-
tion using the OV100 ir vivo imaging system (Olympus, Tokyo,
Japan].

Z10. Statisticol anafysts

The ANOVA test with a confidence interval of 95% (p« 0.05) was
used for the RVGF and EVGPF mRENA expression studies.

3 Results

The initial steps for standardizing the best conditions for anal-
ysis inCluded the determination of the following parameters:
amount of sample for RNA extractson, DMase treatment efficacy,
primeT concentration, cDMA sample quantity. and gPCR amplifica-
tion cycle. A qRT-PCR standard curve for SFY RMA titration was then
established after four amplifications to confirm the reproducibil-
ity between different runs and to calculate the average efficiency
of amplification (Fg 1). The standard curve showed the basic
requirements necessary for gRT-PCR, namely, the use of at least
five dilutions of standard and a slope of standard curve preferably
between 33 and —3.8 and £2 value of 0.99,. The reproducibility of
QRT-PCR was accessed by the amplification of a single cDMA sam-
ple obtained from an SFY pool. in nine replicates, in each one of
two independent PCR runs. The average standard deviations were
0323 06 Ct interassays and 010+ 0,06 Ct intra-assays. These
data indicated that the standardized method was reproducible and
the assay suitable for analyzing the amount of 5FV ENA in intended
samples. To prove that the proposed method actwally applies to all
SFV constructs, three separate samples of each different 5P stock
(5FV-Mita- 1. 5Fv-Ala-BD, SFV-20A2, SPV-GFF, and SFV-EVGF) were
titered. All viruses were efficiently amplified, with an average accu-
mulated coefficient of variation (CV) of 15.1% (Le. for the whole
process of RMA extraction, DMase treatment, and gRT-PCRL Virus
titers ranged from 3.2 = 10° VA mL to 8.3 » 10° VFmL, a difference
of approximately 26 times between viral lots obtained by the same
malecular biology and transfection procedures (Table 1)

To demanstrate the comelation berween the amount of viral
RMA wsed for cell infection and the amount of recombinant pro-
tein produced, BHE-21 cells were infected with different amounts
of a single kot of SFV-RVGF and then the mEMA accumulation
was measured; the RVGP produced is shown in Fig. 24 and B
shows the cell growth kinetics. Infections at MOIs of 0U15, 15 ar
15 5FV RMAJcell produced similar profiles of RVGP mRMA expo-
nential accumulation into cells, leading to maximum guantities
statistically different between 12h and 24 h RVGF accumulation
was proportional to RVGP mRMA levels and reached the highest
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SFW-EVLF, rabies wines glycoprotein; SFV-GFF, green Auorescent probein: SP9-Mita- I7-CI3h Ld5 = 108 g5 2444 1 159
1, melatonin A1 recepior: 5Py-Ala-B0, modifisd adenosine receplor and SFY-20AT, —20°C{sinck) B30 100 - M2 £+ 06

adenosine recephor AZA. OV, coeffickent of wvariation. Daka represent the mean walne
of twee independent assays.

concentrations at 30h post-infection. After 30h the amounts of
transcript and EVGF decreased, mainly in cells infected with MOI 15
(Fiz. 2A]. At this time, viable cell concentration started to increase
due to the multiplication of uninfected cells (Fg 2B). These data
also showed that when less than MOI 15 was used for infec-
tion, many cells were not infected and continued to divide, which
was evident mainly after 24 h post-infection. Surprisingly, a large
number of BHK-21 cells infected with an MOI 0,15 showed high
cytotoxicity despite low RVGP expression levels, reaching 24 h of
infection with only 58.7% of initial culiure viability, while the cul-
tures infected with MOI 1.5 and 15 presented viabilities of 51.8%
and 297 %, respectively.

Inorder to show further the correlation of gRT-PCR titrated virus
input and the amount of RVGF produced in infected cells, aliquots
of a single lot of SFv-RVGP were subjected to different tempera-
ture treatments and then gRT-PCR titrated in five replicates (mean
CW= 15%). Subsequently, temperature-treated vinus aliguots were
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Fig. 2 Kinetics of RVCP mANA copy mumber, RYGF sxpression, and growth in ol
ftures of BHEK-21 infechzd with diferemt MOI (15, 1.5 and 15) of SFV-EVCE. IVCP
ImENA wizs determined by gET-FCR in 50 ng of tokal RMA and expressed in Logs copy
mmiber: RVEP by ELISA aned exp n#gd’ﬂ'l'cﬁlﬂml.lsim:
wiable cell conceniration was determined by cell counting in a hemocyiomeder by a
irypan exclusion method X, cellsfml = 10° (28] *Statistically different from obher
wallnes [p+ DUOSL

identical SFV-R¥CF samples were incubated at different temperatures for differsnt
times and then submitted o qRT-PCR iration, and used for BHE-21 infection (K01
100} im three replicates. Virus inactivation ks expressed in T related o the viral siock
at - 20°C. RVGP symthesis in Ehe different gromps | = ) was measured by ELISA and
was corsidered statiscally equivalent (p=0015)

used for infection of BHK-21 cells at B0I 10, and RVGP production
was measured (Table 2). The results show that the incubation of
wirus suspensions at temperatures of 25<C or 37-C, for 1Thor 3k
led to the partial SFV EMA degradation since virus titers decreased
as compared to virus stock maintained at —20-C. The treatment
at 37C for 3k especially, resulted in a significant boss of viral
titer (82.4%). In comparing RVGF production among the cultures
infected with an MOl 10 of the temperature-treated SFV particles,
results were very similar (standard deviation [SD]= 1187 ng/mL;
Cv=4.69%), demonstrating a cormelation between the amount of
SFV RNA wsed for infection and the BVGP expression, which rein-
forces the applicability of qRT-PCR for titration of SFV constructs.
Cultures infected with SFV stocked at — 20“C presented EVGE values
14-20% higher than temperature-treated culbures, raising variation
values (SD= 24 26 ng'mil; OW=0.23%).

Finally, the qRT-PCR method was used for the titration of differ-
ent lots of SFV-GAP, which were wsed to infect BHE-21 cells with
different MOis. Infected cells expressed the GFF and were analyzed
by fluorescence microscopy or flow cytometry (Fig. 3). Fluorescence
micToscopy analysis was used for defining the best time after infec-
tion fior measuring the amount of infected cells in a kinetic study
of GFP expression after BHK-21 infection with SFV-GFP with BMOI
10(Fig 3A) Photomicrographs show the first signs of GPF expres-
sion at 1 h of infection. Increased amounts of fluorescent cells were
observed until 24 h of infection, so this time point was chosen
for analysis of GFF expression after infecting cells with different
MOils {Fig. 3B). The results show that an increase in the MOl corme-
sponded to an increase, althowgh not proportionally, in the percent
of infected cells. Most importantly, when three different SFy-GFP
lots were used with the same MOls, similar amounts of cells were
shown to express GFP, as indicated by the low 5D observed in the
assays. From the equation on the data graph, the predicted MOI for
attaining 100% of infected cells would be 22 9.

4. Discussion

The SFV expression system has been wsed widely for recom-
binant protein expression in mammalian cells, markedly for
membrane proteins (Hassaine et al, 2006). This system is also
a promising vector for studies of immunization, camcer therapy
({Riezebos-Brilman et al, 2006), and for neuroscience investigations
{Lundstrom et al, 2001) The application of an gRT-PCR method
for easy and reliable recombinant SFV titration is suggested. First,
a standard curve was established based on the linearized SFV
expression plasmid, and its characteristics were evaluated. which
corresponded to the basic requirements needed to validate the
QRT-PCR (Molan et al, 2006) The amplification of different SFW con-
structs confirmed that the standardized method is applicable to
any 5FV with a conserved nspl gene in the non-structural polypro-
tein region. Furthermaore, the large difference in viral titers between
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50 Auorescence OV were 57K, 7.5% 05T, 1305 and 114X, for MOIs 1,3, 5, 10, and 15, respectively (Bl

these constructions showed that even if the same steps are followed
for producing recombinant SFY particles, a broad range of viral
titers can be obtained after completion of all processes of molecular
baology. transfection, cultivation of cells, and virus harvesting. The
gRET-PCE method is able to determine the virus titer on the interval
between 00 and 60 million copies of SFY RMA per sample, in one
reaction in a few hours. This s an advantage if compared to quan-
titation by immunofluorescence, which is not sensitive enough
and requires performing several virus dilutions, cell cultivation,
antibody Labeling, and a few days to complete. In addition, large
stocks of SFV, even stored under the best conditions, are subjected
to potency boss due to the labile nature of RNA. When different
alsquots of the same batch of SFV-REVGF were treated at differ-
ent temperatures to promote partial degradation of the SFv RNA,
the standardized qRT-PCR titration method was able to measure
with accuracy the extent of degradation. when the temiperature-
treated viruses were used for BHK-21 infection with the same
MOL very similar amounts of RVGF were produced, demonstrat-
ing that there was a good comrelation bebween the amount of
SFV-containing preserved RMA wsed for infection and the RVGP
expression The difference between the amounts of RGP produced
by cultures infected with freezer stock SPv-RVGP and temiperature-
treated stock, although not statistically significant, may represent
the effect of vines degradation due to an additional freez e-thaw step

of SFV particles which were frozen after temperature treatment
while qRT-PCR titratson was performed Therefore, it is important
to have aliquots of an 5FV stock available for titration, as repeated
freeze-thaw cycles can interfere with the determination of the
correct vinus titer and MOL. Taking this into consideration, virus
samples may be titrated accurately before use, allowing a precise
and reliable calculation of the amount of SFY particles under opti-
mal conditions. This finding is important because it demonstrates
that the degradation of a viral batch can be measured effectively.
It is different from the titration of DMA vines vectors, whose degra-
dation sometimes are not apparent by gPCR analysis because DMA
is more stable than RMA and can remain in suspension, resulting in
overestimation of viral titer {(Hitchman et al., 2007),

The reproducibility of this method was evaluated by assays
using SFV-GFP. Three different SFY-GFP batches were titrated by
QRT-FCR, showing very different amounts of 5Fv RMA. When they
were used for infecting cells with the same MOI, the rates of
fluorescent cells were very similar. Therefore, with the gRT-PCR
titration approach, the titer variability between SFV batches can
be well-identified by evaluating the number of active wvirus parti-
cles. gRT-PCR virus titers can then be accurately used to calculate
the virus input based on the desired MOi, obtaining reproducible
results. Finally, when an SFv-RVGF batch was titrated based on the
5PV RMA content and then wsed for infection in three log different
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M0k, the amount of virus wsed was shown to be proportional o

the amount of RVGF mENA produced by cells, and consequently,
proportional to RVGP production.

5. Conclusion

In conclusion, SFV titers determined by gRT-FCRE can be acou-
rately used to calculate the wirus input based on the desired MO1,
obtaining reproducible results. Also, qRT-PCR methods targeting
viral RMA of non-structural proteins, as the method established
here, can be accurate and reliable tools for the titration of any
replication-defective viral vector.
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ABSTRACT

In this review most of statistical tools currently applied in the bioprocess area were discussed
and classified. The main three categories were: fair comparison of results, mathematical modeling
for little studied systems and taking advantage of large volume of data for enhance robustness and
efficiency. For each statistical technique, an example from literature was commented to demonstrate
its utility in bioprocess problems. Besides, others statistical tools without a wide application, at the
moment, in bioprocess were also discussed, taking into consideration the near future use of them.
As a conclusion, a chart was constructed for guiding researchers to select the correct statistical
technique according to the specific bioproeess problem.

Key words: Artificial neural network, bioprocess, experimental design, multivariate methods

INTRODUCTION

Bioprocesses are currently used to produce a wide variety of chemicals from aleohols, organic
compounds and amino acids, to antibioties and therapeutically active recombinant proteins
(Clementschitsch and Bayer, 2006). This kind of processes is characterized by the industrial
application of biological pathways or reactions mediated by living cells of animal, plants and
microorganisms or enzymes under controlled conditions for the biotransformation of raw material
into products (Nair, 2008). Bioprocess technology is typically made up of three parts: upstream
process, bioreactions and downstream processing (Nair, 2005).

In the upstream step or pretreatment, the raw material from biclogical or non-biological origin
is first converted to a form suitable for processing. Subsequently, one or more bioreaction stages are
performed. The biochemical reactors or bioreactors are the core of the bioreaction step. In this stage,
the following operations are carried out: production of biomass, metabolize biosynthesis and
biotransformation. Finally, the material produced in bioreactors must be further processed in the
downstream section. Downstream processing consists of basically physical separations in order to
purify and concentrate the product of interest (Jana, 2008).

Bioprocess goals are influenced by several parameters, being the definition of best values for
them, an important and complex task for biochemical engineers. For economic reasons, large-scale
established bioprocess should not be disturbed and any modification to any parameter may be not.
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considered (Najafpour, 2006). Thus, on lab-scale is performed an intensive experimental work for
understanding and optimizing the individual operation units and the process as a whole, both novel
and established bioprocesses (Najafpour, 2006; Dubey and Behera, 2011). At the same time a high
amount of data is stored from bioprocesses on large-scale equipped with sophisticated control, data
logging and archiving systems; these could be also used to improve them (Charaniva et al., 2008).

The statistical tools have demonstrated that are useful to solve this task, decreasing time and
resource. The aim of this review is to expose the principal statistical techniques with applications
in bioprocesses through the examples extracted from literature as well as a philosophy of work
without mathematical details in order to identified what statistical method should be used as the
classification of the problem under study.

DEFINING KEY TERMS

The definitions of three key statistical terms (factors, levels and responses) are necessary to
facilitate the readership understanding of this text, mainly for poor trained professionals in
statistical tools. This is the first step of the stair for helping bioprocess researchers to choose by
themselves with a minimal statistical knowledge, the right technique for their specific problem.

Factors correspond to the independent variables of the system which we are interested in
knowing as they influence the process cutputs. The levels are some values in the study range of
factors, when factor is a numeric variable or different categories, in the case of qualitative variable,
For instance, the pH and nitrogen source could be studied for improving the yield of a fermentative
process. The range of interest for factor pH (6.0-8.0), a numeric variable, could be explored at three
levels: 6.0, 7.0 and 8.0. On the other hand, for nitrogen source, a qualitative variable, nitrate and
urea could be two levels for this factor.

Responses are the properties of the system that are being measured and they are modified as
a consequence of changes in factor values. They are also defined as dependent variables. Retaking
the previous example, yield would be the response in this study case.

PROBLEM DEFINITION

Onece defined the basic statistical vocabulary, we have the primary elements to understand
what kind of problem we need to resolve in statistical terms. This is the first question to answer in
order to choose the right statistical tool in any scientific work and as a consequence in bioprocesses
too. In general, problems in bioprocesses might be statistically classified in three categories:

¢ Fair comparison of results
¢+ Mathematical modeling for little-studied systems or processes
+ Take advantage of large volume of data for enhance robustness and efficiency

The first one is used to determine whether or not one or more factors can affect the system
outcomes (responses). The main goal is to define in qualitative way the effects of variables and
levels of them on responses of a well-know system (control) or among their own responses for
non-established systems. In other words, as a result of this statistical problem are identified
relationships of equality, superiority or inferiority among alternatives or treatments considered
(Boos and Brownie, 1995).

Statistical modeling or design of experiment methodology for little-studied systems or processes
is useful when a mathematical function which connects individual factors under study and their
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© Independent variablea (factors)
o Response variables

Fig. 1. Classification of variables and most frequently types of factors and response in hoprocesses

interactions with responses of the system, 15 desired. This 15 used for rapid variable screening,
understanding and optimization of systems without phenomenological models asscciated. This
general statistical tool has been boosted by Food and Drug Administration through Proecess
Analytical Technology (PAT). PAT aims to enhance the necessary deeper understanding of the
manufacturing bioprocess in the pharmaceutical field, with the purpose of adjusting manufacture
online and eliminating delays in product release. However, the applications of PAT might be helpful
in any other bioprocess application, beyond pharmaceutical industry (Mandenius and
Brundin, 2008).

For first two types of problems, it is eritical the definition of factor levels (values of independent
variables) under study (Eyvan, 2007). The correct definition of them can be performed by a previous
rovision of literature about the systems of interest or similar, through theoretical considerations or
preliminary experiments. When this step is done correctly, time and resources are saved and
properly results can be achieved.

Another important moment (for problems type 1 and 2) when researchers are programming
their experimental work in bioprocess on lab-scale 1s the definition of variable types included in the
system under study. The typs of variable defines the appropriated statistical design and data
analysis technique. Variable classification is divided in two large groups: qualitative and numeric
variables (Mendenhall et al., 2009). Most of the problems in hioprocess include numeric variables
for process responses, either continuous or discrete (e.g., yield, productivity and variables related
with final product quality) and for independent. variables, qualitative factors are also included, for
instance: types of carbon and nitrogen sources 1n culture medium (Fig. 1),

Nowadays, bicprocesses are well automated and they have a comprehensive data collection and
archiving. These archives represent an enormous opportunity for using multivariate methods and
artificial neural nstworks in order to enhance the robustness and efficiency of manufacturing
processes (Charamya ef al., 2008, 2010; Albert and Einley, 2001).
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FATIR COMPARISON OF RESULTS

This kind of statistical problem could be classified according of the number of factors under
consideration that could have impact in outcome parameter(s), their number corresponding levels
and if levels (samples) are independent or paired. Independent samples belong to different
populations; no connection exists among experimental units. On the other hand, paired samples
are samples which each data point in the first sample is uniquely matched to a data point in the
subsequent samples (Gerstman, 2008).

When one independent wvariable is being investigated, the proper experimental design to
detect difference among levels is completely randomized (one-way) design (Michelson and
Schofield, 1996). As a rule the sample size (IN) for assessing each level or treatment is the same and
N is greater or equal to three. Larger sample size is better but this will depend on cost criteria and
time. These problems with one variable are subdivided according to number of levels, because they
define statistical technique to analyze experimental data. If only two levels are assessed two-sample
t-test or its equivalent non-parametric Mann-Whitney test could be used. Problems with
three or more levels are solved by one-way Analysis of Variance (ANOVA) or the Kruskal-Wallis
non-parametric test (Michelson and Schofield, 1996; Aleman et al., 2007). In bioprocess
experimentation, parametric test are more frequently used (Table 1}, If statistical differences are
detected (dispersion caused by levels is higher than dispersion caused by experimental errors or
noise) the other step is for determining which levels or treatments differ from each other. For this
purpose a multiple comparison procedure (multiple range tests) must be applied. Among the
existing methods are: least significant difference test, Bonferroni t-statistics, Tukey Honest
Significant Difference (HSD) and Duncan’s multiple range test (Hinkelmann and
Kempthorne, 2008). Tukey HSD test is one of the most conservative methods and produces more
reliable results (Compton, 2011); this makes it one of the most used multiple range test in
bioprocesses. For paired samples, paired t-test and two-way ANOVA are useful to perform fair
comparisons with two and three or more levels, considering only one variable as (Rao, 2007).

In problems which are influenced by two or three factors with several levels each one,
randomized complete blocks and Latin squares and related designs are used (Kowalski and
Montgomery, 2011). In principle, these experimental strategies assume that interactions among
variables are nonexistent. The data analysis using these statistical tools could be carried out by two,
three-way ANOVA (Henderson, 2011; Taneja, 2009) (Table 1). If any factor significantly modified
the response under study, a multiple range test must be performed to detect differences among
levels of this factor.

Over the course of last decade, several papers in the bioprocess field have used any of these
statistical techniques for fair comparison of results. For instance, a completely randomized design
was performed to define the effects of three levels of one independent variable, tween 80

Table 1: Main experimental designs for fair comparison of results used in bioprocess experimentation

Experimental design Parametric methods for data analysis Type of sample No. of factors No. of levels
Completely randomized t-student test Independent 1 2
Paired t-test Paired
One-way ANOVA Independent 3 or more
Two-way ANOVA Paired
Randomized complete blocks Two-way ANOVA Independent 2 2 or more
Latin squares Three-way ANOVA Independent m n
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Table 2: Latin square designs (3 factors and 3 levels) used to optimize medium composition in RB 5 decolorization by Funalia trogii

X1 ). X3
Y Z; (1) Z;(2) Z; (3)
Ye Z3(4) Z; (%) Zy (6)
e 2 (7) Z5(8) Z;(9)

X, Y and Z are independent. variables (factors), for first experiment: Carbon, nitrogen and phosphate sources and for the second one:

Concentration of each selected ingredient. from the first Latin square, RRB 5: Reactive black 5

percentage (0, 0.1, 1.0%) on growth, lipid accumulation and fatty acid composition in
Thraustochytrium aureum (response variables). Sample size for each assessed tween 80 percentage
was 3. Data were statistically compared using one-way analysis of variance (ANOVA) and
significant differences were identified by Tukey’s test (Tacka et al., 2011).

As another example, a completely randomized block design was utilized to determine effects of
two factors in pulse ultraviolet light technology (distance from the central axis of the lamp and
exposition time) on major allergens mitigation. Both variables were studied at 3 levels each,
10.8, 146 and 18.2 cm and 2, 4 and 6 min, respectively. Comparison of level for each variable was
done by the Tukey's test. It was demonstrated that reduction of the protein band intensity for
peanut allergens increased with treatment time but decreased with increased distance from the
pulse ultraviclet light lamp (Yang ef al., 2011).

In one of the papers where Latin square method was used, two applications were performed
in order to define the better medium composition for decolorizing of reactive black 5 (RB B), a
wastewater contarminant from textile industry, by Funalia trogii. Firstly, it was carried out a Latin
square design to optimize three media components (carben, nitrogen and phesphate source) at three
levels of them (carbon: fructose, glycerol, starch; nitrogen: ammonium tartrate, yeast extract,
peptone and phosphate: KH,PO,, KHPO,, Na,HPO,). The concentration of each element resource
was kept constant. Secondly, another Latin square design was performed to optimize concentrations
of selected medium ingredients from first experimental plan. The variables were fructose, peptone
and Na,HPO, concentrations at three levels each. The response variable in both cases was
decolorization percentage of RB 5. Nine combinations in both designs were done (Table 2). Authors
did not consider interactions among components for reducing the experimental work and avoid
inaccurate results, this justify Latin square design choice. No statistical data analysis technique was
performed to define better ingredient sources and their concentrations; Latin square design was just
employed for programming experimentation (Park et al., 2007).

STATISTICAL MODELING OF LITTLE KNOWN SYSTEMS

When we are interested in getting a rapid mathematical modeling of little known systems in
bioproecess field in order to sereen or optimize factors which are suspected to be important, design
of experiment methodology (Do) have been extensively used. Dok is a collection of predetermined
setting of the process variables of interest which provides an efficient procedure for programming
experiments (L.ee and Gilmore, 2008). This general approach after experimentation allows
definition of mathematical relationships between input (factors) and output (response) variables
of a given system. Besides, with Dok the effects of input variables interactions can be studied as
considered factors can change simultaneously and experimental biases are avoided (Mandenius and
Brundin, 2008).
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As a rule when it is trying to optimize a new system, firstly it is carried out experimental
designs for factors screening and after that it is performed experimental plans for optimizing the
most significant factors (Xu et al., 2010; Arutchelvi ef al., 2011). This strategy reduces the required
number of experiments and as consequence experimentation cost and time. Below, it will be
addressed the experimental designs for screening and optimizing process variables in theory and
their applications in bioprocesses.

SCREENING

Among the most used experimental designs for screening process variables in bioprocesses are:
two-level factorial, fractional factorial and Plackett-Burman designs. The first design allows for the
estimation of all factor effects and all interaction effects among factors. The application of two-level
factorial design is limited for high number of independent variables because the experimentation
could require a considerable time and financial resources (Sower, 2011). The number of
experimental runs is defined by all combinations among factor levels (2%), where k is the number
of factors, 21s the number of levels. Generally, this experimental plan is used up to b independent
variables, where the runs number associated with this design is 32 (2°) (Eriksson et al., 2008). The
response is described as a polynomial function which is defined according to the selected design and
the exploration of experimental domain is peripheral (Fig. 2).

Both experimental designs for screening and optimizing variables, the actual values of levels
are usually changed to a scale from -1 (minimum value) to 1 {(maximum value), in order to
eliminate effects of different variable ranges; facilitate the data analysis and inferences
(Mills et al., 2010). Besides, repetitions of experimental points included in statistical design orin the
central point of the experimental domain are performed to evaluate the statistical significance of
model and parameters (Brue and Howes, 2005; Santos ef al., 2011).

When the number of factor to asses is large, two-level fractional factorial or Plackett-Burman
designs are applied. Fractional factorial design is a fraction of an original two-level full factorial
design for a defined number of factors. The reduction of experimental runs with these experimental
plans sacrifice the non-confused effects determination of individual factors and their interactions.
Therefore, they are applied when it is assumed that some interactions between factors are not
significant. Two-level fractional factorial designs are classified in resolution III, IV or V, aceording

® %

I
N
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Fig. 2(a-b): Experimental domains and runs distribution for two-level full factorial design as well
as their corresponding polynomial model with (a) Two factors and (b) Three factors
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Table 3: Resolutions of two-level fractional factorial design and their respective grades of confusion among interactions

Resolution Aliasing of interactions

111 Evaluate the main effects, which are confounded with two-factor interaction

IV Evaluate the main effects and confounded two-factor interactions (there is aliasing of the two-factor interactions)

v Evaluate the main effects and two-factor interactions independently (there is aliasing of the two-factor with three-factor
interactions)

the eonfusion among interactions (Table 3) (Breyfogle, 1992). In general fractional factorial designs
with resclution V are widely used because rarely interactions of three-factors have significant
influence on system responses.

Plackett-Burman design is another experimental plan where factors are studied at two-levels.
It 1s also useful for screening factors, when the number of them is fairly large. This experimental
strategy shows resolution I11. The number of experiment is a multiple of four. Hence, designs exist
for 4, 8, 12, 16, 20 and 24 etc., experiments. The number of experiments exeeeds the number of
factors, k, by one. Standard Plackett-Burman designs exist for 7, 11, 15, 19 and 25 factors. In cases
where the number of experimental factors is less than number defined for standard design
(a multiple of 4 minus 1), the final factors are dummy ones (Brereton, 2003).

After experimentation for sereening variables and also for optimizing (next section), polynomial
models are adjusted by matrix calculations. In order to demonstrate and improve the quality of
statistical model, four tests are mainly performed:

+  Goodness of fit

+ Lack of fit

+  Statistical significance of model coefficients
+ Residues analysis

Goodness of fit test describes how well current runs can be reproduced in the proposed
polynomial model. Lack of fit allows for determining whether or not errors associated to model for
experimental points not included in basic design are similar to experimental errors or noise
(Onsekizoglu et al., 2010). On the other hand, the significance of model coefficients is useful to
identify the independent variables with real effects on responses, to reduce the polynomial equation
and to facilitate the inferences about the system under study (Deming and Morgan, 1993). Finally,
residues analysis should be performed to confirm no patterns as well as if they are normally
distributed to ensure that residuals are randomly placed around the model (Harry et al., 2011),
otherwise a mathematical transformation response values could be necessary in order to improve
model fit to experimental data.

Screening experimental designs are applied in bioprocess area as first step in two-stage
methodology for optimizing culture media (ingredient concentrations), process variables
(temperature, time, agitation, linear flow, etc.) or a combination of both. The other remarkable
applicability of this type of experimental plans is to demonstrate process robustness or to validate
process in the biopharmaceutical industry (Jakobsson et af., 2005). In general, more than three
factors are included in these two-level designs when they are used in bicreactions or downstream
procedures.

As example: Plackett-Burman design was utilized during the first step for optimizing production
of lipases from a newly isolated Penicillium sp. Six variables at two-levels were considered in
12 experiments, three repetition on the center of the experimental domain were added.



Asian J. Biotechnol., § (1): 1-20, 2013

Independent varlables were temperature (28-36), incculums (25-126 ml L™,
peptone (20-80 g LY, veast extract (5-30 g L' 1), NaCl (5-30 g L ) and olive cil (10-30 g L 1. The
response variables were lipase activity after 48, 72 and 96 h of fermentation. Temperature, olive
o1l concentration and NaCl concentration, were the significant factors on lipase activity, with
negative effects far first variables and positive for the last one. In aptimization step, temperature
was set at 28°C because previous results confirmed similar optimal temperatures. Olive oil and NaCl
concentration were studied deeply in the optimization design according to physiological criteria
{(Wolski ef al,, 2009).

Another example of sereening experimental design was the application of a fraction factorial
design (Resolution I1I) as a first stage to optimize culture media for production of phycobiliprotein
by Swynechocystrs sp. PCC 6701, Seven factors (KNO,;, NaNO,, Na,H,PO,, Na,HPQO,, Ca{lNO,),,
FeEDTA, MgSO, concentrations) with two levels were studied. Addition two central point replicates
were included Lo original design (8 runs in duplicates = 16 runs), 18 runs were performed, The
response variable was specific growth rate. Nitrate and phosphate were identified as significant
factors. The other factors were discarded for the optimization step (Hong and Lee, 2008).

SURFACE RESPONSE METHODOLOGY

Full factorial three-level, Central composite and Box-Behnken designs for symmetrical domains
have been extensively used as surface response methods of choice in bioprocess. The central goal
1n these methads is to find the best combination of factors values in order to optimize the system
response(s).

Full factorial three-level are used for investigating two or three factors. In the case of many
factors the same problem as with a two-level design arises, the number of experiments becomes
high. They can be represented in the same way as previous described for two-level designs, 2% k
means number of factors and 3 is the number of levels {Otto, 2007; Fernandez-Nunez et al., 2011).
The number of experiment is 8% Forinstanee, in problem with 3 factors, 27 experimental runs must
be carried out (Fig. 3).

When high number of factors is required for system statistical modeling with optimizing
purposes or the experimentation eost. is elevated, ecentral composite and Box-Behnken design should
ba used.

Fig. 3(a-c): Geometrical representations of experimental points arrange for (a) Full three-level, (b)
Central composite and (c) Box-Behnken designs with three factors
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Central composite design is generated from full factorial two-level design link to a star design.

The number of run (n) is calculated by the following equation:
n =252k+n,

where, n is the number of runs in the geometrical center of the experimental domain. For three
factors, the number of experiments is 15, when repetitions number of the central point is 1 (Fig. 3).
Most of the composite central designs with applications in bioprocesses are circumscribe, the
distance of the star points (@) from the center can be calculated by this equation: ¢ = 2¥4
(Anderson and Whitcomb, 2004). The experimental disadvantage of this design is the position of
star point outside the hypercube, as a consequence the number of levels is higher than 2 (Fig. 3).
The alternative of solution for this drawback is the Box-Behnken design.

The experimental points in Box-Behnken experimental plan lie on a hypersphere equidistant
from the center point. The total number of experiment is even lower than those required in central
composite designs because need few factor combinations (Otto, 2007) (Fig. 3).

Guadratic polynomials are adjusted for data provided by these experimental plans, for this
reason quadratic terms for each factor are included in equation describing response(s)
(Anderson and Whitcomb, 2004). This allows the local maximum and minimum detection.

Several works using three levels factorial design for two or three factor in bioprocess have been
published. As example a 37 full factorial design was conducted to locate the optimum concentrations
of yeast extract (2.5-10 g L) and peptone (2.5-10 g L) for the maximum cell growth of
Bacillus fusiformis CICC 20463, used to transform 4"-demethyl epipodophyllotoxin (DMEP) into
4’-demethyl epipodophyllic acid (DMEFPA), at the same DMEFP consumption and DMEPA
accumulation were considered as response variables (y) too. Three y variables were modeled by
quadratic polynomial, the number of experimental points was 10, one central point was added to
9 initial runs for a 3%design. Each model was statistically analyzed and non-significant coefficients
weore eliminated. As example: the DMEP consumption was defined by the following Kq. 1. Then,
each combination for maximum cell growth, DMEP consumption and DMEPA accumulation were
defined (Tang ef al., 2010);

Yoee = 23.64X -1.83X2, o5
where, Y mp 1s the DMEP consumption response and X 1s the yeast extract concentration.

Central composite designs are frequently used in bioprocess problems too. Exemplifying, this
type of experimental plan was applied to model the purification of ¢-amylase from the cultivation
of Bacillus subfilis in a polyethylene glycol-citrate aqueous two-phase system. The PEG3350,
citrate and sodium chloride concentrations were selected as variables to evaluate partition
coefficients of ¢-amylase, total protein, purification factor and c-amylase yield. Value of «
for this problem (k = 3) was 1.88 (2* = 2%%, The experimental plan was composted by 8 runs
associated to the factorial design, 6 runs associated to the star points and b repetitions of the central
point. of the experimental domain. At the end of the work, the optimal values for three factors
determined by the statistical models were confirmed experimentally (Zhi et «l., 2005). This is an
important step when the results on small scales based on empiric models are going to be used on
large-scale in order to decrease risks in scale-up decisions.
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In general the Box-Behnken designs are suggested in bioprocess field when experiments
are costly or there is not much time for a large number of experimental runs. For instanee,
Box-Behnken design was used to optimize the levels of four factors (maltose, beef extract,
MgS0O, concentrations and incubation time) for chitosanase production by Bacillus sp. REKY3
{(Wee et al., 2009).

MIXTURE DESIGN

Mixtures designs constitute a category within the experimental designs, specifically fitted to
problems where factors are proportions or fractions (mass, volumetrie and molar). They have found
applications in different areas of knowledge. However, the number of papers with this statistical
tool for optimizing pharmaceutical formulations is significant (Gabrielsson et af., 2002). In
bioproeess, mixture designs have been also utilized for optimizing propertion of components of
culture media, mainly in bioremediation processes (Prakasham et «l., 2009) and they could be also
utilized to seek hest composition of liquid mixtures for metabolites extractions or chromatographic
mobile phases in downstream steps. It is prudent to clarify that mixtures design cannot be applied
for optimizing culture media if components are expressed in concentrations units, in these cases
experimental designs with process variables (sereening and surface response) are suitable.

The factors in this type of problems are not totally independent like those discussed for problems
with proeess variables. Fractions (x) must sum to unity and then the effective number of variables
is the total number minus 1 (Cornell, 2002). This has implications in the domains under
investigations. The geometrical domains in mixture problem are different to those for process
variable problem with the same number of factors, for this reason the experimental point arrange
discussed in previous sections cannct be used in mixture problems. For instance, mixtures with
three components are represented as equilateral triangle whereas a problem with three process
variables defines a cube (Fig. 4) (Fernandez et al.,, 2008a).

Problems with mixtures are divided in two main categories: without constrains and with
eonstrains. The first one encompasses mixtures in which all compaonents (factors) are studied in

Geomelrical Domains

No. of factors Mixture Process variables

Mixpure problem

with constrains

Fig. 4: Geometrical domains related to two or three factors for problems with mixture and process
variable. Arrow indicates a mixture problem with constrains, describing no similar
experimental area respect to original domain without constrains
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0-1 range. They are defined by symmetric geometrical areas (Fig. 4). Nevertheless, mixtures with
ingredients constrains (as<x;<b; a#0 or b=1) could generate irregular experimental areas (Fig. 4),
as a consequence different statistical design must be applied in each case. Simplex lattice designs
and simplex centroid designs are utilized in problems without constrains whereas D-optimal designs
are the experimental plans of choice for modeling response in mixtures studies with constrains
describing irregular areas (Fernandez et al., 2008a). When formulation with component constrains
lead to an experimental area being analogous to original (O<x,<1), simplex lattice and simplex
centroid designs can be used.

The mathematical models for responses in mixtures could be linear, quadratic, special cubic and
cubic. The linear models are usually employed for screening mixture ingredients and the others are
used to find the best. combination of factors which satisfy the response(s) goal (Cornell, 2002). The
decision among quadratic, special cubie and cubic model is taken balancing the level of precision
for describing response and the experimental time and cost.

In bioprocess, non-constrains problems have been the most discussed. As example, an
augmented simplex-centroid design for three components was used to improve glutaminase
production in solid-state fermentation by isolated Bacilius sp. RSP-GLU. Wheat bran, Bengal gram
and Palm seed fiber were de ingredients under study and the response variable was glutaminase
activity. A quadratic model described satisfactorily glutaminase activity. Two combinations of factors
were identified in order to maximize glutaminase production, 100% of Bengal gram husk or a
mixture of Bengal gram husk and wheat bran (66:34%) (Sathish et al., 2008).

Sometime, bioprocess professional need to define a polynomial equation for describing a
response as a function of ingredients proportions and process variables. In this case, crossed
experimental design is recommended (Lee and Gilmore, 2008). On the other hand, there exist
problems where a mixture inside another mixture should be optimized; in this situation crossed
mixture design must be applied (Delaroza and Scarminio, 2008). Recently, the last statistical tool
was used for improving a recombinant protein in continuous culture (Didier ef af., 2009).

In near future, mixture design could be more utilized in bioprocess because there are many
challenges involving optimization of ingredient proportions like definition of culture media and

composition of liquid phase in bioseparations.

UNIFORM DESIGN

Uniform designs were created by Fang at the end of 70’s to solve an industrial problem where
6 factors with at least 12 levels each should be considered. Nevertheless, the experimental runs
could not exceed 50 because of cost limitations. Using, the classical experimental designs for
polynomial modeling of systems described in previous sections, the number of runs generated by
these techniques would have been impossible for carrying out. Then, this problem was overcome
using Uniform design with only 31 experiments and each factor with 31 levels (Liang ef al., 2001).
This experimental plan produces uniform scattering of the design points over the experimental
domain (Fang and Chan, 2008). If point distribution in screening and surface response
experimental designs inside experiment domain is observed, it will be noticed that most of the points
are placed on the periphery of experimental domain. Therefore, the sample to be experimented for
generating inferences could be not representative. Classical experimental designs show uniform
scattering of designs point in their dimensions but not in the geometrical area defined by factor and
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their levels. One of the most important advantages of Uniform design over traditional experimental
design is that, even when factors number and their corresponding levels are large, the experiment
can be performed in a relatively small number of runs (Fang and Chan, 2006).

Most of experimental designs are based on model assumptions. However, experimental plans
insensitive to this assumption are desired. In other words, changes in the underlying distribution
or model should cause small change in the performance of the design (Liang et al., 2001). Uniform
designs do not have a mathematical model associated, thus it is particular suitable for studying
systems with an unknown underlying model. Artificial neural networks and multiple linear
regressions could be used to model non-linear and linear systems, respectively, after
experimentation and data eollection with uniform designs.

For programming experimentation (point arrange) in common problems by means of uniform
design, softwares and tables (http://’www.math.hkbu.edu hk/UniformDesign/) are available
(Sun et al., 2010; Zhou et al., 2011). The choice of particular experimental [U, (%] is defined by
number of runs (n), number of factors (s) and number of levels (q). Both process and mixture
variables can be studied through this kind of experimental design (Fang and Chan, 2006).

Uniform design is very attractive for statistical system modeling in bioprocess where the
experimentation is very expensive. In general, it has been used for optimizing conecentration of
culture medium components and process variables related to bioreactions step (Hua and Xu, 2011;
Wel ef al., 2009; Xu ef al., 2008).

As example: A uniform design was used to optimize medium composition in order to improve the
ethanol tolerance of self-flocculating yeast. Seven component were studied at 6 levels each
in experimental plan with 12 runs [U, (7)]. The ingredients were vitamins (x base),
(NH,.,S0,(g LY, IKLHPO, (g LY, MgS0,.7IL,0 (g LY, CaCl, 21,0 (g L™Y, ZnS0,. 7TH,0 (mg L1,
CoCl1,.6H,0 (mg L) and the response variables were viability and ethanol concentration. The
statistical model was adjusted by means a linear-regression method. The optimization of medium
component led to 90.2% of cell viability which demonstrated noteworthy improvement of ethanol
tolerance of the self-floccul ating yeast Xue et al., 2008).

MULTIPLE RESPONSE OPTIMIZATIONS

Finding optimal values of factors is a major goal in statistical modeling of little known systems,
in general research and therefore in bioprocess field too. However, in most of the cases systems need
to be evaluated by more than one response variable (Hendriks ef al., 1992). Sometimes models for
response differ greatly and then optimal values could be quite different for each particular
response. Besides, outcome parameters could have dissimilar positive criteria on the system, for
instance: in group of response variable, one of them would need to be maximized and another
could need minimized or set in a range to guarantee the best system performance comprehensively.
Thus, professionals in bioprocess research and development area must be trained in
multiresponse optimization. The main issue related to this kind of optimization is to make a
selection out of a set. of factor values that result in a compromise solution of a multicriteria problem
(Hendriks et ¢l., 1992).

A large number of statistical techniques with this purpose are now available. These include:
overlay plots, pareto optimality, utility functions, desirability funections and methods based on the
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standardized Euclidian distance between the predicted value of each response and the optimum one
that was obtained individually (Hendriks ef al., 1992; Sivakumar et al., 2007; Takayama et al.,
2003). Among them, the most employed in bioprocesses is the desirability function.

Desirability function includes all the response variables into a single function in order to
consider all of them simultaneously. This method requires minimum and maximum acceptable
values for each outcome variable. The individual response can be normalized to the desirability
funetions (d, k =1, 2, 3,..., n) with values inside the interval [0,1] using the distanes between
minimum and maximum acceptable values. The d, functions are then combined to cbtain a global
desirability function D which should be maximized choosing the best conditions of the designed
variables. D is calculated by the following equation (Takayama ef al., 2003; Moreira et al., 2007):

— 1 2 3 1A 1+2+r3
D = (d,7xd2xd Px L xd mypees

where, 1, is the relative importance assigned to each response.

The application of this method for multiresponse optimization is performed mainly in bioprocess
for defining best values of factors associated to bioreaction step (Moreira ef al., 2007; Liu and
Tang, 2010). For instance: Desirability function was used to find the best combination of four
medium component coneentrations (sucrose, yveast extract, peptone, Mg®) in order to maximize
three response variables: dry cell weight, extracellular and intra cellular polysaccharides. The
relative importance for three outcome variables was the same. The optimal values were 73, 11,
8¢ L' and 46 mM of sucrose, yeast extract, peptone and Mg?, respectively. Under these conditions
the predicted values for dry cell weight, extracellular and intra cellular polysaccharides were
24.50, 4.10 and 3.20 g L™, respectively (Liu and Tang, 2010).

HOW TO TAKE ADVANTAGE LARGE VOLUME OF DATA

The statistical techniques included in categories: fair comparison of results and statistical
modeling of little known systems are applied almost always on lab scale, for further application on
large-scale, scale-up criteria should be considered. However, nowadays modern bioprocess plants
are equipped with proper automation systems for capturing and recording material input, process
output, control action as well as physical parameters (Charaniya ef al., 2008; Alford, 2008). These
data might provide the cause of process response variables fluctuations. Besides, industrial
bioprocess data allows for improving process robustness and efficiency (Charaniya et al., 2008).

To identify novel and useful relations and patterns that associate process factors with different
process response, a methodology involving four interactive steps is commonly used. These steps are:
data processing, feature selection and/or dimensionality reduction, data mining and expert
analysis for interpretation of the results. Multivariate methods and artificial neuronal networks
have been extensively used in dimensionality reduction and data mining steps (Charaniya et al.,
2008, 2010).

Among multivariate methods for improving bioprocesses from production plant data, Principal
Component Analysis (PCA) and Partial Least Squares (PLS) are the most used (Charaniya et al.,
2010).

Specifically, PCA is applied to get a quick overview and to detect deviations from the desired
bioprocess behavior, Its main purpose is to reduce the dimension of the space of the inter-correlated
variables to a lower dimensional representation space with less correlated variables. The PCA is
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Fig. B: Principal component analysis: representation of matrix X decomposition in principal
components (PC), K: Matrix containing residuals

applied to bi-dimensional data structures (matrix-X) defined by p eolumns (number of variables)
and n rows (number of observations). Matrix-X is discomposed into a number of principal
components that maximize explained variance in data on each successive component under the
constraint of being orthogonal to the previous principal components (Nucei ef al., 2010). A bilinear
model is the result of this latent variable projection method, a product of scores T and the loadings
P matrices (Fig. 5). Two main graphics are generated from PCA, score and loading plots. Each
observations gets a score value on each principal component, then observations can be represented
in scores plots. This graph reveals clusters, trends and outliers in data. Similarly, variables are
represented in loading plots, allowing to detect correlations among variables and to interpret
patterns cbserved in the score plot (Rajalahti and EKvalheim, 2011). For instance: PCA was
applied to identify key variables from cell culture data related to a fed-batch culture of mouse
hybridoma by reducing their dimensionality. For each observation was defined: cell density,
conecentration of amino acids, major carbon sources and by-products. PCA identified three major
clusters characterized by a particular amino acids consumption/production rates (Selvarasu et al.,
2010).

Regression method based on PLS in bioprocess has been used to identify predictive
correlations between output parameters (Y) and factors (X) as well as detect process abnormalities
(Charaniya et al., 2008). PLS takes PCA one step further, as it deals with two matrixes (X and Y).
Each observation is represented in both spaces X and Y. In PLS, firstly a PCA is carried out for both
the deseriptive (X) and the response (Y) variables. Then, the best correlation between X and Y is
calculated using least square technique. Therefore, the resulting PLS model is not always the best
description of X and Y but rather of the relation between them. Summarizing, the emphasis in PL3
is both on the correlation between X and Y and a good description of X and Y (Gabrielsson ef al.,
2002). As a bioprocess example: a PLS regression was used to calibrate models in order to predict
volatile fatty acid concentrations from near infrared spectra obtained in biogas test plants. These
Volatile Fatty Acids (VFA) should be well controlled to guarantee a stable biogas production. The
model displayed acceptable to very good prediction performances for total VFA as well as for three
other essential individual acids based on test set validations. This PLS application was useful for
improving the bioreaction control (Holm-Nielsen and Esbensen, 2011).
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Another predictive approach used to analyze bioprocess data is Artificial Neural Networks
(ANN). Especially, it has been applied to predict the output of a fermentation process as a nonlinear
function of the process inputs. This artificial intelligence approach can be used together with
optimization methods to identify the optimal factor values to maximize the desire process response
(Charaniya et al., 2008). The inputs to the model are process measurements, then data are
weighted individually or in groups, after that combined using a nonlinear activation function at
a node referred to as a neuron. A process ANN model is often composed of an input layer, an output
layer and one or more hidden layers of nodes (Komives and Parker, 2003). There are many types
of ANN, the most often used ANN is a fully connected, supervised network with
backpropagation learning rule. This type of ANN is excellent at prediction and classification tasks
{Agatonovic-Kustrin and Beresford, 2000). A concrete example of ANN application in bioprocess for
taking advantage large volume of data was the satisfactory dynamic modeling of biochemical
oxygen demand, chemical oxygen demand, suspended solid and total nitrogen removal in a Waste
Water Treatment Plant (WWTP) using a data set collected from a full-scale WWTP (Lee ef al.,
2011).

COMBINING STATISTICAL MODELING OF LITTLE KNOWN SYSTEMS AND
MULTIVARIATE METHODS

To finish this review, it is appropriated to note that a useful statistical tool with wide
applications in pharmaceutical industry, it has not found the same application in bioprocess, the
multivariate designs. They are a combination of classical methods for modeling of little known
systems and multivariate methods (PCA and PLS). In pharmaceutical formulation, this
experimental strategy has been used to optimize type of ingredients and their concentrations
(Fernandez et «l., 2010). Ingredient types for the same purpose were characterized by several
descriptive variables and then PCA was applied to turn this categorical variable into numeric
variables (scores) (Gabrielsson ef al., 2002). Subsequently, a higher number of ingredients could
be considered, even for new ones non evaluated, the developed models could estimate the responses
associated to the system under study. This application would be interesting for culture media
optimization where most of the time different resources of nutrients are assessed.

Anocther application of the multivariate design is related to multi-stages processes which has
not frequently used in bioprocesses. In general, most of the time just one system unit is optimized
and it is not considered the system as a whole. Multivariate design allows for considering the
previous step by means of latent variables generate from PCA and integrate them to the own
variables of the system unit being optimize (Bergman et al., 1998). This would be very useful to
connect bioreaction and downstream steps. Specially for connecting bioreaction with the first
downstream operation unit.

INFERENCE

In this review, the statistical tools were classified so that professionals with low statistics
expertise involved in bioprocess research can choose the correct technique for a similar investigation
problem. Figure 6 is a graphical guide for this purpose. Examples from literature were also
commented in order to help the understanding of theoretical issues of each statistical technique.
Besides, some statistical tools without wide application at the moment in bioprocess were also
discussed, taking into consideration the near future use of them.
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ABSTRACT

The number of biopharmaceuticals for medical and veterinarian use produced in mammalian cells is increasing
year after year. All of them are obtained by stable recombinant cell lines. However, it is recognized that transient
gene expression produces high level expression in a short fime. In that sense, viral vectors have been extensively
used for producing recombinant proteins on lab-scale. Among them, Semliki Forest virus is commonly employed for
this purpose. This review discusses the main aspects related to the use of Semliki Forest virus technology as well as
its advantages and drawbacks which limit currently its utilization in biopharmaceutical industry on large-scale.

Key words: BHK-21, Large-scale bioprocesses, Mammalian cells, Recombinant proteins, SFV, Transient
expression

INTRODUCTION

Mammalian cells have become the major host for
recombinant proteins used as biopharmaceuticals
with medical and veterinarian applications (Baldi
et al. 2007; Concei¢do et al. 2007). The main
factor related to this extensive application is the
need of post-translational modifications in order to
guarantee the full bioactivity of these
macromelecules. Such changes are only accurately
performed by the mammalians cells (Walsh 2010).
Currently, there are two established strategies in
biopharmaceutical industry and academy to
produce heterologous proteins: the use of stable
cell lines, or transient gene expression (Kerrigan et
al. 2011). The first one is achieved through the

* Author for correspondence: entimiocu@yahoo.com

insertion of the recombinant gene(s) info the host
genome. This approach is useful to produce
recombinant protein for extended -cultivation
times. However, the identification and
characterization processes of these cell lines are
expensive and prolonged (De Jesus and Wurm
2011). On the other hand, when rapid assessment
of many proteins. or several variants of a single
protein is required, transient gene expression is the
strategy of choice. Furthermore. short upstream
processes (1-14 days) are related with transient
gene expression (De Jesus and Wurm 2011).

In transient gene expression, non-viral (plasmid
vectors) and viral expression vectors have been
designed for transferring the genes to mamunalian
cells. The reasons, which define the expression
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vector selection for this purpose are: the
recombinant protein application. the host cell,
bioprocess time. productivity and safety (Baldi et
al. 2007). The puwrity and recovery of plasmid
DNA encoding for interest protein are limiting
aspects when non-viral expression vectors are
chosen (Geisse and Henke 2005). In general. the
major concern for using virus as an expression
vector is their infective nature, which involves
biological risks (Sakamoto et al. 1999). However,
the utilization of replication-deficient viral vectors
such as Semliki Forest virus (SFV) and Sindbis
virus vectors avoids this problem while allowing
rapid and high-level gene delivery (Lundstrom et
al. 2001a). This review defines the main
advantages and drawbacks of SFV utilization for
biopharmaceutical production in the mammalian
cells and the present and near future challenges for
a wide application of this viral vector on large-
scale.

TRANSIENT GENE EXPRESSION IN
MAMMALIAN CELLS FOR
RECOMBINANT PROTEIN
PRODUCTION ON LARGE-SCALE

The transient gene expression used on large-scale
for recombinant protein production is a relatively
new technology. In the past. the volumetric
productivities reached by transient gene expression
were not competitive with those from the stable
cell lines (Hacker et al. 2009). However, recently,
productivity up to 1 g/l with HEK-293 cells
fransfected with plasmid DNA in 14 days
bioprocess has been reported (Backliwal et al.
2008). This report encourages new fransient gene
expressions in order to establish these processes at
higher volumetric scales (100-1.000 1 range).
Beyond. the technical problems related to this
gene expression way in the mammalian cells, there
are two limiting events for its consolidation in
biopharmaceutical industry:

1. At the present time. there is no therapeutic
protein using transient gene expression in
mammalian cells that has got regulatory
approval.

There is a perception in the industry that
large-scale ftransient gene expression is not
reproducible.

Both elements could be overcome by targeting a
protein with high value. which does not require a
large amount of recombinant protein to meet the

>

market demands and by developing robust
processes on small-scale using scalable devices,
respectively (Hacker et al. 2009). The experience
with baculovirus-insect cell expression system for
commercial manufacture of various veterinary and
human vaccines could be also used to solve the
cwrrent limitations in mammalian cells systems
(Cox 2012).

So far. the non-viral vector methods have been the
methods of choice for fransient gene expression
(Matasci et al. 2008). The recombinant gene is
usually cloned in a plasmid DNA and franstected
into the single-cell suspension culture. Only three
DNA delivery methods for introducing plasmids in
mammalian cells have been shown to be promising
for large-scale operations: caleium phosphate
DNA  co-precipitation. polyethyleneimine or
liposome DNA complexes and electroporation.
These DNA transfer systems have demonstrated
transfection efficiencies of more than 70%. After
DNA delivery. cells are maintained in the culture
for protein production during a limited time span,
usually 5-10 days (Wurm and Bernard 1999).
Transient gene expression by viral vectors is
carried out introducing the recombinant gene of
interest in viruses. The transfer of exogenous DNA
or RNA into animal cells, in general. as part of
viral particle is named as transduction. The
advantage of viral transduction over transfection
with naked plasmid DNA includes the high
efficiency of gene transfer because a natural
delivery process is used. The tendency of many
viruses to block the host cell protein synthesis and
favor the expression of wviral genes is also
important for heterologous genes expression,
which can increase bioprocess productivity.
Besides. different viruses can achieve different
transformation objectives: short-term infections
with high-level transient expression. long-term
expression by maintaining the genome as a latent
episomal replicon. or stable integration of DNA
into the host cell genome (Twyman 2005). The
disadvantages of virus as gene transfer wvectors
include more complex cloning strategies compared
to plasmid vectors, the biosafety problems related
to bioprocesses with virus and health risks after
recombinant protein administration associated to
possible presence of viral vector (Twyman 2005:
Lee et al. 2005). Many efforts have been addressed
to overcome these problems in wviral wvectors
(Lundstrom et al. 2001b; Chen et al. 2011).
Among the viral vectors for recombinant profein
expression in the mammalian cells are vaccinia
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virus (Pradeau-Aubreton et al. 2010). adenovirus
(Pham et al. 2006). alphaviruses (Venezuelan
Equine Encephalitis virus and Sindbis virus and
the SFV) (Quetglas et al. 2010). Despite of the fact
that the Baculovirus expression system is a well
established methodology in insect cells for
producing eukaryotic proteins (Koroleva et al
2010; Trowitzsch et al. 2010; Gomez-Casado
2011). the use of vectors based on this wvirus
(BacMam) has also demonstrated efficiency in the
mammalian cells (Kost et al. 2005).

SEMLIKI FOREST VIRUS (SFV)

SFV is a single positive-strand RNA virus with an
envelope structure. The first part (5’end) of
genome encodes the nonstructural proteins, while
the second part (3’end) encodes the structural
proteins (Dudek and Knipe 2006). Its genome has
been introduced into two plasmid vectors as cDNA
copies. The expression vector contains the SFV
nonstructural  genes  (nsP1-4). the strong
subgenomic SFV 26S promoter and a multilinker
cloning region to introduce the foreign genes for
recombinant protein expression. The SFV
structural proteins are provided from the helper
vector, including the envelope and capsid proteins
(Liljestrém and Garoff 1991). Co-transfection of
in vifro transcribed recombinant and helper RNA
can generate around 10°-10" recombinant viral
particles/ml. These particles have the capacity to
infect a wide range of mammalian and other
animal cell lines (Lundstrom 2003a). The
electroporation is the method of choice for SFV
RNAs  co-fransfection  but  lipid-mediated
transfection can be applied alternatively with
relatively good results (Lundstrom 2010).

Because of the presence of RNA packing signal
only in the recombinant RNA. no helper RNA will
be packaged. which generates replication-deficient
particles. increasing vector’s biosafety features. To
decrease the infection risks, a mutation was
inserted in the region encoding the viral spike
proteins, inhibiting host entry. Therefore, viral
vector could be no-infectious during the storage
period and could only be activated in vifro by
cleavage with o-chymotrypsin (Berglund et al.
1993; Benmaamar et al. 2009). After host cells
infection. rapid and Thigh-level transgene
expression is obtained. Different proteins have
been successtully expressed from the SFV vector.
Yields of 10° heterologous protein molecules per

cell, representing around 25% of the total cellular
protein yields have been obtained by this wviral
vector (Lundstrom 2003a).

The SFV vectors have become increasingly
attractive because of their characteristics of rapid
expression of high amounts of recombinant
protein. After infection, the RNA replication in the
host cell cytoplasm results in measurable
fransgene expression as early as 2 h after the
infection. In spite of the great potential for
widespread use of SFV for recombinant protein
production. two major drawbacks are related to
this viral vector: the strong cytotoxic effect on host
cells and the short-term expression pattern. In
addition, SFV infection of cell culture has been
demonstrated to induce apoptosis. Solving. or
mitigating these problems would expand even
more the applications range of this alphavirus
vector (Lundstrom 2002; Hassaine et al. 2006).

RECOMBINANT PROTEIN
PRODUCTION BY SEMLIKI FOREST
VIRUS VECTOR ON LAB-SCALE

On lab-scale, the SFV vector has been widely used
for obtaining sufficient amounts of recombinant
proteins for cellular, or molecular assays,
pharmacological tests and structural studies
(Hoffmann et al. 2001: Werten et al. 2002:
Cabaniols et al. 2009). Most of them are functional
membrane proteins, receptors (Shukla et al. 2006:
Eifler et al. 2007). enzymes (Bikker et al. 1997)
and viral proteins (Benmaamar et al. 2009). High
volumetric protein expression levels and yields
have been obtained by the modified SFV in the
mammalian cells, up to 10 mg 1" and 100-300
pmol mg'l of total proteins. for G protein-coupled
receptors (Shukla et al. 2007; Sevastsyanovich et
al. 2009). The yield enhancement by the use of
SFV vector comparing to stable cell lines and
other transient transfections could be 20 fold
higher (Shukla et al. 2007).

Currently. the studies for improving the SFV as
high efficient protein producer vector are, or
should be addressed to its genetic modification in
order to extend the expression time in the host
cells and optimizing the culture parameters during
the infection and expression processes such as the
host cell lines. temperature, pH. infection and
post-infection times and multiplicity of infection
(ratio of virus to target cell). The efforts in genetic
modifications of the SFV are focused on mutations

Braz. Arch. Biol Technol v.56 n.5: pp. 859-866, Sept/Oct 2013



862 Fernandez Nufiez, E. G. et al.

in alphavirus replicase to render this vector less
cytopathic (Casales et al. 2010). Host cell lines
more used for protein fransient expressions with
this alphavirus are Baby Hamster Kidney (BHK-
21). Chinese Hamster Ovary (CHO-K1) and
Human Embryonic Kidney (HEK293) in both
adherent and suspension cultures (Lundstrom
2003a: Lundstrom 2010). For a single protein
expression. the selection of the cell line could be
performed through a comparison among available
cell lines keeping constant the remaining
parameters of cell culture in small volume systems
(Blasey et al. 1997; Hassaine et al. 20006).
Deterministic and empiric models definition as
well as optimization of the bioprocess parameters
on small-scale have not been detailed enough for
this expression system. Works in this field could
improve the protein expression using the SFV.
Probably. the low number of paper on this subject
is justified because most of the time., SFV system
has been used on lab-scale without seeking to
develop subsequently a large-scale bioprocess. For
example, a study on temperature demonstrated that
the cultures grown at 33°C showed an increase of
10-20 fold expression for luciferase and the
expression time could be prolonged (up to 50 h)
when compared to 37°C cultures (Schlaeger and
Lundstrom 1998). For variables such as the pH
and multiplicity of infection. the investigated
ranges in literature are 6.4-7.8 and 30-400,
respectively. The protein expression has shown to
be very sensitive to small pH changes over the
course of bioprocess and directly related to the
multiplicity of infection (Blasey 1997: Blasey
2000). Nevertheless, a  modification of
pharmacological profile for some recombinant
receptors was observed when the cells were
infected with increased concentration of virus
(Lundstrom 2003Db). This could be a consequence
of a saturation of right protein synthesis capacity
in host cells. Thus, in future, more detailed studies
considering the bioprocess variables should be
performed on small-scale. This could be possible
if the SFV is definitively established on large-scale
processes.

CELL CULTURE STRATEGIES FOR
OBTAINING RECOMBINANT
PROTEINS BY THROUGH SEMLIKI
FOREST VIRUS SYSTEM

Among the alpha virus, only SFV has been used
for large-scale recombinant protein production,
which showed its popularity because the principles
of this kind of vectors are the same. As a rule the
cell culture used for transduction should be in
exponential growth phase to generate maximal
expression levels. To scale-up the Semiliki Forest
virus technology., it is absolutely essential to
establish  efficient infection and expression
conditions in suspension cultures of the
mammalian cells. In that sense, for reducing the
cell costs and to facilitate the purification of
recombinant proteins. CHO. HEK293 and BHK
lines were adapted in suspension growth in serum-
free medinm without the decrease in expression
level (Lundstrom 2003b). For high volume
cultures. compromises need to be made between
the optimal virus concentration and feasible virus
production. The main disadvantage of applying the
SFV system for the large-scale production of the
protein is the high cost of virus stock production
related to in vifro transcription process (Lundstrom
2010) (Fig. 1). In order to reduce the cost for virus
preparation. alpha virus packaged cell lines have
been developed (Polo et al. 1999; Blasey et al.
2000). This approach could simultaneously
increase the production of viral particles.

There are a few studies related to SFV utilization
on large-scale protein production by the utilization
of bioreactors, spinner (11) and agitated tank
(11.51) for producing the enzymes (bacterial (-
galactosidase and human cyclooxygenase-2) and
5-HT3 receptor (Blasey et al. 1997; Blasey et al.
2000) The culture strategies to perform these
bioprocesses were fed-batch and external medium
exchange (Fig. 2).

In the fed-batch process. the SFV was inoculated
in 10-20% bioreactor volume and BHK cells were
kept in contact with the virus for 90 min, and then
fresh culture medium was added to complete the
bioreactor wolume. The bioprocess after the
infection step lasted 20 h. High level protein
expression (16 mg l'l) was generated in a short
time (Blasey et al. 1997). On the other hand. in
external medium exchange process. 90% of
exhausted culture medium used for the BHK batch
cell culture was changed by fresh medium by
external cross-flow filtration with a hollow fiber
microfilter. Then the BHK cells were infected with
the modified SFV for 24 h (Fig. 2).
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Figure 1 - In vitro transcription process for Semliki Forest virus vector and its more costly reagents.
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Figure 2 - Culture strategies for transduction and protein expression with Semliki Forest virus on large-scale.

This strategy allowed the expression of 15 mg of  for bioprocess with stably transfected mammalian
5-HT3 receptors per 11.5 1 batch (Blasey et al.  cells (> 0.05 mg 1! for human membrane protein)
2000). The volumetric productivities for both the  (Chaudhary et al. 2011). Despite these good
processes were higher than those usually obtained  performances of this viral vector in the expression
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of associated and integral membrane proteins
(used in the pharmacological studies). besides the
costs of RNA in vifro transcription. one of the
main challenges related to the SFV vector
applications in biopharmaceuticals production is
the understanding of metabolic patterns during the
infections in order to define the suitable culture
medium and bioprocess strategies for improving
the volumetric productivity. Then. the SFV vector
could achieve E(]ui\-'alent performance with stable
cell lines (=1 gl™).

Another problem. which limits the use of this
transient expression vector in high volume
bioreactors is virus transduction into the cell
because of high cost and low efficiency. In this
regard flow electroporation could be an interesting
option (Parham et al. 1998). On the other hand.
from the analytical point of view, the difficulties
related to the establishment of accurate techniques
for viral particles quantification (Calgua et al.
2011) could delay the standardization of
biopharmaceutics manufacturing based on the SFV
vector.

CONCLUSIONS

The SFV. as also the rest of viral vectors for
protein  transient  expression. has  been
underutilized on large-scale. despite of its high
expression level on small-scale. Four most critical
aspects should be considered in order to establish
definitively this vector as a suitable alternative for
biopharmaceutical in high volume bioreactors:
reduced cost for the production of virus, suitable
culture medium and feed strategies over the course
of post-infection stage and transduction process, as
well as the precise method for wviral particles
quantification.
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Abstract This work focused on determining the
effect of dissolved oxvgen concentration (DO) on
growth and metabolism of BHK-21 cell line (host cell
for recombinant proteins manufacturing and viral
vaccines) cultured in two stirred tank bioreactors with
different aeration-homogenization systems, as well as
pH control mode. BHK-21 cell line adapted to single-
cell suspension was cultured in Celligen without
aeration cage (rotating gas-sparger) and Biotlo 110, at
10, 30 and 50 % air saturation (impeller for gas
dispersion from sparger-ring). The pH was controlled
at 7.2 as far as it was possible with gas mixtures. In
other runs, at 30 and 50 % (DO) in Bioflo 110, the cells
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grew at pH controlled with CO; and NaHCO 5 solution.
Glucose, lactate, glutamine, and ammonium were
quantified by enzymatic methods. Cell concentration,
size and specific oxygen consumption were also
determined. When NaHCO5 solution was not used,
the optimal DOs were 10 and 50 % air saturation for
Celligen and Bioflo 110, respectively. In this condition
maximum cell concentrations were higher than
4 % 10° celymL. An increase in maximum cell
concentration of 36 % was observed in batch carried
out at 30 % alr saturation in a classical stirred tank
bicreactor (Bioflo 110) with base solution addition.
The optimal parameters defined in this work allow for
bioprocess developing of viral vaccines, transient
protein expression and viral vector for gene therapy
based on BHK-21 cell line in two stirred tank
bioreactors with different agitation—aeration systems.

Kevwords BHEK-21 - Stirred tank bioreactor -
Dissolved oxygen - Mammalian cell culture - BHK-21
cell metabolism

Introduction

Mammalian cells culture has been widely used for
recombinant proteins and viral vaccines production, as
well as gene therapy (Park et al. 2010:; Vester et al.
2010; Merten 2006). Among cell lines with extensive
utilization ftor these purposes are Chinese hamster
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ovary (CHOQO), NSO mouse myeloma, Baby hamster
kidney (BHK), Human embryonic kidney 293 (HEK-
293) and few human-derived cell lines (Krampe and
Al-Rubeai 2010). Specifically, BHK cells have found
applications primarily in veterinarian viral vaccines
{foot-and-mouth disease and rabies wviruses), and
recently iIn human recombinant therapeutic proteins
such as Factor VIII (Bodeker et al. 1994; Kallel et al.
2003; Aunips 2010). Microcarrier support (pseudo-
suspension) and suspension cell culture systems have
been explored for this cell line when the scale-up of
bioprocess is desired, because of monolayer culture
limitations on large-scale (Kallel et al. 2003; Perrin
et al. 1995; Butler 2005; Astley et al. 2007). Never-
theless, microcarriers Increase process cost and
require extra optimization steps during development
like microcarrier type and concentration. To overcome
these drawbacks, cell lines, including BHK, have been
adapted to grow as single cells in suspension. Thus,
higher cell densities and concomitant volumetric
productivities could be achieved as well as the
scalability of the manufacturing process becomes
easier (Silva et al. 2008).

Several bioreactors configurations have been
assessed for mammalian cell culture. For suspension
culture, homogeneous bioreactors similar to those for
bacterial and veast cultures can be used (Kelley et al.
2008). Stirred tank, air-lift and bubble column biore-
actors have already been operated successtully with
suspension cultures of mammalian cells (Sambanis
and Hu 2008; Doelle et al. 2009; Handa-Corrigan et al.
1989). The selection of bioreactors to produce a
particular biopharmaceutical from this type of animal
cells has to meet special demands such as gentle
aeration and agitation in order to avoid cell damage, in
parallel some process parameters like pH, temperature
and dissolved oxygen must be well controlled { Doelle
et al. 2009). Concentrations of toxic metabolites
{lactate and ammonia) need to be at low levels { Doelle
et al. 2009; Cruz et al. 2000a). The main goal in this
task is to obtain high cell and/or product
concentration.

The aims of this work was to determine the
influence of aeration-homogenization system in stirred
tank bioreactors at different dissolved oxygen con-
centrations as well as pH control mode on BHK-21
cell growth and metabolism. The results could be
useful for optimizing viral vaccines production and
transient heterologous protein expression.

@ Springer

Materials and methods
Cell line and culture medium

BHEK-21 (C-13) cells (Sigma-Aldrich ECACC Cell
Lines, Lyon, France) adapted to single cell suspension
culture were kindly supplied by Dr. Renaud Wagner
trom Ecole Superieure Biotechnologie de Strasbourg
(France). The culture medium used had the following
composition by volume: Iscove’s Modified Dulbecco
Medium with glutamine and Phenol red (IMDM,
catalog number 12200-036, Gibco, Grand Island, NY,
USA) 455 %, High glucose Dulbecco’s Modified
Eagle Medium (DMEM, catalog number 12100-046,
Gibco, NY, USA) 455 %, heat inactivated fetal
bovine serum (Catalog number 10082-147, Gibco)
5%, 10 % m/v Pluronic F-68 (Sigma-Aldrich, St.
Louis, MO, USA) agueous solution 2 %, and 4 mM
glutamine (S1gma-Aldrich) aqueous solution 2 %.

Inoculum preparation

One milliliter of BHK-21 cells (2 x 10° cell/mL) was
thawed and placed in a 75 cm’ tissue culture flask
(vertical position) with 30 mL of culture medium for
growing. Four days later, the cell suspension was used to
mmoculate ((L12 = 10° cell/mL) consecutively other
tissue culture flasks with 25 and 75 cmz.enough culture
medium was added to reach final cellular suspensions of
10 and 30 mL, respectively. Inoculum tfor bioreactors
was generated from 100 to 250 mL spinner flasks
(Bellco Glass Inc., Vineland, NJ, USA), with operation
volumes of 50 and 100 mL, respectively; the stirring
speed was maintained at 30 rpm (Sci-Era quad drive
stirrer system with a stirrer (Bellco Biotechnology,
Vineland, NJ, USA). Spinners were previously inocu-
lated (0.25 x 10° cellVmL) from 75 cm” tissue culture
flask in the exponential phase. After 72 h, the inoculums
tor bioreactors were ready, the cell concentration and
viability in spinners were 427 x 10° + 085 x
10° celymL and 100 %, respectively. All the proce-
dures described in this section were performed in an
incubator (Thermoforma 3110, Marietta, OH, USA) at
37 °C and 5 % of carbon dioxide atmosphere.

Bioreactor cultures

Batch experiments in bioreactors were carried out in a
5 L Celligen (New Brunswick Scientific, Edison, NJ)
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without aeration cage and 2 L Bioflo 110 (New
Brunswick Scientific, Edison, NI) at 37 °C, 80 rpm,
with 2 and 1 L working volumes, respectively. The
initial cell concentration was 025 x 10° cel/mL. For
each bioreactor, dissolved oxygen was studied at 10,
30 and 50 % air saturation throughout the batch and
the pH was controlled at 7.2 until possible using a gas
mixture {(carbon dioxide, air, oxygen and nitrogen).
Two additional experiments were performed in Bioflo
110 at 30 and 50 % air saturation with controlling pH
at 7.2 during the whole batch time, adding NaHCO,
solution (8 % m/v) when necessary. Temperature, pH
and dissolved oxygen over the course of batch cultures
were online acquired by an in house LabVIEW
program (National Instruments, Austin, TX USA).
Other bioreactor operation parameters and aeration-
homogenization details are shown in Table 1.

Cell counting and sizing

The cells were counted using improved Neubauer
counting chamber ( Precicolor, HBG, Giessen-Liitzellin-
den, Germany) with proper sample dilution with Phos-
phate Buffer Saline. Viable cells were quantified in
parallel using the trypan blue exclusion method (Augusto
et al. 2010).

In some samples cell concentration and size were
determined by Scepter handheld automated cell
counter (Millipore, Billerica, MA, USA).

Nutrient and metabolite analysis

Five milliliter samples at different times during batches
were taken. They were centrifuged at 750¢ for 4 min
(Sorvall Biofuge Primo R Centrifuge, Thermo Elec-
tron Corp., Langenselbold, Germany). Subsequently,
supernants were filtered through 0.22 pm filter (Mil-
lex-GV filter unit, Sao Paulo, Brazil) and frozen at
—20 °C until analysis of nutrients and metabolites.

Glucose, lactate, glutamine and glutamate concen-
trations from supernant samples were measured using
enzyme-coupled reaction and electrochemical detec-
tion, in ¥YSI 2700 Select Bioanalyzer (YSI Life
Sciences, Yellow Springs, OH, USA).

Ammonium quantification was performed by
means of enzymatic—colorimetric method at 340 nm
(EnzyChrom™ Ammonia/Ammonium Assay Kit
(ENH3-100), BioAssay Systems, Hayward, CA,
USA). Briefly, NADH was converted to NADT in
the presence of NH;, ketoglutarate and glutamate
dehydrogenase. The decrease in optical density is
directly proportionate to ammonium and ammonia
concentration in the samples.

Estimation of maximum specific growth rate,
metabolite synthesis and nutrient consumption
factors

Maximum specific growth rate, p,,,.. was calculated
by plotting natural logarithm of viable cell concentra-
tion versus time during exponential phase (Augusto
et al. 2010).

Metabolite (lactate, glutamate and ammonium) to

cell yield (]’u_) for a given period was determined as
Eq. I:
_ AM _ M{F'_r} - M{F[}

=2
METAX, T Xo(n) - X (1)

(1)

where Mit,) and X, (t,) are metabolite and cell
concentration for a specific moment of the cell culture.
Nutrient (glucose and glutamine) consumption to

cell yield (Yi) for a given period was calculated as
Eq. 2:
AN _ N(t) = N(t2)

Y = H B X, (t2) — X,(ty) ?

Table 1 Some operation parameters and aeration-homogenization devices for each stimed tank bioreactor

Bioreactor Volumetric gas VVM (min ')* Aeration-homogenization device Kpa(h ')**
flow (mL/min)

Celligen 400 0.2 Rotating gas-sparger 237

Bioflo 110 200 Classical (impeller for gas dispersion) 454

* VWM Volume of gas per liquid volume per minute

** Kra Volumetric oxygen transfer coefficient was determined experimentally by means of dynamic oxygen-clectrode method

(Scargiali et al. 2010)

@ Springer



Cytotechnology

where N(t,) is nutrient concentration for a specific
moment of the cell culture.
Nutrient to metabolite conversion yield coefficients

(}’T%) (glutamine—ammonium and glucose—lactate
pairs), for a given time interval, were calculated as
Eq. 3:
AM — M(t,) - M(t,)
Voo = r = iz) — M) (3)
AN N(t) = N(t)

Cell specific oxygen consumption rate

The cell specific oxyvgen uptake rate (g0, nmol O3
cell™ min~") was determined by dynamic method
without modifications. It was gquantified from the
depletion in the dissolved oxvgen concentration after
stopping the gas flow. In this condition the mass
balance for the dissolved oxygen can be simplified as
Eq. 4. The g0, is obtained as the rate of oxygen uptake
ratio {(OUR,) and cell concentration (X,). OUR, is
calculated trom the slope of the plot of dissolved
oxygen concentration versus time after stopping gas
flow (Eq. 4) (Garcia-Ochoa et al. 2010). The proce-
dure was repeated at several moments during the batch
experiment. Specific oxygen consumption rate were
calculated assuming air saturation concentration of
0.21 mM for oxygen at 37 *C (Cruz et al. 2000a).

dC
E = =g - Xl- = —OUR‘{ {4}
d
where (%)d is the accumulation of oxygen in the
liquid phase.
Results

Influence of acration—homogenization system
in stirred tank bioreactors, dissolved oxygen
concentration (batches performed without base
addition to control pH)

The optimal dissolved oxygen concentration for batch
experiments without NaHCO; solution (8 % m/v)
addition was different for each bioreactor under study.
The highest maximum cell concentrations were
4.34 x 10° celVmL and 459 x 10° cell/mL for Bioflo
110 (50 % DO) and Celligen (10 % DO), respectively
(Table 2). As a rule the best batch cultures (maximum

@ Springer

cell concentration as a criterion) with this kind of partial
pH control were associated to longer times of culture
with pH values oscillating around 7.2. The pH decrease
for Bioflo 110 (50 % DO) and Celligen (10 % DO)
appeared at 2.75 and 2.32 days, in that order (Fig. 1).
Simultaneously, the ammonium and lactate synthesis
factors were lower than those related to other batches
performed at different DO in this pH control condition
(Table 2). The glutamine and glucose metabolism at
optimal DO conditions were more efficient. Specifi-
cally, for glucose, values of lactate-glucose conversion
tactors were the lowest and distant of 2 (theoretical
value for total conversion to lactate) (Table 2).

The pmax values were in the 1.30-1.93 da}'_' and
1.49-1.81 day™ " ranges for Bioflo 110 and Celligen,
respectively (Table 2). The end of exponential phase
in all experiments was around 2 days after bioreactor
mnoculation (Fig. 2). In almost all experiments, the
viability was inferior to %) % after 4 days from the
inoculum, the exception was the batch performed in
Celligen at 10% DO (cell wviability = 92.9 %)
(Fig. 2d). This batch matched with the lowest ammo-
nium synthesis (Table 2).

Influence of pH control mode

When pH was controlled during the whole batch,
similar (50 % DO) and improved (30 % DO) values of
maximum cell concentrations with respect to those for
batches without base solution addition were observed
(Table 2;: Fig. 2). Concurrently, the glucose was
totally exhausted (Fig. 2).

Glutamine consumption to cell yvields for the batch
performed at 30 % DO with base addition was lower
than the same batch without NaHCO; solution (8 %
m/v) addition at the end of the exponential phase
(36 %) and maximum cell concentration (39 %),
meanwhile the same values for this parameter were
observed at 50 % DO with both pH control modes
{Table 2). Besides, the yield of lactate and ammonium
per cell were also inferior at 30 % DO with base
addition with respect to similar batches without base
addition. Opposite performance was observed at 50 %
DO (Table 2).

General findings

Discrepancies between cell counting by hemocytom-
eter and scepter handheld automated cell counter were
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Fig. 1 pH profiles for the
experiments performed in
Celligen and Bioflo 110 :
bioreactors without additon I:
of base solution to control
pH. a Batches in Bioflo 110, *
b Batches in Celligen
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detected. This was most evident for cell concentration
higher than 3.5 x 10% celVmL (Table 2). Probably,
the changes of culture medium at high cell concentra-
tion interfere in impedance-based particle detection
used by the scepter counter.

The oxygen cell consumption was higher in batches
performed without base addition in Celligen. How-
ever, in both experimental conditions, a decrease in the
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cell specific oxygen consumption rate throughout the
experiment was confirmed (Fig. 3). At the end of the
batches, the gO- values were similar (1.14-4.75 1077
nmol O cell™! min™"). A similar inverse relationship
between cell size and culture time was also observed.
As a conclusion, for this parameter, highest maximum

cell concentrations were associated to smallest cell
size at the end of batch culture. When maximum cell
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Fig. 2 Profiles of viable
cell concentration, cell
viahility, nutrients
(glutamine and D-glucose)
and metabolites ( glutamate,
ammonium and L-Lactate).
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iz. 2 continued
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Fig. 2 continued
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concentrations were higher than 4 x 10° cell/mL, the
cell sizes were smaller than 11 pm (Fig. 4).

Discussion

Despite the high number of publications about BHK-
21 culture in bioreactors and metabolism (Kallel et al.
2003; Perrin et al. 1995; Teixeira et al. 2005; Cruz
et al. 2000b), combined studies about different biore-
actors assessment at different dissolved oxvgen con-
centrations are not often addressed. Similarly, the
impact of pH control mode (with or without base
addition) is not usually set.

In the present work a classical stirred tank biore-
actor (Biotlo 110) was compared to a modified cell litt
impeller bioreactor (Celligen) (Mirro and Voll 2009).

The modifications consisted of removing the aeration
cage (useful for cell culture with microcarriers) and
the working volume level was lower in relation to the
discharge ports. Thus, the agitation device was a
rotating gas-sparger. To avoid cell damage caused by
shear torces resulting from mechanical agitation and
acration, it was included in culture medium compo-
sition, Pluronic F-68 (0.2 % m/v) was included in
culture medium composition, its protecting effect was
reinforced with fetal bovine serum addition (Molina-
Grima et al. 1997).

The maximum cell concentrations (1.85—4.94 x
10° cell/mL., Table 2} for both bicreactors under
study, operating in different conditions, were higher or
similar to other reported values for this parameter in
BHK-21 or recombinant BHK-21 cells suspension
cultures using fetal bovine serum or serum-free or
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handheld automated cell counter. a Bioflo. b Celligen

protein-free media in batch mode (1-3.2 x 10° cell/
mL) (Handa-Cormgan et al. 1989; Cruz et al. 2002;
Moreiraet al. 1995; Ishaque etal. 2007 ). In general, the
studies related with increase of cell concentration in

@ Springer

BHEK-21 cell lines are focused on the optimization of
the glutamine and glucose metabolism (Cruz et al.
2000a; Cruz et al. 2000b; Butler and Jenkins 1959).
Rarely, the influence of cell physical environment and
the concentration of other important molecule for both
metabolic pathways, oxygen, are explored for this
purpose. In the present work, low glucose and gluta-
mine consumption to cell vield, as well as low lactate-
glucose and ammonium-glutamine yield coetficients
were observed in both bioreactors when highest
maximum cell concentrations were reached ( Table 2).
This suggests that 10 and 50 % DO for Celligen and
Bioflo 110 (without base addition) are proper condi-
tions for more efficient glucose and glutamine metab-
olism of BHK-21 cell with a culture medium with 4 g/
L of glucose and 3.72 mM of glutamine. The earlier
drop of initial pH (7.2) (Fig. 1) in those experiments
with low values of maximum cell concentration could
be explained by the high production of lactate and
ammonium, metabolites responsible for pH decrease
and growth inhibition (Cruz et al. 2000a). However,
carbon dioxide (CO5) accumulation effect (inducing
pH decrease) in culture media should not be neglected.
The differences between optimal DO for each biore-
actor could be justified by ditferent efficient conditions
tor CO, stripping out. It has been reported that aeration
systems designed for etfective oxygen transter will not
necessarily be efficient for CO5 removal (Birch 2010).
Probably, gas mixtures to keep constant low DO
(10 %) are suitable to CO; stripping tfrom culture broth
and favoring BHK-21 metabolism and respiration in a
stirred tank biloreactor with a rotating gas-sparger
(Celligen with modifications).

The etfective pH control throughout the whole
batch prevents the intracellular acidification and as a
consequence, normal cell physiology is guaranteed.
Thus the negative effects of lactate and ammonium
ions is reduced, because of the reduction of their
intrinsic toxicity and osmolarity effects. Therefore, the
improvement of maximum cell concentration and
glutamine consumption tocell vield at 30 % DO in the
Bioflo 110 as well as the total glucose total consump-
tion (30 and 50 % DO) when base solution was added
is justified by this pH control mode in bioreactor
(Table 2; Fg. 2b, e). However, an Increase in the
maximum cell concentration was not observed at
50 % DO. Probably, the bioconversion yield (Yn’.i_n. Y%)

without or with base addition was similar because gas
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mixture compositions at this D) are able to maintain
pH constant until the minimum limit value for
glutamine consumption to cell vield for BHK-21 cell
line at 50 % DO. Thus, it was demonstrated that base
addition to control pH at 7.2 was not necessary to
improved maximum cell concentration at 50 % DO in
the Bioflo 110 bioreactor (Figs. la, 2c, h).

Based on the direct relationship between the end of
the exponential phase and glutamine depletion, gluta-
mine could be considered the limiting substrate.
However, the increase of this amino acid concentra-
tion in culture medium is not a suitable alternative in
order toincrease maximum cell concentration because
high ammonium synthesis could be induced at gluta-
mine concentration above 4 mM (Butler and Jenkins
1989). Ammonium levels for this culture medium
(3.72 mM of glutamine) were already high enough to
promote apoptosis in BHK cells (=2 mM) (Teixeira
et al. 20035). In addition, ammonium is released by
cells due to the amino acids (Schneider et al. 1996),
and not only due to glutamine metabolism; the values
of ¥yy, /G are much lower than 2 (theoretical value
for a complete oxidation of glutamine through the
tricarboxylic acid cycle) (Table 2). This result sug-
gests that glucose is the principal energetic source for
BHK cells in both bioreactors in the 10-530 % DO
range, in particular for Celligen 100 % DO (Table 2).
On the other hand, batch with low maximum cell
concentrations In Celligen (30 and 50 % DO) were
associated to high Yy, 6, values. This could be
justified by the enhanced action of glutaminase
(responsible for enzymatic glutamine degradation into
glutamate and ammonium in bioreaction broth) con-
tained in fetal bovine serum (Ozturk and Palsson
1990, at 30 and 50 % DO in the rotating gas-sparger
bicreactor (Table 2).

Considering that lactate was only produced by
aerobic glycolysis (lactate formation is also possible
trom glutamine (Schneider et al. 1996)), more than
64 % (Ypein = 1.28) of glucose was metabolized
tollowing this metabolic route for all experiments
(Table 2); the rest was metabolized through tricar-
boxylic acid cycle. Under normal condition, mamma-
lian cells in bioreactors consume large amounts of
glucose; nearly 90 % of this monosaccharide is
converted to lactate (Mulukutla et al. 201(0). For DO
concentration which ensures highest cell concentra-
tion iIn Celligen without aeration cage (10 % air

saturation), upto 71 % of glucose was converted to
lactate. With the same criterion, for the best conditions
n stirred tank bioreactor assessed in this work (DO at
30 % air saturation and pH control with base solution
addition), the lactate—glucose conversion percentage
was at most of 66 %. Thus, the use of glucose in
optimal conditions for both bioreactors was similar to
other reported values for BHK-21 culture at high
glucose concentrations (Y. i, in 1.5-1.6 mol/mol
range) (Cruz et al. 1999) and suitable for mammalian
cell culture (much less than 90 %) (Mulukutla et al.
2010,

The maximum lactate concentration at the end of
the exponential phase among performed batches was
2.33 /L (26 mM), for Celligen at 30 % air saturation
(Fig. 2). Therefore, the BHK-21 cell culture in condi-
tions considered in this work should not be inhibited by
lactate, because it has been reported that inhibitory
lactate concentrations for BHK-21 cells were around
28 mM in suspension cultures (Cruz et al. 2000a).

The proximity of conversion factors for two critical
moments of the batch (Table 2), the end of the
exponential phase and the maximum cell concentra-
tion, was confirmed. In general, the time difference is
around 12 h. This also suggests a substrate (gluta-
mine) inhibition of growth as was previously men-
tioned (Radlett et al. 1971).

The maximum specific growth rate for mammalian
cells varies in the range of 0.55-1.39 day_' ( Dietmair
et al. 2012). In both Celligen and Bioflo BHK-21
cultures, the maximum specific growth rates were
higher or next to the superior limit of the usual range
tor this variable (Table 2). This is an important
parameter for maximizing production of viruses when
they are more active in cycling cells. It has been
demonstrated by several authors that enhanced cell
growth rates should lead to an increased viral produc-
tion rate (Merten 2004). Thus, BHK-21 cell line,
culture medium and bioreactor configurations used in
this study are suitable for viral vaccine manufacturing,
transient protein expression and gene therapy vector
production.

Regarding, cell specific oxygen uptake rates, their
profiles and values for evaluated conditions in both
bioreactors were similar to others as previously
reported (Cruz et al. 2000a; Cruz et al. 1999) for the
BHK-21 cell line at high imnal glucose concentration
(4 g/L). The decrease of cell specific oxygen uptake
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rates over the course of bioconversion could be
justified by changes in medium composition and cell
growth phase (Garcia-Ochoa et al. 2010; Jorjani and
Ozturk 1999). The lactate concentration increase has a
direct influence on cell specific oxygen uptake rate
decrease (Cruz et al. 2000a). Higher initial cell specific
oxygen uptake rates in Celligen is an evidence of more
efficient glucose metabolism in this bioreactor com-
pared to the Bioflo 110 bioreactor at the beginning of
batches (Fig. 3).

Low cell size was an indicative of the high cell
concentration in both bioreactor (Figs. 2, 4). One of
the causes of this relationship could be the osmolarity
increase. Higher osmolarity results in a decrease of
cell volume due to the enhanced efflux of water
(Seewdster and Lehmann 1997). It has been reported
that accumulation of lactate leads to high osmolarity
(L1 et al. 2010). As high lactate concentrations were
directly correlated with high cell concentrations
(Fig. 2), this metabolite could be the main component
for the increase in osmolarity.

Conclusion

Taking into consideration the highest maximum BHK-
21 cell concentranion as choice criterion, best dis-
solved oxygen concentrations for assessed stirred tank
bioreactors were 10 (rotating gas-sparger) and 50 %
(with impeller for gas dispersion) air saturation. As a
consequence, the impact of aeration—homogenization
system on BHK-21 cell growth and metabolism was
quantified. These findings are valid when no NaHCO;
solution (8 % m/v)is added to control pH. Addition of
base solution in conjunction with COs in aeration
mixtures could be significant, but it depends on
dissolved oxygen concentration. In this work, maxi-
mum BHEK-21 cell concentration at 30 % air satura-
tion in classical stirred tank was improved in 36 %
when the pH was controlled during the whole biore-
action time with respect to a similar experiment
perfomed without base addition. Nevertheless, no
differences were detected for 50 % air saturation for
the same bioreactor. The optimal parameters defined
in this work allow for bioprocess development for
manufacturing of viral vaccines, transient protein
expression and viral vector production for gene
therapy purposes based on the use BHK-21 cells
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grown in suspension in two types of bioreactors
operating 1n batch mode.
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Monitoring mammalian cell culture with UV—vis spectroscopy has not been widely
explored. The aim of this work was to calibrate Partial Least Squares (PLS) models from
off-line UV—vis spectral data in order to predict some nutrients and metabolites, as well as
viable cell concentrations for mammalian cell bioprocess using phenol red in culture
medium. The BHK-21 cell line was used as a mammalian cell model. Spectra of samples
taken from batches performed at different dissolved oxygen concentrations (10, 30, 50, and
70% air saturation), in two bioreactor configurations and with two strategies to control pH
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were used to calibrate and validate PLS models. Glutamine, glutamate, glucose, and lactate
concentrations were suitably predicted by means of this strategy. Especially for glutamine
and glucose concentrations, the prediction error averages were lower than 0.50 * 0.10 mM
and 221 *0.16 mM, respectively. These values are comparable with those previously
reported using near infrared and Raman spectroscopy in conjunction with PLS. However,
viable cell concentration models need to be improved. The present work allows for UV—vis
at-line sensor development, decrease cost related to nutrients and metabolite quantifications
and establishment of fed-batch feeding schemes. © 2013 American Institute of Chemical

Engineers Biotechnol. Prog., 30:241-248, 2014
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Introduction

Since 2004, when Food and Drug Administration launched
the Process Analytical Technology (PAT), biopharmaceutical
companies were encouraged to adopt modern bioprocess mon-
itoring techniques based on on-line or at-line analysis of key
variables. This initiative i1s useful for early detection of faults,
as a consequence, to maximize the probability of high quality
products at the end of the proccss.' The concepts associated to
PAT can be also applied during the initial stages of bioprocess
development at the lab scale, both in academic and industrial
contexts, to characterize and validate them.?

Multivariate data analysis is considered to be a helptul
tool within PAT because of its potential for expanding
understanding and reducing development bioprocess time.?
Multivariate techniques, such as Principal Component Analy-
sis and Partial Least Squares (PLS), reduce the high number
of dimensions of the collected data over the course of
batches. Thus, they enable the identification of correlations
between relevant variables.*

At present, few process-related variables (pH, temperature,
dissolved oxygen concentration, biovolume, and cell density)
can be monitored using in situ [:)robcs."”ﬁ Hence, to access to the
real-time evolution of cell metabolism, the development of new
PAT methods for metabolic parameters are needed. The combi-
nations of spectroscopic methods and multivariate data analysis
in animal cell cultures have been used to simultaneously pro-
vide on-line, at-line and off-line information about several bio-
process variables, including culture medium composition
(nutrients and metabolites) and living cells number.'7* Among
spectroscopic techniques, near infrared spectra has been widely
exploited with this purpos&"m Specifically, in mammalian cell
culture, nuclear magnetic resonance, fluorescence and Raman
spectroscopies have been also used for monitoring nutrients,
metabolites and viable cell concentration.'’'? The lack of use
of ultraviolet-visible spectroscopy in mammalian cell biopro-
cess could be justity by the poor information of UV—vis spectra
due to the broad and unspecific bands obtained, the inability to
detect higher energy electronic levels in molecules, as well as
the spectral interferences of a second, dispersed phase (cells
and gas bubbles) because of light scattering effects.'”

Most of the biopharmaceuticals are complex recombinant
proteins, for this reason, mammalian cells are the hosts of
choice because they ensure the correct post-translational
modifications to confer function and safct}n” This kind of
animal cells has been also frequently used for viral vaccine
productiUnAI4 Among mammalian cells, the BHK-21 cell line
has found applications in veterinarian viral vaccines and het-
erologous protein production, even in the transient mode.'>'®

Many media formulations for mammalian cell culture
often contain an optional pH indicator, phenol red. This dye

provides a useful, visual but qualitative mode for monitoring
metabolism within a culture device.'”

The aim of this work was to calibrate a PLS model for glu-
tamine, glutamate, glucose, lactate, and viable cell concentra-
tion based on off-line ultraviolet-visible spectra for BHK-21
suspension cell culture in bioreactors. This study could repre-
sent an important step for developing non-invasive on-line
metabolic monitoring devices for BHK-21 cell bioreactors.

Material and Methods

Cell line and culture medium

BHK-21 (C-13) cells (Sigma-Aldrich ECACC Cell Lines,
Lyon, France) adapted to single cell suspension culture were
kindly supplied by Dr. Renaud Wagner from Ecole Superieure
Biotechnologic de Strasbourg, France. The culture medium for
this cell line had the following composition by volume: Iscove’s
Modified Dulbecco Medium with glutamine and Phenol red
(IMDM, catalog number 12200-036, Gibco, NY) 45.5%, High
elucose Dulbecco’s Modified Eagle Medium (DMEM, catalog
number 12100-046, Gibco, NY) 45.5%, heat inactivated fetal
bovine serum (Catalog number 10082-147, Gibco, Grand Island,
NY) 5%, 10% m/v Pluronic F-68 (Sigma-Aldrich, St. Louis,
MO) aqueous solution 2%, and 4 mM glutamine (Sigma-
Aldrich, Tokyo, MO) aqueous solution 2%.

Inoculum preparation

One milliliter of BHK-21 cells (2 X 10° cell/mL) was thawed
and placed in a 75 cm? tissue culture flask (vertical position)
with 30 mL of culture medium for growing. Four days after-
wards, the cell suspension was used to inoculate (0.12 X 10°
cell/mL) consecutively other tissue culture flasks with 25 and
75 em?; enough culture medium was added to reach final cellu-
lar suspensions of 10 and 30 mL, respectively. Inoculum for
bioreactors was generated from 100 and 250 mL spinner flasks
(Bellco Glass, Vineland, NJ), with working volumes of 50 and
100 mL, respectively; the stirring speed was maintained at 30
rpm (Sci-Era quard drive stirrer system with a stirrer, Bellco
Biotechnology, Vineland, NJ). Spinners were previously seeded
(0.25 % 10° celymL) from 75 em’ tissue culture flask in the
exponential phase. After 72 h, the mnoculums for bioreactors
were ready; the cell concentration and viability in spinners were
427 % 10° cell/mL £ 0.85 X 10° cell/mL and 100%, respec-
tively. All the procedures described in this section were per-
formed into an incubator (Thermoforma 3110, Marietta, OH) at
37°C and 5% of carbon dioxide atmosphere.

Bioreactor cultures

Batch experiments in bioreactors were carried out ina 5 L
Celligen (New Brunswick Scientific, Edison, NI) without
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aeration cage and 2 L Bioflo 110 (New Brunswick Scientific,
Edison, NI) at 37°C, agitation at 80 rpm. Bioreactors oper-
ated with 2 and 1 L working volumes, respectively, with ini-
tial cell concentration of 0.25 % 10° cell/mL.

Using a variable gas mixture (carbon dioxide, air, oxygen,
and nitrogen), different controlled dissolved oxygen concen-
trations were assessed: for Celligen (400 mL/min volumetric
gas flow), 10, 30, and 50% of air saturation was used and
for the experiments performed in the Bioflo 110 (200 mL/
min volumetric gas flow), 10, 30, 50, and 70% were used.
The pH for both bioreactors was also controlled at 7.2 just
with CO, until it was possible, according to buffering
capacity of NaHCO5-CO, system.

Additional experiments were performed in duplicate in
Bioflo 110 at 30 and 50% air saturation controlling pH at
7.2 during whole batch time, adding gas CO, or NaHCO;
solution (8% m/v) when necessary. Temperature, pH and dis-
solved oxygen over the course of batch cultures were
acquired online using a homemade LabVIEW program
(National Instruments, Austin, TX).

Cell counting

The cells were counted using Neubauer improved counting
chamber (Precicolor HBG, Germany) with proper sample
dilution with Phosphate Buffer Saline. Cell viability was
quantified in parallel using the trypan blue dye exclusion
method.'®

Nutrient and metabolite analysis

Five milliliter samples at different times during batches
were taken (8 or 9 samples for each batch). They were cen-
trifuged at 750g for 4 min at 4°C (Sorvall Biofuge Primo R
Centrifuge, Thermo Electron Corp. Germany). Subsequently,
supernatants were filtered through 0.22 um filter (Millex-GV
filter unit, Sao Paulo. Brazil) and frozen at —20°C until
spectral, nutrients and metabolites analysis.

Glucose, lactate, glutamine, and glutamate (g/L) concen-
trations from supernatant samples were measured using
enzyme-coupled reaction and electrochemical detection, in
YSI 2700 select bioanalyzer (YSI Life Sciences, Yellow
Springs, OH).

UV=vis spectrum analyses

Samples were thawed and equilibrated at room tempera-
ture. Then, they were dissolved 10-fold in deionized water.
Dissolved samples were pipetted in disposable polymethyl-
methacrylate UV-vis cuvettes (1.5 mL, Kartell, Noviglio,
Italy). Deionized water was used as blank. UV—vis spectra
of samples from 280 to 800 nm (1 nm width pass) were per-
formed in Biomate 3 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA). Absorbance data were recorded via
hyperterminal of an external computer. Subsequently, data
were exported to Micosoft Office Excel 2007 (Microsoft
Corporation, Redmond) for graphing and further processing.

PLS modeling

Seventy (5 batches, 43 experimental points) and seventy
six (3 batches, 26 experimental points) percent of the col-
lected samples were used to calibrate a PLS models for
batches performed without and with NaHCO; solution addi-
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tion, respectively. The remaining data were used for model
validation: experiments carried out at 50 % air saturation in
both bioreactors were used to validate PLS models adjusted
for batches without base solution addition, whereas one of
the batches performed at 50% air saturation with NaHCO3
solution addition was used for model validation in biocon-
version with base solution addition to control pH.

The X matrix included sample absorbances within the
spectral range under study. On the other hand, Y matrix was
composed by the glucose, lactate, glutamine, glutamate, and
viable cell concentrations. PLS modeling was performed in
SIMCA 13 demo version software (Umetrics, Umea, Swe-
den). The validation of PLS models was done by means of
statistical significance evaluation of intercept and slope in
simple linear models for predicted and actual values of
parameters under consideration. The software used with this
purpose was Statgraphics Plus 5.0 (Statistical Graphics Cor-
poration, VA). The graphs were set in Microsoft Excel 2007.

Results

The UV—vis spectra for supematant samples of BHK cell
cultures were characterized for three peaks with maximum
absorbance around 286, 422, and 560 nm (Figures 1-3). The
286 nm peak did not show a clear relation with batch time.
However, as a rule 422 nm peak increased as time increased,
contrary performance for 560 nm peak was observed. How-
ever, from 600 nm no changes in absorbance were observed.

In the final moments of the batches with NaHCO3 solution
addition to control pH, the decrease of absorbance at 560 nm
was not as marked as those for batches without pH control
at the end of experiment (generally, after the second day of
cell cultures; Figures 1-3).

The spectral data was well correlated with glutamine, glu-
tamate, glucose, and lactate concentrations, together with the
natural logarithm of viable cell concentration for both pH
control modes. Six and four PLS components were necessary
to model satisfactory batches performed without and with
base solution, respectively. Values of R? (percent of variation
of the training set —Y with PLS- explained by the model)
and Q7 (percent o f the variation of the training set — Y with
PLS — predicted by the model according to cross validation),
both with and without base solution addition, were >(0.5
(Table 1).

The validation of PLS models were confirmed by the sta-
tistical significance of simple linear model between observed
and predicted values (P < 0.05, data not shown) and the
intercept (0) and slope (1) values of these linear models
(Table 2). Statistically similar values (P > 0.05) for intercept
and slope to 0 and 1, respectively, it is an evidence that the
present chemometric method do not have signal interference
and predicted values for parameters under consideration are
similar to actual values.

The accuracy of PLS models was assessed by means of
prediction error, the errors for glutamine and glutamate con-
centrations were <0.5 mM. The error range tfor glucose and
lactate was in the 1.51-3.08 mM range. Viable cell concen-
tration error for batches with pH control during the whole
batch was two-fold higher than those related to batches with-
out NaHCO; addition (Table 3). In general, similar predic-
tions for glutamine, glutamate, glucose and lactate were
observed for a batch performed without NaHCOj; addition
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Figure 1. UV-vis Spectral (A-C), nutrients and metabolites (D-F), and pH profile and growth data (G-I) of samples from batches
performed without base solution addition (pH control) at 10, 30, and 50% dissolved oxygen in Celligen bioreactor,

respectively.

(Figure 4) respect to a batch with total time pH control (Fig-
ure 5; Table 3).

Discussion

Determinations of some substances or even biomedia
characterization with specific analytical techniques are usu-
ally expensive, both on-line and off-line quantifications.
The global direct methods for these purposes were devel-
oped to overcome this trouble; they are a combination of a
hard part, for sensing and a soft part, for data treatment."®
The UV-vis spectroscopy is one of the hard candidates
that has been successfully tested for in situ determination,

notwithstanding its use has been mainly used in wastewater
characterization.'**°

UV—vis radiation has much more energy than infrared
radiations, the most utilized electromagnetic spectrum range
in bioprocess substances and biomass monitoring.z' The
UV=—vis radiation absorption by a substance causes the exci-
tation and transition of the outer electrons of the atomic or
molecular orbitals. Therefore, rotational and vibrational lev-
els of molecular orbitals are overlapped on the electronic
levels, generating absorption spectra with broad bands.
Besides, UV—-vis spectra of aqueous samples are affected by
presence of a second, dispersed phase (such as: bubbles or
cells in bioreactors), because of light scattering effects.
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Figure 2. UV-vis Spectral (A-D), nutrients and metabolites (E-H), and pH profile and growth data (I-L) of samples from batches
performed without base solution addition (pH control) at 10, 30, 50, and 70% dissolved oxygen in Bioflo 110 bioreactor,

respectively.
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UV=vis Spectral (A-D), nutrients and metabolites (E-H), and pH profile and growth data (I-L) of samples from batches

performed with NaHCO; addition (pH control) at 30 (repetition 1 and 2) and 50% (repetition 1 and 2) dissolved oxygen in

Bioflo 110 bioreactor, respectively.

lable 1. Summary of Plot Comulative R? and Qz for Monitored Parameters in Training Step for Batches Carried Out Without and With

NaHCO; Addition

Batches Without NaHCO; Addition

Baiches with NaHCO, Addition

>

Parameter Number of PLS Components R* o’ Number of PLS Components R o

Glutamine concentration (mg/L) 6 0.928 0.883 4 0.865 0.761
Glutamate concentration (mg/L) 0.760 0.671 0.742 0574
Glucose concentration (g/L) 0.957 0.926 0.973 0.880
Lactate concentration (g/L) 0.966 0.944 0.970 0.874
Ln [viable cell 0.872 0.777 0.861 0.789

concentration (cell/mL)]

Table 2. Summary of Linear Models Parameter Significances in Validation Step for Observed vs Predicted Parameters

Baiches Without NaHCO; Addition
Null Hypothesis

Baiches with NaHCO; Addition
Null Hypothesis

Parameter Intercept =10 Slope =1 Intercept =0 Slope = 1
Glutamine concentration (mg/L) 0.513 0.645 0.979 0571
Glutamate concentration (mg/L) 0.837 0.756 0.894 0.626
Glucose concentration (g/L) 0.243 0.922 0.613 0.077
Lactate concentration (g/L) 0.562 0.529 0.057 0.099
Ln [viable cell 0.584 0.749 0.485 0.506

concentration (cell/mL)]

These spectra can provide poor information, but the utiliza-
tion of multivariate data analysis has enabled to extract valu-
able information from them.'” Up to date, in microorganism
fermentation processes and animal cell cultures, UV—vis
monitoring has not found wide a[:a[:a]icatinn.22 In this work,
sample spectra were determined with cell removal for avoid-
ing light scattering effects. In addition, two bioreactors with
different aeration-homogenization systems were included in
order to test the ability of UV—-vis -PLS models for predict-
ing culture broth components and viable cell concentration
in dissimilar culture conditions without base solution addi-
tion to control pH. Other set of experiments with NaHCO;5
addition to control pH was also performed for calibrating
another set of PLS models. The use of NaHCO5 solution can
modify the off-line UV—vis spectra of phenol red. For this
reason, modeling was performed individually for each set of
experiments. Both pH control modes were assessed because
the BHK-21 cell line can be cultured in bioreactors using

these two strategies in the batch mode. Probably, this arti-
cle could be one of the first works using this technique in
mammalian cell culture.

The off-line spectral data from BHK-21 cell culture sam-
ples in bioreactor confirmed the three critical wavelengths
associated to phenol red indicator, previously reported, 430,
475, and 560 nm.** The phenol red has two different isomers
depending on the acidity of its host solution. With pH dimin-
ishing, the peaks at 430 and 560 nm, increase and decrease,
respectively. The 475 nm wavelength is an isosbestic wave-
length (Absorbance is independent of pH). Previously, it was
developed a pH sensor using UV-vis spectroscopy, taking
advantage of the relationship between UV-vis phenol red
indicator spectrum and pH.24 In this work, spectral changes
were detected, even when pH was the same inside the bio-
reactor (first four samples from batches performed without
NaHCOj3 solution (8 % m/v) addition (Figures 1 and 2) or
for all samples from batches carried out with this reagent
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Iable 3. Summary of Prediction Error Averages for FEach
Parameter

Prediction Error Average

Baiches Without Batches With

Parameter NaHCO; Addition NaHCO3 Addition

Glutamine 0.31=0.08 0.50 =0.10
concentration (mM)

Glutamate 0.05 =0.01 0.05 £0.01
concentration (mM)

Glucose 221 =0.46 1.51 £0.43
concentration (mM)

Lactate 3.08 =0.49 1.89 =0.40
concentration (mM)

Ln [viable cell 0.33+0.07 0.52 =0.09
concentration
(cell/mL)]

Viable cell 5.96 10°=7.06 10°  1.23 10°=2.31 10°
concentration
(cell/mL)

The represented values are
the average & standard error.

(Figure 3)]. Probably, this could be explained by sample
dilution (10-fold) or due to the fact of being off-line determi-
nation, where gas composition in liquid phase is not the
same respect to sample into the bioreactor, causing pH
changes. The principle on which is based the proposed UV—
vis approach is the relationship between metabolism of glu-
tamine and glucose and Phenol red spectrum modifications.
Both nutrients, after metabolism, can generate compounds
(lactate and ammonium) which decrease the culture medium
pHA25’26 As a consequence, these nutrients and metabolites
could be correlated to viable cell concentration for a cell cul-
ture 1n the batch mode, as it was recently pcrftJnnch27 The
other significant peak (286 nm) in spectra of BHK-21 culture
supematant samples is likely associated to extracellular pro-
teins and single aromatic amino acids. The absorbance of
aromatic amino acids residues: Tryptophan, Tyrosine, and
Phenylalanine, from 250 to 300 nm, are used to quantify the
aromatic content of pmtcins28 and therefore, they would be
useful in estimation of total protein content in culture super-
natant samples. However, a defined pattern of this spectral
peak was not found. For these reasons, the wavelengths with
high statistical importance on response variables in PLS
(data not shown) were those associated with the Phenol red
indicator.

The PLS models developed in this work were created
using as Input variables matrices, the sample absorbances
from 280 to 800 nm, whereas the output variables matrices
were the nutrient, metabolites and viable cell concentration
quantified off-line. This vectorial method, PLS, is useful to
find suitable correlations between both matrices. Six and
four principal components (pairs of vectors, scores and load-
ings, in which are discomposed the original matrices) were
necessary for properly modeling the response variables in
batch culture performed without and with base solution addi-
tion, respectively (Table [). Better correlations for gluta-
mine, glucose, and lactate were detected from the training
data used to calibrate PLS models. This can be justified by
the relationship among pH and lactate and ammonium con-
centration In culture broth, as a consequence of glutamine
and glucose metabolism.

In validation set data, the prediction errors for the gluta-
mine and glucose models (Table 3) were improved or similar
to the values reported for a PLS model based on near infra-
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Figure 4. Predicted and actual values for different parameters
from a batch at 50% OD without NaHCOQ; addition,
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red spectral data in mammalian or insect culture media as

well as those for mammalian cell cultures using Raman
9,11.29

spectroscopy.”''?
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The nutrients and metabolites considered in this study
were suitably predicted for two set of data, but in batches
with NaHCOj3 addition, predictions should be improved, spe-
cifically for glutamine and glutamate (Figures 4 and 5). The
increase of training data set could solve this problem. Analo-
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gous performance, with respect to viable cell concentration
prediction was observed (Table 3, Figures 4 and 5). Regard-
ing errors of this parameter, in the batch carried out with
partial pH control (better prediction), where most of the cell
concentrations were well predicted, the error in some sam-
ples was higher than 15%, the expected error for an experi-
enced individual with cell counting using hemocytometer
method.*" Probably, the nutrients consumption and metabo-
lites synthesis patterns are different for each dissolved oxy-
gen concentration, then it would be necessary to calibrate a
specific viable cell concentration for a particular dissolved
oxygen concentration.

From the results of this work, fed-batch feeding schemes
could be established. Additionally, an at-line UV—vis sensor
could be also developed based on the current availability of
UV-grade optical fibers, sensitive and cheaper array detec-
tors, together with PLS tcchniquc.m The utilization of PLS
technique associated to UV—vis spectra from samples of
mammalian cell cultures using phenol red as pH indicator n
culture medium could be an alternative to biomedia charac-
terization using other more powerful spectral techniques like
near infrared, fluorescence and more recently Raman
spectroscopy. !

Conclusions

UV—vis off-line spectroscopy in combination with PLS
model was able to estimate critical components of the cul-
ture medium of BHK-21 cell culture independent of dis-
solved oxygen concentration used, biorcactor and the
strategy to control pH. This work opens possibilities for at-
line sensor development for mammalian cell using phenol
red in culture medium and decrease cost related to nutrients
and metabolite quantifications. PLS model calibration must
be performed for individual mammalian cell line.
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