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RESUMO

Os ortoflavivirus, como dengue (DENYV), zika (ZIKV) e febre amarela (YFV), constituem
um importante problema de satide publica, e ainda nao hé terapias antivirais especificas
disponiveis. Diante desse cendrio, anticorpos monoclonais humanos surgem como
ferramentas promissoras para o desenvolvimento de terapias direcionadas e estratégias
profilaticas. Este trabalho teve como objetivo a geracdo e aplicagdo de uma biblioteca
apresentada em fago (phage display) derivada de células B de memoria humanas para a
selecdo de anticorpos monoclonais contra o fusion loop (FL), uma regido altamente
conservada da proteina de envelope (E) dos ortoflavivirus que pode favorecer a
recuperacdo de clones com amplo espectro de neutralizagdo. A biblioteca foi construida
no formato single-chain variable fragment (scFv), utilizando o vetor pComb3XSS, e
apresentou diversidade estimada de 7,8 % 10¢ transformantes. O repertorio foi obtido a
partir de células mononucleares de sangue periférico de individuos previamente expostos
a DENV e/ou ZIKV, estimuladas in vitro para a expansao de células B de memoéria. O
processo de selecao foi realizado com um peptideo mimético do fusion loop do envelope
viral, e os clones enriquecidos foram analisados por sequenciamento de nova geracao
(NGS) e convertidos para os formatos FvFc e IgG1, visando expressao em células
Expi293. Dois anticorpos, FH2 e FH4, foram expressos e purificados com sucesso no
formato IgG1. Ambos apresentaram ligagdo a ZIKV e aos quatro sorotipos de DENV,
com diferentes perfis de afinidade, e demonstraram neutralizagao efetiva contra ZIKV e
DENV-2. Esses resultados confirmam que o loop de fusdo ¢ um alvo funcional capaz de
induzir anticorpos humanos de ampla reatividade e neutralizacao cruzada. O conjunto de
dados obtido validam a abordagem experimental empregada, demonstrando que a
combinagdo entre phage display e repertdrios de memoria humana ¢é capaz de gerar
anticorpos de alta afinidade e relevancia funcional, e que a utilizagdo do fusion loop como
alvo favoreceu a sele¢do de anticorpos de liga¢do cruzada. Esses achados contribuem para
o avanco do desenvolvimento de anticorpos terapéuticos contra ortoflavivirus.
Palavras-chave: anticorpos monoclonais humanos; phage display; ortoflavivirus; fusion

loop; anticorpos terapéuticos.



ABSTRACT

Orthoflaviviruses, such as dengue virus (DENV), Zika virus (ZIKV), and yellow fever
virus (YFV), represent a major public health concern, and there are still no specific
antiviral therapies available. In this context, human monoclonal antibodies have emerged
as promising tools for the development of targeted therapies and prophylactic strategies.
This study aimed to generate and apply a phage-displayed library derived from human
memory B cells for the selection of monoclonal antibodies targeting the fusion loop (FL),
a highly conserved region of the orthoflavivirus envelope (E) protein that may favor the
recovery of clones with broad neutralization potential. The library was constructed in the
single-chain variable fragment (scFv) format using the pComb3XSS vector and exhibited
an estimated diversity of 7.8 x 10° transformants. The antibody repertoire was obtained
from peripheral blood mononuclear cells of individuals previously exposed to DENV
and/or ZIKV, which were stimulated in vitro to expand memory B cells. The selection
process was performed using a mimetic peptide corresponding to the viral envelope
fusion loop, and enriched clones were analyzed by next-generation sequencing (NGS)
and converted into FvFc and IgGl formats for expression in Expi293 cells. Two
antibodies, FH2 and FH4, were successfully expressed and purified in the IgG1 format.
Both antibodies bound to ZIKV and all four DENV serotypes, displaying distinct affinity
profiles, and demonstrated effective neutralization against ZIKV and DENV-2. These
results confirm that the fusion loop is a functional target capable of eliciting human
antibodies with broad reactivity and cross-neutralizing activity. The data obtained
validate the experimental approach employed, demonstrating that the combination of
phage display and human memory repertoires can generate antibodies with high affinity
and functional relevance, and that targeting the fusion loop favored the selection of cross-
reactive antibodies. Collectively, these findings contribute to the advancement of
therapeutic antibody development against orthoflaviviruses.

Keywords: human monoclonal antibodies; phage display; orthoflaviviruses; fusion loop;

therapeutic antibodies.
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1 INTRODUCAO
1.1 Aspectos gerais, origem e epidemiologia das infeccdes por ortoflavivirus

O género Ortoflavivirus corresponde ao maior dos quatro géneros da familia
Flaviviridae. Os ortoflavivirus s3o virus de RNA de cadeia simples e polaridade positiva
(ssRNA+), transmitidos principalmente por vetores artropodes como mosquitos e
carrapatos (Lindenbach; Rice, 2003). O subgrupo de ortoflavivirus transmitidos por
mosquitos inclui virus de significativo impacto na saude publica global, sendo os mais
tipicos os virus da dengue (DENV), da febre amarela (YFV), Zika (ZIKV), do Nilo
Ocidental (WNV) e da Encefalite japonesa (JEV). Estes virus sdo transmitidos
principalmente por mosquitos do género Aedes (DENV, YFV, ZIKV) e Culex (WNV e
JEV), apesar do ZIKV ser também transmitido por vias sexual, vertical e por transfusdes
sanguineas (Barjas-Castro et al., 2016; Calvet et al., 2016; Kramer; Styer; Ebel, 2008;
Petersen; Marfin, 2008; Van den Hurk; Ritchie; Mackenzie, 2009).

A dengue ¢ uma doenca infecciosa reemergente e negligenciada, causada por 4
sorotipos de DENV geneticamente distintos e biologicamente semelhantes entre si
(Guzman; Harris, 2015; Halstead, 2019). Dentre os ortoflavivirus, os DENVs destacam-
se pela maior distribui¢ao geografica, tendo causado infecgdes em cerca de 128 paises
(Bhatt et al., 2013; Messina et al., 2014). Aproximadamente 400 milhdes de casos de
infeccao pelo DENV ocorrem globalmente a cada ano, resultando em cerca de 40 mil
obitos, principalmente associados as formas graves da doenga (CDC, 2023). No Brasil,
em 2025, foram registrados 1.661.001 casos provaveis de dengue, com um coeficiente de
incidéncia de 781,3 casos por 100 mil habitantes. No mesmo periodo, 1.786 6bitos por
dengue foram confirmados, além de 184 Obitos ainda em investigagdo, refletindo o
elevado impacto da doenga no pais. A letalidade observada foi de 0,11% entre os casos
provaveis, alcangando 4,98% nos casos graves, evidenciando a gravidade clinica e o
desafio continuo para o sistema de saude brasileiro (Ministério da Satde, 2025).

O Zika virus (ZIKV) foi primeiramente isolado de macacos Rhesus em 1947 na
floresta Zika em Uganda (Dick; Kitchen; Haddow, 1952). Os primeiros relatos de
infecgdes em humanos pelo ZIKV ocorreram na década de 60 em paises da Africa e Asia
(Simpson, 1964; Marchette; Garcia; Rudnick, 1969), no entanto, apenas em 2013 na
Polinésia Francesa e em 2015 no Brasil, o virus foi associado a complicacdes
neuroldgicas em adultos e fetos de gravidas infectadas, respectivamente (De Araudjo et

al., 2016; Musso; Nilles; Cao-Lormeau, 2014). No Brasil, entre 2015 e 2017,
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aproximadamente 270 mil casos provaveis de infeccdo por ZIKV foram notificados,
incluindo cerca de 20 mil casos em gestantes (Ministério da Satde, 2018). Um estudo
epidemioldgico conduzido em 2016 demonstrou que, entre 116 gestantes acompanhadas,
42% tiveram bebés com malformagdes congénitas, evidenciando o elevado impacto da
infecgdo durante a gestagao (Brasil et al., 2016). Apos 2017, o numero de casos de ZIKV
diminuiu consideravelmente e o periodo emergencial foi oficialmente encerrado. No
entanto, a circulagdo viral persiste no pais, € em 2025 foram registrados 4.119 casos
provaveis de Zika, com coeficiente de incidéncia de 1,9 casos por 100 mil habitantes e
registro de um 6bito, indicando que, apesar da redug¢do expressiva em relagdo aos anos
epidémicos, o ZIKV continua representando um risco a saude publica no Brasil

(Ministério da Saude, 2025).

1.2 Manifestac¢oes clinicas das infec¢coes por ortoflavivirus

Aproximadamente 50-80% das infecc¢des por ortoflavivirus sdo assintomaticas ou
caracterizadas por sintomas leves (Pierson; Diamond, 2020). A maioria das infec¢oes
sintomaticas por ortoflavivirus resulta em doencas autolimitadas, causando sintomas
leves a moderados como febre, cefaleia, mialgia e artralgia (Guarner; Hale, 2019;
Higuera; Ramirez, 2019). No entanto, a depender de fatores especificos do virus
(virotipos, viruléncia, mecanismos de evasdo do sistema imunoldgico) e do hospedeiro
(comorbidades, idade, exposi¢ao prévia, estado imunologico, caracteristicas genéticas),
diferentes complicacdes no curso da doenca podem ocorrer (Aguiar et al., 2020; Boonak
et al., 2011; Lim et al., 2008; Loke et al., 2017; Murray et al., 2006; Pierson; Diamond,
2020). Alguns ortoflavivirus como ZIKV, WNV e JEV sdo neurotrépicos, podendo
atravessar a barreira hematoencefalica e causar complica¢cdes neuroldgicas (Chen et al.,
2021; Guarner; Hale, 2019; Jr et al., 2014; Oliveira Melo et al., 2016). Ja os virus da
dengue e febre amarela sdo viscerotrdpicos, podendo causar lesdes em 6rgaos relevantes
como figado e rins (Monath; Vasconcelos, 2015; Pang; Zhang; Cheng, 2017).

O neurotropismo do ZIKV pode desencadear complicagdes graves como a
Sindrome de Guillain-Barré, uma neuropatia aguda que pode levar a paralisia (Créange,
2016; Musso; Nilles; Cao-Lormeau, 2014), e Sindrome congénita do ZIKV (SCZ)
(Musso; Nilles; Cao-Lormeau, 2014; Oliveira Melo et al.,, 2016). Esta ultima ¢
caracterizada por ma formagdo neurologica, morfologica, auditiva e oftalmoldégica em

fetos de gestantes infectadas. Dentre essas alteracdes, destacam-se a microcefalia,
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problemas de degluti¢ao, anormalidades auditivas, hipoplasia ou atrofia do nervo dptico,
hipoplasia do tronco cerebral e ventriculomegalia (CDC, 2019; De Barros Miranda-Filho
et al., 2016; Oliveira Melo et al., 2016).

Em uma parcela dos individuos, a dengue evolui para doenga grave com a infec¢ao
de orgdos e tecidos viscerais pelo virus. A dengue grave ¢ caracterizada por
trombocitopenia e aumento da permeabilidade capilar, que levam ao choque
hipovolémico, podendo resultar em comprometimento de 6rgdos, hemorragia grave e
choque cardiogénico (Guzman; Harris, 2015; Tayal; Kumar; Rakesh, 2023). Além disso,
lesdes imunomediadas, e os efeitos diretos do virus nos rins podem levar a insuficiéncia
renal, hepatomegalia e insuficiéncia hepatica aguda (Leowattana; Leowattana, 2021;
Tayal; Kumar; Rakesh, 2023). Apesar de o virus da dengue ndo ser considerado um virus
neurotropico cldssico, complicagdes neurologicas, incluindo encefalopatia, ja foram
associadas a infec¢do, principalmente pelos sorotipos DENV-2 ¢ DENV-3 (Trivedi;
Chakravarty, 2022). Além disso, ha relatos raros de infeccdo persistente do DENV no
sistema nervoso central, culminando em um quadro de panencefalite cronica, mesmo na

auséncia de imunodeficiéncia aparente (Johnson et al., 2019).

1.3 Genética e estrutura da particula viral

O material genético dos ortoflavivirus ¢ de RNA fita simples de polaridade
positiva (ssRNA +) com aproximadamente 11 kb de comprimento. Seu genoma contém
uma unica Open Reading Frame (ORF) que codifica uma poliproteina de
aproximadamente 3400 residuos, e duas regides ndo-codificadoras (5’ e 3° UTR —
untranslated region). A extremidade 5’ possui cap, importante para a tradu¢do do RNA
viral, enquanto a extremidade 3’ ndo apresenta poliadenilacdo (Dey et al., 2021;
Lindenbach; Rice, 2003). A poliproteina codificada pelo genoma viral ¢ clivada por
proteases celulares e virais em trés proteinas estruturais (capsidio (C), proteina precursora
de membrana (prM) e envelope (E)), e sete proteinas ndo-estruturais (NS1, NS2A, NS2B,
NS3, NS4A, NS4B e NS5) (Dey et al., 2021; Lindenbach; Rice, 2003).

O capsidio dos ortoflavivirus possui morfologia icosaédrica e ¢ envolto por um
envelope lipidico esférico, tendo em torno de 50 nm de diametro. A proteina do capsidio
esta envolvida no empacotamento do genoma viral e na formacdo do nucleocapsidio. A
prM atua no dobramento e estabilizag@o da proteina E, e € posteriormente clivada dando

origem ao peptideo pr, que sera secretado, e a proteina M (~75 aa).
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A proteina E possui sitios de ligacdo a receptores celulares e um loop de fusao,
que contribuem para o processo de adsorcdo e fusdo do envelope viral & membrana
endossomal da célula hospedeira (Dey et al., 2021; Lindenbach; Rice, 2003; Sirohi; Kuhn,
2017). A proteina E dos Ortoflavivirus ¢ uma estrutura de trés dominios: dominio I (DI),
dominio II (DII) e dominio III (DIII). Os trés dominios da proteina sdo conectados por
dobradicas flexiveis que medeiam mudangas conformacionais da proteina durante o ciclo
replicativo viral (Zhang et al., 2017). O dominio I é localizado centralmente na proteina
E, atuando como uma ponte entre os dominios II e III. O dominio II contém o loop de
fusdo, regido hidrofobica e mais conservada da proteina E entre os ortoflavivirus, que é
essencial para a fusdo do virus a célula hospedeira, € o dominio III é o local de ligagdo do
virus a receptores celulares (Heinz; Allison, 2001; Heinz; Stiasny, 2017; Zhang et al.,
2017).

As proteinas nao-estruturais compdem o complexo replicativo dos ortoflavivirus.
A proteina NS3, por exemplo, ¢ essencial para a replicacdao viral e processamento da
poliproteina, uma vez que apresenta um dominios de protease e helicase (Lin et al., 2018).
Ja a NS5 possui uma RNA polimerase dependente de RNA (RdRp) no dominio C-

terminal que desempenha papel central na sintese do RNA viral (Lu; Gong, 2017).
a
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Figura 1. Estrutura e organizacio gendomica dos ortoflavivirus. O material genético dos ortoflavivirus
codifica uma tnica poliproteina que ¢ clivada por proteases virais e da célula hospedeira, resultando em
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trés proteinas estruturais, C, prM ¢ E, e sete proteinas nao estruturais (A). As proteinas E dos ortoflavivirus
possuem trés dominios aderidos & membrana viral por uma haste e dois dominios transmembranares. Em
roxo esta representada a proteina M (B). Representagdo do arranjo das proteinas E e M nas formas imatura
e madura do virion (C). Pierson e Diamond, 2020.

1.4 Ciclo replicativo dos ortoflavivirus

A adsor¢@o dos ortoflavivirus a célula hospedeira ¢ mediada pela interagdao da
proteina E dos virus a receptores de lectina do tipo C (CLRs), receptores de
fosfatidilserina da familia TIM (TIM-1, TIM-3, TIM-4) e TAM (TYRO3, AXL e MER)
na superficie celular (Perera-Lecoin et al., 2013).

O ciclo replicativo dos ortoflavivirus se inicia com a entrada do virus na célula
hospedeira por meio da interacdo entre os receptores celulares mencionados e as proteinas
do envelope viral, em um processo de endocitose mediada por clatrina. A vesicula
endocitica que carrega o virus € entregue aos endossomos iniciais, que amadurecem em
endossomos tardios (Pierson; Diamond, 2020). O pH acido do endossomo desencadeia
alteragcdes conformacionais na proteina E viral, expondo o peptideo de fusdo, que interage
com a membrana endossomal permitindo a fusio do envelope viral e a membrana
endossomal com a consequente liberagao do RNA genomico no citoplasma (Chong et al.,

2019; Pierson; Diamond, 2020). O processo de fusdo estd representado na figura 2.
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Figura 2. Mecanismo de fusio de membranas mediado pela proteina de envelope (E) de
ortoflavivirus. Representacdo esquematica das etapas sequenciais do processo de fusdo entre o
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ortoflavivirus e a célula hospedeira, mediado pela glicoproteina de envelope. (A) No virion maduro, as
proteinas E formam dimeros antiparalelos que se dispdem de forma plana sobre a superficie viral, com os
fusion loops (em rosa) enterrados na interface do dimero, impedindo a interagao prematura com a membrana
da célula hospedeira. (B) A acidificagdo endossomal (influxo de H*) desencadeia mudangas
conformacionais que dissociam os dimeros e expdem os fusion loops, que entdo se inserem na membrana
da célula hospedeira. As proteinas E se estendem formando uma conformagao intermediaria em forma de
grampo (hairpin). (C) A trimerizacdo subsequente das proteinas E aproxima as membranas viral e
endossomal, ancorando ambas por meio dos fusion loops inseridos e dos dominios transmembrana
(TM1/TM2, em azul). (D) As proteinas E se rearranjam em um trimero estavel, posicionando lado a lado
os fusion loops e as ancoras de membrana, o que facilita a formacdo de um poro de fusdo através do qual o
genoma viral ¢ liberado no citoplasma da célula hospedeira. Os dominios estruturais da proteina E estdo
codificados por cores: Dominio I (EDI) em verde, Dominio II (EDII) em amarelo, com o fusion loop em
sua extremidade em rosa, Dominio III (EDIII) em roxo, a regido da haste (stem) em cinza ¢ os segmentos
transmembrana TM1 e TM2 em azul. Antonelli et al. 2025.

No citoplasma, o RNA gendmico ¢ traduzido na poliproteina precursora, que ¢
processada e origina as proteinas estruturais e as proteinas nao-estruturais que compoem
o complexo replicativo. A montagem do virus ocorre na membrana do reticulo
endoplasmatico (RE) e leva a formagdo de virions imaturos e ndo infecciosos, que sio
transportados para o complexo de Golgi para processamento e maturagdo. O pH acido no
complexo de Golgi desencadeia o rearranjo do envelope viral e clivagem da prM pela
protease celular furina em proteina M, dando origem aos virions maduros infecciosos que
serdo liberados por vesiculas exociticas e poderao infectar novas células (Chong et al.,

2019; Pierson; Diamond, 2020; Van Leur et al., 2021).

1.5 Resposta Imune aos Ortoflavivirus

A célula hospedeira possui receptores de reconhecimento de padrdes (PRRs) nos
compartimentos endossomais e no citoplasma capazes de detectar o material genético
viral. O RNA viral de fita simples (ssRNA) dos ortoflavivirus que se replicam no citosol
¢ detectado por receptores toll-like 7 (TLR7) e 8 (TLRS). A replicagao do RNA viral gera
RNA de fita dupla (dsRNA) que ¢ detectado principalmente por RIG-I (Gene induzivel
por 4cido retinodico I), TLR3 e MDAS (Proteina 5 associada a diferenciacdo de melanoma)
(Ngono; Shresta, 2018; Van Leur et al., 2021).

O reconhecimento do material genético viral pelos PRRs celulares desencadeia a
ativacdo de fatores de transcricdo como STATI e 2, e NF-xB, que induzem a sintese de
interferons, principalmente do tipo I (IFN-a, B) e tipo III, além de outras citocinas e
quimiocinas inflamatorias que modulam as respostas imunes inata e adaptativa (Ferraris;

Yssel; Missé, 2019; Ngono; Shresta, 2018).
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O sistema de interferon tipo I ¢ um importante mediador da protecdo contra
infecgdes por ortoflavivirus, no entanto, os ortoflavivirus sdo capazes de antagonizar esta
resposta imune inata antiviral. O ZIKV prejudica as vias de sinaliza¢do de IFNs inibindo
a fosforilacao de STAT1, e degradando as moléculas de sinalizacdo JAK1 e STAT2 por
meio de sua interagdo com proteinas NS2B e NS3, e NS5, respectivamente (Bowen et al.,
2017; Grant et al., 2016; Serman; Gack, 2019; Xia et al., 2018). Similarmente, a proteina
NS2A do WNV inibe a fosforilacio de STAT1 e STAT2, e subsequente transcri¢ao de
genes antivirais (Liu et al., 2006).

As respostas imunes adaptativas celular e humoral sdo essenciais para o controle
da infeccdo por ortoflavivirus. As respostas das células T apresentam um importante papel
no controle da disseminagdo e eliminacdo do patogeno. Enquanto as células T CD4+
produzem citocinas importantes para a coordenacao de diferentes elementos da resposta
imune, as células T CD8+ citotoxicas sdao capazes de eliminar as células infectadas
diretamente (Pardy; Richer, 2019). J4 a resposta imune humoral contra infec¢des virais €
imprescindivel para neutralizacdo viral. Além disso, os anticorpos desempenham um
conjunto diverso de fungdes efetoras que contribuem para o controle de infecgdes virais.

ApoOs a ativacdo de células B e o estabelecimento de respostas de centro
germinativo, sao gerados anticorpos com maior afinidade e diferentes subclasses capazes
de mediar ndo apenas a neutralizacdo, mas também processos como opsonizagao,
citotoxicidade celular dependente de anticorpos (Antibody-dependent cellular
cytotoxicity — ADCC), fagocitose (Antibody-dependent cellular phagocytosis — ADCP)
e ativagdo do complemento (Complement-dependent cytotoxicity — CDC). Esses
mecanismos, combinados, ampliam a capacidade do sistema imune de eliminar particulas
virais e células infectadas, e desempenham papéis complementares a neutralizagao direta.
Essas respostas efetoras foram majoritariamente descritas para anticorpos contra a

proteina NS1 (Yu et al., 2021; Chung et al., 2007; Wessel et al., 2020).

1.5.1 Resposta Imune Humoral de Memoria

A memoria imunoldgica humoral € critica para a protegdo contra reinfec¢des por
patdgenos. Esta resposta ¢ mediada por dois compartimentos celulares: células
plasmaticas de vida longa e células B de memoria (CBM) (Inoue; Tomohiro, 2023). Apos
encontro inicial com um antigeno, as células B podem se diferenciar em CBMs precoces

expressando majoritariamente IgM (CBMs independentes de centro germinativo), bem
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como em células plasmaticas de vida curta secretoras principalmente de IgM e células B
do centro germinativo (GC). Estas ultimas irdo compor o Centro Germinativo (Germinal
Center — GC), onde ocorre interagdo com células T helper foliculares (CTHF) e
hipermutagdo somatica. Nesta etapa, sdo geradas as CBMs de alta afinidade e células
plasmaticas de vida longa. Apds reencontro com o antigeno, as CBMs poderdo se
diferenciar em células plasmaticas de vida longa ou em células B GC, para gerar ainda
mais células secretoras de anticorpos e CBMs (Inoue; Tomohiro, 2023; Seifert; Kiippers,
2016).

Como as células plasmaticas de vida longa produzem anticorpos de alta afinidade
para um antigeno primario, estes anticorpos atuam como uma primeira linha de defesa
contra reinfecc¢ao por patégenos homoélogos. Por outro lado, foi observado que as células
B de memoria apresentam maior flexibilidade de resposta, participando na defesa contra
patogenos relacionados ou patogenos variantes que escapam da defesa mediada por
c€lulas plasmaticas de longa duragdo (Inoue; Shinnakasu; Kurosaki, 2022). Estudos
utilizando camundongos infectados pelo WNV mostraram o envolvimento das CBMs na
protecao cruzada contra um sorotipo viral diferente da infec¢do primaria (Purtha et al.,
2011). Além disso, outros estudos em camundongos infectados por ortoflavivirus ou
influenza mostraram que clones de reagao cruzada pré-existentes de CBMs, mas nao de
células plasmaticas vida longa, sdo selecionados positivamente e diferenciam-se
diretamente em células plasmaticas apos novo desafio com variantes do virus da primeira
infeccao (Leach et al., 2019; Wong et al., 2020). Esses estudos indicam que a populagao
de células B de memoria mais diversificada tem maior probabilidade de conter clones
geralmente ndo imunodominantes, € que o processo de maturacdo de afinidade ndo
necessariamente envolve perda drastica de diversidade, o que favorece a protegao cruzada

(Inoue; Shinnakasu; Kurosaki, 2022; Inoue; Tomohiro, 2023).

1.5.1.1 Estrutura e organizagdo génica dos anticorpos

As imunoglobulinas sdo proteinas com organizacgdo simétrica compostas por duas
cadeias pesadas e duas leves, que sdo conectadas por ligagdes dissulfeto. Cada cadeia leve
pode consistir em uma cadeia k ou uma cadeia A, € possui duas regides compostas por um
dominio varidvel (VL) e um dominio constante (CL), enquanto cada cadeia pesada
contém um dominio varidvel (VH) e pelo menos trés dominios constantes (CH1-3). As

cadeias pesadas apresentam uma regido de dobradica entre o primeiro (CH1) e o segundo
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(CH2) dominio constante. As imunoglobulinas de mamiferos sdo classificadas em cinco
isotipos/subtipos, IgA (IgA1 ou 2, que sdo encontradas na forma de mondmeros no sangue
e na forma de dimeros nas mucosas), IgD (monomeros), IgE (monémero), IgG (I1gG1, 2,
3 ou 4, todos em forma monomérica) e IgM (pentamero ou hexdmero) (Schroeder; Harry;
Cavacini, 2010; Maranhdo et al., 2015). Na figura 3, ¢ possivel observar uma

representacao esquematica de uma IgG, destacando cada um de seus dominios.
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Figura 3. Principais formatos estruturais de anticorpos monoclonais utilizados em aplicacdes
terapéuticas e experimentais. A IgG completa apresenta duas cadeias pesadas (CH1-CH3) e duas cadeias
leves (CL), formando duas regides Fab e uma regido Fc responsavel por funcdes efetoras. O fragmento Fab
contém apenas o dominio variavel (VH/VL) e o dominio constante CH1/CL, mantendo a capacidade de
ligacdo ao antigeno. O formato scFv consiste na fusdo dos dominios VH e VL conectados por um linker
flexivel. O formato FvFc (ou scFv-Fc) combina um scFv com a porgdo Fc da IgG, conferindo maior
estabilidade, prolongamento da meia-vida e potencial de dimerizacdo, preservando propriedades funcionais
da regido Fc.

As imunoglobulinas podem ser funcionalmente divididas em um fragmento Fc e
um fragmento Fab. O fragmento Fab contém uma cadeia leve completa e a porgdo
variavel e CH1 da cadeia pesada. Seus dominios varidveis (VH e VL) constituem o
fragmento Fv, responsavel pelo reconhecimento do antigeno, enquanto CL e CHI
formam a parte constante do Fab. J4 o fragmento Fc ¢ constituido pelos dominios
constantes CH2 e CH3 (e CH4 em IgM e IgA), sendo o principal mediador das interagdes
com receptores Fc e componentes do complemento. Enquanto a por¢ao Fc define o isotipo
e subclasse de imunoglobulina e estd relacionada a fungdes efetoras do anticorpo, a
porcao Fab, particularmente os dominios VH e VL contém o paratopo de ligacdo a
antigenos (Schroeder; Harry; Cavacini, 2010).

A diversidade de anticorpos € produzida durante dois estagios no desenvolvimento
das células B, e ¢ garantida pelo processo de rearranjo génico que ocorre em nivel

cromossomal nos loci de imunoglobulinas. Nos estdgios iniciais do desenvolvimento das
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células B na medula 6ssea, o rearranjo de segmentos génicos variaveis (V), diversidade
(D) e juncao (J), para o dominio VH e V e J para o dominio VL, ocorrem para produzir o
repertorio primario dos receptores de células B (BCRs), que sdo imunoglobulinas (Ig)
associadas a membrana da célula B (Ig). Em células B maduras, apds o reconhecimento
do antigeno, os BCRs sofrem maturacdo de afinidade, mudanca de classe, além de
splicing alternativo convertendo parte dos BCRs em Igs secretadas. Esse processo
culmina com a diferenciacdo dos linfocitos B em células plasméaticas e de memoria e
geragdo de um novo repertério de anticorpos (Maul; Gearhart, 2010).

Nos seres humanos, os loci das imunoglobulinas estdo organizados de forma
complexa: o locus da cadeia leve «k localiza-se no cromossomo 2, o da cadeia leve A no
cromossomo 22 e o locus principal da cadeia pesada no cromossomo 14 (Fell; Tucker,
1989). Nesses loci, a recombinagdo dos segmentos VH, D e JH (cadeia pesada) e VL e
JL (cadeia leve) forma o éxon codificador dos respectivos dominios varidveis: VH e VL.
A sequéncia resultante contém trés regides hipervaridveis conhecidas como regides
determinantes de complementaridade (CDRs), intercaladas por quatro regides
estruturalmente conservadas denominadas frameworks (FRs).

As CDRI1 e CDR2 sao integralmente codificadas pelo segmento génico V,
enquanto a CDR3 apresenta a maior variabilidade por resultar da jungao dos segmentos
VDIJ na cadeia pesada e VJ na cadeia leve, associada a eventos de adi¢do e remocdo de
nucleotideos. Essa variabilidade destacada da CDR3 faz dessa regido o principal
determinante da especificidade e afinidade do anticorpo. Cada segmento génico V possui
seu proprio promotor, um éxon lider, um intron intermediario ¢ um éxon que codifica as
trés primeiras regides estruturais (FR1, FR2 e FR3), as CDR1 e CDR2, a por¢ao amino-
terminal da CDR3 e uma sequéncia sinal de recombinagdo (RSS). De forma
complementar, cada segmento génico J inicia com seu proprio RSS e codifica a porc¢ao
carboxi-terminal da CDR3 e o FR4 (Robertson, 1977; Schroeder; Harry; Cavacini, 2010).

Do ponto de vista filogenético, os segmentos VH humanos estao distribuidos em
sete familias (VH1-7), sendo VH3 a mais representada no repertdrio, seguida por VHI e
VH4 (Cook; Tomlinson, 1995; Kipps; Ghia; Rassenti, 2016). J4 os genes Vk sdo divididos
em seis familias (Vk1-6) (Kipps; Ghia; Rassenti, 2016). Essa organizacdo genética
diversificada fundamenta a plasticidade da resposta humoral e permite a geragdo de

repertdrios capazes de reconhecer antigenos estruturalmente distintos.
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1.5.1.2 Resposta de anticorpos no contexto da infecgdo pelos ortoflavivirus

A resposta imune mediada por anticorpos possui um importante papel na resposta
antiviral, podendo atuar diretamente na neutralizacdo da infec¢do ou na sinalizacdo da
presenca do patdégeno para células efetoras. A neutralizacdo da infecg@o pelos anticorpos
pode ocorrer de diferentes formas como mediante o bloqueio da ligacdo do virus com o
receptor celular e a inibicao da fusdo com a membrana celular por meio de interferéncia
nas mudangas conformacionais proteicas necessarias para este processo (Hurtado-
Monzobn et al., 2020; Pierson et al., 2008). No contexto da infecg¢do por ortoflavivirus, a
producao de anticorpos € primariamente direcionada aos epitopos das proteinas prM, E e
NS1 (Slon Campos; Mongkolsapaya; Screaton, 2018). Em especial, a proteina E ¢ o alvo
antigénico mais explorado para geracao de anticorpos neutralizantes (Robbiani et al.,
2017; Stettler et al., 2016).

Nas infeccdes por ortoflavivirus, a proteina de envelope (E) constitui o principal
alvo de anticorpos neutralizantes devido ao seu papel essencial na entrada viral. O
Dominio II (EDII) medeia a fusdo de membranas, enquanto o Dominio III (EDIII) esta
envolvido no reconhecimento de receptores celulares, tornando ambas as regides alvo
atrativas para anticorpos neutralizantes (Pierson et al., 2008).

Além da neutralizacdo, muitas fungdes efetoras dependem da interacao de
anticorpos com células do sistema imune por meio da regido Fc. Na opsonizagao,
anticorpos atuam como opsoninas, marcando patdogenos para reconhecimento por
fagodcitos, que posteriormente os internalizam e degradam, prevenindo sua disseminagao.
Enquanto a regido Fab ¢ responsavel pelo reconhecimento do antigeno e pela
neutralizacdo, a regido Fc ¢ essencial para a opsonizagdo, pois interage com receptores
Fc presentes na superficie de fagdcitos. A ligacao aos receptores Fc (FcR) supera forgas
de repulsdo entre as membranas celulares, facilitando a internalizagdo e subsequente
destruicdo do alvo opsonizado (Winkelstein, 1973; Thau et al., 2025).

Outro mecanismo importante mediado por Fc ¢ a ADCC, por meio da qual
anticorpos promovem a eliminagao de células infectadas ou tumorais através da interagao
com receptores Fc expressos em fagocitos, granuldcitos e células NK. Esses efetores
expressam trés classes principais de receptores Fcy, FcyRI (CD64), FcyRIl (CD32) e
FcyRIIIA (CD16), e contém granulos citotoxicos capazes de induzir morte celular. Apos
a ligagdo ao antigeno, anticorpos sofrem alteragdes conformacionais que aumentam a

afinidade Fc—FcR, desencadeando vias de sinalizagdo que culminam na eliminacdo da
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célula-alvo por meio de perforina/granzima, FAS-L ou espécies reativas de oxigénio
(ROS) e intermedidrios reativos (ROI) (Forthal; Finzi, 2018).

Além da ADCC, as interagdes Fc—FcR também direcionam a ADCP, na qual
macrofagos e células dendriticas internalizam particulas virais ou células infectadas
opsonizadas por anticorpos, conduzindo a degradagdo lisossomica ¢ ao aumento da
apresentacao de antigenos (Kraivong, 2025; Brennan et al., 2025). Esse processo
contribui tanto para a eliminagdo viral quanto para o fortalecimento das respostas
adaptativas. Corroborando esse papel, estudos demonstraram que anticorpos monoclonais
direcionados a proteina NS1 do WNV protegem camundongos por mecanismos
dependentes de receptores Fc (Chung et al., 2007). Esses anticorpos induziram fagocitose
mediada por FcyRI e/ou FcyRIV e eliminacdo de células infectadas, destacando a ADCP
como mecanismo protetor chave in vivo (Chung et al., 2007). De forma semelhante,
anticorpos anti-NS1 contra ZIKV induziram deposi¢cao de C3b em particulas recobertas
com NSI, indicando ativacdo da via classica do complemento, além de favorecerem a
internalizacao desses alvos por mondcitos e neutrofilos (Wessel et al., 2020).

Apesar de apresentarem papel essencial no controle da infecgdo por ortoflavivirus,
os anticorpos podem também contribuir para a patogenia da doenga. Na infec¢ao primaria
por DENV, sdo produzidos anticorpos neutralizantes que conferem protecao de longo
prazo contra o sorotipo infectante. No entanto, durante uma infec¢do secundaria por um
sorotipo heterodlogo, os anticorpos de reacdo cruzada para o virus primario tendem a
apresentar baixa avidez e baixa atividade neutralizante, ndo sendo capazes de neutralizar
o segundo virus (Ngono; Shresta, 2018). Esses anticorpos nao neutralizantes se ligam ao
virus formando imunocomplexos, que podem ser internalizados por células que
expressam receptores FcyR, promovendo o aumento da carga viral e até a infeccdo de
células que geralmente ndo sdo permissivas a infec¢do por ortoflavivirus (Slon Campos;
Mongkolsapaya; Screaton, 2018; Van Leur et al., 2021). Este fendmeno, conhecido como
Antibody Dependent Enhancement (ADE), pode resultar na evolu¢do da doenca para
formas clinicas mais graves (Halstead; Nimmannitya; Cohen, 1970).

As respostas de anticorpos de reagdo cruzada ganharam destaque apds os surtos
de ZIKV em regides epidemioldgicas de DENV, uma vez que estes virus apresentam
aproximadamente 60% de similaridade na sequéncia de nucleotideos (Ye et al., 2016).
Esta similaridade levantou questionamentos quanto a ocorréncia de ADE durante a
infeccdo por ZIKV em individuos com exposi¢do prévia ao DENV e vice-versa.

Diferentes estudos mostraram aumento da infeccdo por DENV e ZIKV in vitro na
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presenca de anticorpos especificos para diferentes ortoflavivirus (Bardina et al., 2017;
George et al., 2017; Priyamvada et al., 2016). Em camundongos fémeas gravidas
infectadas por ZIKV, foi observado que a presenca de anticorpos especificos para DENV
aumentaram significativamente o dano placentario, a restri¢do do crescimento fetal e o
aumento da frequéncia de trofoblastos infectados. O mesmo estudo mostrou ainda que
tecidos placentarios humanos infectados com ZIKV também apresentaram aumento da
replicacao viral, dependente de FcyR, na presenca de anticorpos DENV (Brown et al.,
2019). Em contrapartida, outro estudo mostrou que anticorpos monoclonais humanos
isolados de pacientes com DENV foram capazes de neutralizar o ZIKV in vitro e em
modelo murino (Swanstrom et al., 2016). Além disso, em um estudo com coortes de
macacos Rhesus, foi observado que a imunidade pré-existente para DENV resultou na

redugdo no numero de dias de viremia do ZIKV (Pantoja et al., 2017).

1.6 Abordagens terapéuticas e profilaticas contra infeccoes por ortoflavivirus

A vacina de virus atenuado YFV-17D contra a febre amarela ¢ atualmente a vacina
com maior numero de dados de eficacia e seguranga ja desenvolvida para uma infec¢ao
por ortoflavivirus. O sucesso da vacina se da por sua capacidade de indug¢ao da imunidade
inata e principalmente imunidade adaptativa de longa duracdo, caracterizada
majoritariamente por anticorpos neutralizantes dirigidos a proteina do envelope viral e
células T de memoria que podem ser detectadas por até varias décadas apds a vacinagao
(Fuertes Marraco et al., 2015; Gaucher et al., 2008; Gotuzzo; Yactayo; Cordova, 2013).

Apesar da eficacia da vacinagdo com a YFV-17D, a febre amarela ainda ¢ um
sério problema de satide publica para areas endémicas. Por ser uma vacina de virus
atenuado, sua administragdo ndo ¢ recomendada para gestantes e individuos
imunossuprimidos (Silva et al., 2018). Além disso, resultados de um estudo de meta-
analise mostraram que idosos, em comparacdo a populacdo nio idosa, apresentam risco
trés vezes maior de eventos adversos graves decorrentes da infecgcdo pelo YFV, mesmo
apos a vacinacao (De Abreu et al., 2022).

Os métodos profilaticos contra as infeccdes por DENV e ZIKV consistem
principalmente no combate ao vetor, por meio da prevengao e eliminagdo de criadouros
do mosquito Aedes aegypti (CDC, 2019). O laboratério Sanofi Pasteur, na Franca,
desenvolveu a primeira vacina licenciada contra a dengue; entretanto, essa vacina

apresenta como limitacdo a recomenda¢do de uso restrita a individuos previamente
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infectados pelo DENV, em funcdo do risco aumentado de formas graves em
soronegativos (HUANG et al., 2023; WU; QI; QIAN, 2023). Mais recentemente, a
Takeda Pharmaceutical Company, do Japdo, desenvolveu a vacina TAK-003
(QDENGA), que demonstrou perfil favoravel de segurancga e eficacia e foi aprovada pela
Agéncia Nacional de Vigilancia Sanitaria (ANVISA) no Brasil (RIVERA et al., 2022).
Além disso, o Instituto Butantan desenvolveu uma vacina tetravalente contra a dengue,
de dose unica, baseada em virus vivos atenuados, que foi aprovada pela ANVISA para
individuos de 2 a 59 anos, independentemente de infecg¢dao prévia, representando um
avango importante no cendrio de prevencdo da dengue no pais (Kallas et al., 2024;
ANVISA, 2025).

Apesar de uma série de vacinas para o ZIKV estarem atualmente em ensaio clinico
(NCT03611946, NCT03008122, NCT02963909, NCT02952833, NCT02937233,
NCT02887482, NCT02840487, NCT03014089, NCT04015648) nenhuma foi ainda
licenciada.

O tratamento da infec¢ao por ortoflavivirus baseia-se no controle do quadro
sintomatico, uma vez que nao existem ainda terapias antivirais especificas aprovadas para
nenhum desses virus. Uma das principais estratégias no desenvolvimento de terapias
antivirais especificas contra ortoflavivirus consiste na inibicdo de proteinas nao
estruturais que compdem o complexo replicativo destes virus (Knyazhanskaya; Morais;
Choi, 2021). Em especial, as proteinas NS3 e NS5 sdo os principais alvos desta estratégia
terapéutica, uma vez que possuem inumeras atividades enzimaticas essenciais para a
replicagdo viral. No entanto, a maioria dos inibidores desenvolvidos at¢ o momento se
encontram na etapa de testes in vitro, e alguns estdo sendo testados em modelo animal

(Knyazhanskaya; Morais; Choi, 2021; Qian; Qi, 2022).

1.7 Anticorpos monoclonais terapéuticos

Desde a descoberta do potencial terapéutico do soro de animais imunizados contra
difteria e tétano, no século XIX, houve um enorme progresso em pesquisas visando o
desenvolvimento de terapias mediadas por anticorpos (Casadevall; Scharff, 1994). A
partir da década de 1980, a comercializacdo de anticorpos monoclonais (mAbs) inovou o
tratamento de cancer e doengas autoimunes e fortaleceu a integragdo desses biofarmacos
no repertério médico mundial (Akaishi; Nakashima, 2017). Alguns exemplos de mAbs

comumente utilizados clinicamente incluem Adalimumabe e Infliximabe (anti-TNFa)
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para tratamento de artrite reumatoide e doenca de Crohn, Belimumabe (anti-Blys) para
tratamento de Lupus Eritematoso Sistémico, e Rituximabe (anti-CD20) para tratamento
de linfoma Non-Hodgkin (Maranhao et al., 2015).

Apesar do pioneirismo da terapia de anticorpos contra doengas infecciosas no
século XIX, esta aplicagdo ainda era pouco explorada antes da pandemia de SARS-CoV-
2 em 2020, quando plasma de individuos convalescentes da doenca foi utilizado para
tratamento de casos graves de internagdo (Casadevall; Pirofski; Joyner, 2021). Além
disso, foram desenvolvidos diferentes mAbs especificos para a proteina Spike do SARS-
CoV-2 que foram aprovados para o tratamento de casos leves e moderados pela FDA,
apesar de ndo estarem atualmente autorizados para uso por nao terem eficicia
comprovada contra as variantes predominantemente circulantes no momento (FDA,
2022). Antes da pandemia de COVID-19, poucos mAbs haviam recebido aprovacdo da
FDA para o tratamento de doengas infecciosas, dentre eles o palivizumabe, direcionado
ao virus sincicial respiratério (VSR), e ibalizumabe, para tratamento de infec¢ao pelo
HIV (Salazar et al., 2017).

Os anticorpos monoclonais podem ser produzidos em outros formatos, além da
estrutura tipica de imunoglobulina, como Fab, scFv e FvFc (scFv-Fc). A estrutura de cada
um desses formatos estd esquematizada na Figura 3. No formato Fragmento variavel de
cadeia simples (scFv), apenas as regides variaveis VH e VL sdo produzidas, as quais sao
unidas por um peptideo conector flexivel (Maranhdo et al., 2015). Este formato de
anticorpo apresenta como vantagem melhor penetracao tecidual, em decorréncia do
menor tamanho. No entanto, ndo sdo capazes de induzir respostas dependentes da por¢ao
Fc, como o ADCC (citotoxicidade mediada por células dependente de anticorpos), por
exemplo (Monnier; Vigouroux; Tassew, 2013). O FvFc ¢ também constituido por uma
unica cadeia polipeptidica contendo um scFv fusionado a regido de dobradiga (hinge) e
aos dominios constantes CH2 e CH3. Diferentemente do scFv, o FvFc possui como
vantagens a presenca de dois sitios ligantes (a semelhan¢a da molécula de anticorpo
inteira) e a preservacao das funcdes efetoras de anticorpo (Maranhao et al., 2015).

Inicialmente, os mAbs eram produzidos pela tecnologia de hibridoma, no entanto,
observou-se que a administracdo destes anticorpos de origem murina em humanos
provoca uma resposta de anticorpos humanos contra os anticorpos de camundongos. Esta
resposta acarreta na diminui¢do da meia-vida do anticorpo administrado, reduzindo sua
eficacia e na possivel ocorréncia de efeitos colaterais graves como o choque anafilatico,

devido a natureza heterdloga dos anticorpos (Teillaud, 2012; Maranhio et al., 2015).
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Abordagens moleculares e de engenharia genética passaram a ser utilizadas para
substituir parte da sequéncia de anticorpos murinos por sequéncias humanas, resultando
em moléculas quiméricas, humanizadas e, mais recentemente, humanas.

A substituicdo das regides constantes de anticorpo de origem murina por regioes
constantes humanas da origem a um anticorpo quimérico. Esta foi a primeira estratégia
de engenharia genética no desenvolvimento de anticorpos, seguida pelo processo de
humanizagdo, em que apenas as regioes determinantes de complementaridade (CDRs)
das regiodes varidveis sao de origem heterdloga (Harding et al., 2010). Entretanto, técnicas
de humanizagdo sdo altamente laboriosas e ainda dependem da utilizagdo de modelo
animal. Desta forma, a probabilidade de ocorréncia de efeitos colaterais e sua magnitude

sdo reduzidas, mas ndo excluidas (Maranhao et al., 2015).

1.8 Bibliotecas de anticorpos e Phage Display

A técnica de Phage Display para a apresentacdo de proteinas exdgenas na
superficie de bacteriofagos foi descrita pela primeira vez em 1985 por George P. Smith
(Smith, 1985). Posteriormente, Greg Winter e colaboradores demonstraram a aplicagao
dessa tecnologia para a construgdo e selecdo de fragmentos de anticorpos a partir de
repertorios de genes das regidoes variaveis, permitindo a obteng¢do de anticorpos com
especificidade pré-determinada sem a necessidade de imunizagao ou do uso da tecnologia
de hibridomas (Winter et al., 1994). Essas contribui¢cdes consolidaram o Phage Display
como uma plataforma central para a engenharia ¢ o desenvolvimento de anticorpos
terapéuticos humanos, culminando na concessao do Prémio Nobel de Quimica de 2018 a
George P. Smith e Sir Gregory P. Winter pelo desenvolvimento do Phage Display de
peptideos e anticorpos (Nobel Prize, 2018).

Atualmente, o Phage Display ¢ amplamente utilizado em diversas aplicagdes além
do desenvolvimento de anticorpos, incluindo o desenvolvimento de biossensores, a
identificacdo de substratos enzimaticos, bem como a descoberta de drogas e vacinas
(Mimmi et al., 2019; Sioud, 2019). No contexto da engenharia de anticorpos, a constru¢ao
de bibliotecas apresentadas em fagos permite um mapeamento abrangente de perfis
funcionais do repertério humano de anticorpos, especialmente em termos de
especificidade antigénica (Ledsgaard et al., 2018).

Bibliotecas de anticorpos apresentadas em fagos podem ter origem natural ou

sintética. Em bibliotecas naturais, a partir de linfocitos B circulantes, isola-se 0 mRNA,
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que ¢ convertido em cDNA para amplificagdo das regides variaveis de cadeia pesada
(VH) e leve (VL) de anticorpo. Os segmentos génicos de VH e VL sdo posteriormente
clonados em um vetor fagomideo (vetor que possui, além da origem de replicagdo
bacteriana, uma origem de replicacdo de fago, permitindo a geragdo de DNA de fita
simples pelo mecanismo do circulo rolante) para geracao de uma biblioteca sintética de
anticorpos apresentada na superficie de bacteriofagos (Barbas et al., 2001; Almagro et al.,
2019; Liu, 2014; Zhang, 2023).

Uma vez expressas na superficie dos fagos, essas proteinas sdo submetidas ao
processo de selegao denominado biopaning, em que sdo realizados 3 a 5 ciclos de selecao
com sucessivas lavagens e posterior eluicdo de clones de maior especificidade contra um
determinado antigeno (Alfaleh et al., 2020). No processo de biopanning, pode-se utilizar
um antigeno imobilizado em uma placa de microtitulagdo ou até mesmo antigenos
biotinilados que se ligam a beads magnéticas ou resinas revestidas por estreptoavidina
(Zhang, 2023). H4 ainda a possibilidade de usar a superficie de células, como no método
BRASIL (Biopanning and Rapid Analysis of Selective and Interactive Ligands)
(Giordano et al., 2001; Dantas-Barbosa et al., 2005), ou ainda in vivo (Pasqualini et al.,
1996; Staquicini et al., 2021) ou a superficie de tecidos ou pecas anatdmicas (Silva et al.,
2016). Por fim, as sequéncias de DNA codificadoras dos anticorpos eluidos no ultimo
ciclo sdao analisadas para identificacdo dos clones mais enriquecidos pelo biopanning.
Estes terdo seus genes sintetizados para expressao da proteina do anticorpo e validagao
de sua eficacia. A Figura 4 ilustra o processo de construgao de uma biblioteca de Phage

Display e selecao de anticorpos in vitro a partir de células B.
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Figura 4. Processo de Construcio de uma biblioteca de Phage Display e selecio de anticorpos
especificos. Os genes que codificam um repertorio contendo bilhdes de anticorpos sdo clonados em um
vetor de fagomideo que carrega o gene que codifica a proteina plll do bacteriofago. A biblioteca de fagos
apresentando os anticorpos sdo obtidas por transformagdo de E. coli com o fagomideo e infec¢do com um
fago auxiliar, que contém todos os genes do bacteriofago filamentoso. O ssDNA originario dos fagomideos,
ao invés do ssDNA do fago auxiliar, € entdo revestido pelas proteinas estruturais. Isso ocorre porque os
fagos auxiliares apresentam mutacdes em sua sequéncia que dificultam o empacotamento de seu proprio
material genético. Os fagos resultantes sdo selecionados contra antigenos de interesse por varias rodadas
de biopanning, que envolve a ligacdo ao antigeno, lavagens sucessivas, eluicdo dos fagos ligantes,
reinfeccdo com os fagos eluidos e amplificacdo. Os fagos selecionados de maior potencial de ligacdo ao
antigeno podem entdo ser identificados por ELISA e sequenciamento de DNA. Antonelli et al. 2025.

Os bacteriofagos filamentosos pertencem a familia Inoviridae e possuem material
genético de DNA fita simples (ssDNA). Diferentes fagos filamentosos ja foram descritos
para apresentacao de proteinas heterologas (M13, f1, fd), sendo o M13 o mais utilizado
entre eles. O genoma do fago filamentoso codifica 11 proteinas, cinco das quais compdoem
o capsideo viral (plIl, pVI, pVIIL, pVIII e pIX). PIIl e PVIII sdo as proteinas mais
utilizadas para apresentagao de anticorpos, especialmente PIII, que pode ser fusionada a
proteinas maiores sem comprometer sua fungdo no processo de infec¢do (Ledsgaard et
al., 2018). Fagos filamentosos infectam células bacterianas Gram negativas da familia das
Enterobacteriaceae, como E. coli, por meio de uma intera¢do entre o pilus sexual das
células hospedeiras e a proteina plll do capsideo viral. Os virions gerados sdo liberados
pela extrusdao do ssDNA através do envelope bacteriano, sem lisar a célula ou impedir sua
divisdo. Apds atravessar a membrana, o0 DNA viral passa a ser revestido pelas proteinas
estruturais, completando assim a montagem da particula viral (Smith; Scott, 1993).

A estratégia de construcdo da biblioteca de anticorpos pode variar e ¢ essencial na

sele¢do de anticorpos por Phage Display. As bibliotecas de anticorpos podem ser
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derivadas de células de individuos ndo imunizados (biblioteca naive) ou de individuos
previamente expostos ao antigeno de interesse (biblioteca imune). Bibliotecas imunes
apresentam como vantagem a gera¢do de anticorpos de maior afinidade, uma vez que
estes ja passaram pelo processo de maturagdo de afinidade in vivo (Ledsgaard et al.,
2018).

O phage display tem se consolidado como uma das principais plataformas para a
descoberta de anticorpos antivirais. A tecnologia ja foi empregada para isolar VHHs
neutralizantes contra influenza A/HINT a partir de bibliotecas imunizadas, resultando em
nanocorpos capazes de reconhecer hemaglutinina e bloquear a infec¢ao viral in vitro
(Paez-Hernandez et al., 2024). De forma semelhante, estratégias de biopanning
permitiram a obtengao de nanobodies com ampla reatividade contra diferentes variantes
de SARS-CoV-2, incluindo moléculas capazes de neutralizar multiplas linhagens ou
mediar a eliminagdo de células infectadas por ADCC (Aripov et al., 2025; Moussa et al.,
2024). Além disso, bibliotecas derivadas de pacientes cronicamente infectados por HCV
facilitaram a identificagdo de Fabs de alta afinidade com neutralizagdo ampla contra
genotipos diversos do virus (Soerensen et al., 2025).

No contexto dos ortoflavivirus, Throsby et al. (2006) selecionaram anticorpos
humanos anti-WNV a partir de bibliotecas oriundas de pacientes infectados e
identificaram mAbs neutralizantes direcionados majoritariamente ao dominio II da
proteina E, alguns dos quais conferiram protecdo in vivo. Para Zika virus, bibliotecas
naive permitiram o isolamento de nanobodies com afinidade nanomolar e capacidade
neutralizante contra o dominio III da proteina E (Hu et al., 2025). Para dengue, Dahiya et
al. (2025) identificaram um sdAb derivado de uma biblioteca de VHH camelidea capaz
de reconhecer o EDII da proteina E, exibindo potente neutralizagdo in vitro e protecao in
vivo com minima indug¢do de ADE. Além disso, Nilchan et al. (2024) selecionaram
anticorpos anti-EDIII com atividade neutralizante contra DENV-2 e baixo potencial de
ADE.

Em conjunto, esses estudos demonstram o potencial das bibliotecas apresentadas
em fago para a identificacdo de anticorpos neutralizantes contra diferentes dominios da
proteina E dos ortoflavivirus, incluindo os dominios II e III, bem como formatos
alternativos de anticorpos, como nanobodies ¢ VHHs. No entanto, a maior parte dessas
abordagens tem se concentrado em epitopos conformacionais ou sorotipo-especificos, o
que pode limitar a amplitude de neutralizagdo. Nesse contexto, o loop de fusdo, uma

regido altamente conservada do dominio II da proteina E e essencial para o processo de
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entrada viral mediado por fusdo de membranas, emerge como um alvo estratégico para o
desenvolvimento de anticorpos com potencial de neutraliza¢do cruzada (Antonelli et al.,
2025). Assim, a aplicacdo da tecnologia de Phage Display para a selecdo de anticorpos
monoclonais humanos direcionados ao loop de fusdo a partir de bibliotecas derivadas de
células B de memoria representa uma abordagem metodoldgica promissora para a
geracdo de candidatos terapéuticos contra ortoflavivirus, fundamentando o objetivo deste

trabalho.
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2 OBJETIVOS
2.1 Objetivo geral

Desenvolver anticorpos monoclonais humanos anti-fusion loop de ortoflavivirus

por meio de Phage Display, visando aplicagdes terapéuticas.
2.2 Objetivos especificos

* Construir uma biblioteca de anticorpos scFv humanos a partir do repertorio de
células B de memoria especificas para ortoflavivirus;

* Selecionar, por Phage Display, anticorpos scFv que reconhecam o loop de fusao
dos ortoflavivirus;

» Expressar os dominios VH e VL selecionados em formato de FvFc e IgG1 em
células de mamifero;

* Caracterizar os anticorpos desenvolvidos quanto a sua especificidade, afinidade

e atividade neutralizante contra ortoflavivirus.



3 METODOLOGIA

3.1 Desenho experimental

RNA de células B de memoria de individuos previamente

infectados com ZIKV efou DENV cultivadas com agonista de
TLR, IL-2 e ZIKV (Silva et al., 2025)
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Figura 5. Desenho Experimental contendo todas as etapas de realizacio do trabalho.

3.2 Construciao da Biblioteca de Anticorpos scFv a partir do Repertorio de Células

B de Memoria Derivadas de Individuos Previamente Infectados por Ortoflavivirus

Os métodos da secdo 4.2 descrevem as etapas de constru¢do da biblioteca de scFv
humana a partir de um repertorio imune de células B de memoria (CBM) ortoflavivirus-
especificas gerado previamente pelo grupo (Silva et al., 2025). Brevemente, foi realizada a
expansao in vitro de CBM a partir de células mononucleares de sangue periférico (PBMC)
de individuos com resposta IgG positiva para ZIKV e individuos com IgG positiva tanto

para ZIKV quanto DENV, visando a obtengdo de um maior nimero de CBM especificas. As
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células B de memoria foram ativadas por IL-2 e R848, ligante de TLR7/8, e estimuladas com
o ZIKV in vitro. Analises de citometria de fluxo mostraram um aumento significativo de até
33% de CBM viaveis. Além disso, foi observado através de Ensaios Imunoenzimaticos
(ELISA) com os sobrenadantes do cultivo celular, que as CBM diferenciadas apos estimulo
produziam preferencialmente IgG especifica para o ZIKV (SILVA, 2021). A Tabela 1
apresenta as caracteristicas demograficas e soroldgicas dos individuos incluidos no estudo,
cujas amostras foram utilizadas para a geragdo da biblioteca de anticorpos scFv. O estudo
foi conduzido de acordo com as diretrizes do Comité de Etica em Pesquisa da Pontificia
Universidade Catoélica de Goias, sob o nimero de CAAE 57.696.716.9.0000.0037, e todos
os participantes assinaram o Termo de Consentimento Livre e Esclarecido. As amostras de
sangue periférico foram coletadas de individuos de ambos os sexos, sendo o género definido
por autodeclaragdo. A coleta de sangue e os procedimentos de cultivo celular foram
realizados aproximadamente dois anos apo6s o diagnostico da fase aguda da infeccao por
ZIKV. Durante a fase aguda, a deteccao do RNA viral em amostras de sangue e urina foi
realizada por RT-qPCR, utilizando o kit BioGene Zika Virus PCR Kit (Bioclin®, Cat.
#K203). Apds a coleta, a sorologia para ZIKV e DENV (IgM e IgG) foi realizada por meio
do teste imunocromatografico TR DPP® Zika/Dengue IgM/IgG (Bio-Manguinhos, Rio de

Janeiro, Brasil), garantindo a caracterizacao sorologica dos individuos incluidos no estudo.

Tabela 1. Caracterizacao dos individuos do estudo.

Identificacdo Idade Sexo D.ias apos IgG anti-ZIKV IgG anti-DENV
sintomas
Zika"

PVZ-01 26 F 546 Positivo Negativo
PVZ-02 27 F 984 Positivo Negativo
PVZ-04 28 M - Positivo Negativo
PVZ-05 26 F 552 Positivo Negativo

Virus

Zika'/Dengue”
PZD-01 55 M 1020 Positivo Positivo
PZD-03 26 M 1005 Positivo Positivo
PZD-04 36 F 1013 Positivo Positivo
PZD-05 21 F 983 Positivo Positivo

PVZ = positivo para ZIKV; PZD = positivo para ZIKV e DENV; F = feminino; M = masculino.
Os valores de IgG anti-ZIKV e anti-DENV correspondem a leitura de testes imunocromatograficos. Para
ZIKV, valores >27 foram considerados positivos; para DENV, valores >20 foram considerados positivos.

* Intervalo estimado com base em questionario clinico.
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3.2.1 Sintese da primeira fita de cDNA a partir de RNA total de células B de memoria

purificadas

A sintese de DNA complementar (¢cDNA) foi realizada a partir do RNA previamente

extraido das células B de memoria ortoflavivirus-especificas. Trés pools de cDNAs distintos

foram gerados para os dominios varidveis de cadeia pesada (VH) de IgG e IgA e para os

dominios variaveis de cadeia leve k (V«). A fita de cDNA foi sintetizada a partir de 4 ug de

RNA e 0,8 uM de iniciador especifico para VH de IgG ou IgA, 8 pg de RNA utilizando

primer especifico para Vk (Tabela 2), utilizando o High Capacity ¢cDNA Reverse

Transcription (Applied Biosystems) seguindo as instrucdes do fabricante.

Tabela 2. Oligonucleotideos utilizados no desenvolvimento do trabalho.

Nome

Sequéncia na orientagao 5’ — 3’

Para gerar os cDNAs
GTC CAC CTT GGT GTT GCT GGG CTT

HulgGl1

IgA rev externo TGG GAA GTT TCT GGC GGT CAC G

HuG«kF

Para a regifio variavel da cadeia pesada (VH)
AGA TCT TCC TCC TCT GGT GGC GGT GGC TCG

HSCVHI-F

HSCVH2-F

HSCVH35-F

HSCVH3a-F

HSCVH4-F

HSCVH4a-F

HSCG1234-B
HSCA-B

GGT
GGC
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
CCT
CCT

GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGT
GGC
GGC

TCC
GGT
TCC
GGG
TCC
GGG
TCC
GGG
TCC
GGG
TCC
GGG
CGG
CGG

TCT
GGG
TCT
CAG
TCT
GAG
TCT
GAG
TCT
CAG
TCT
CAG
CCT
CCT

CAG
AGA
ATC
AGA
GTG
AGA
GTG
AGA
GTG
AGA
GTG
GGC
GGC

Para a regifio variavel da cadeia leve k (Vk)
GGG CCC AGG CGG CCG
GGG CCC AGG CGG CCG

HSCK1-F
HSCK24-F

GTG
TCT
ACC
TCT
CAG
TCT
CAG
TCT
CAG
TCT
CAG
CAC
CAC

AGC
AGC

AGA CTC TCC CCT GTT GAA GCT CTT

CAG CTG GTG CAG TCT GG

TCC TCC TCT GGT GGC GGT GGC TCG GC
TTG AAG GAG TCT GG

TCC TCC TCT G6GT GGC GGT GGC TCG GC
CTG GTG SAG TCT GG

TCC TCC TCT GGT GGC G6GT GGC TCG GC
CTG KTG GAG TCT G

TCC TCC TCT GGT GGC GGT GGC TCG GC
CTG CAG GAG TCG GG

TCC TCC TCT GGT GGC GGT GGC TCG GC
CTA CAG CAG TGG GG

TAG TGA CCG ATG GGC CCT TGG TGG ARC
TAG TGA CCT TGG GGC TGG TCG GGG ATC

TCC AGA TGA CCC AGT CTC C
TCG TGA TGA CYC AGT CTC C
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HSCK3-F GGG CCC AGG CGG CCG AGC TCG TGW TGA CRC AGT CTC C
HSCKS-F GGG CCC AGG CGG CCG AGC TCA CAC TCA CGC AGT CTC C
HSCK14-B GGA AGA TCT AGA GGA ACC ACC TTT GAT YTC CAC CTT GGT CCC
HSCK2-B GGA AGA TCT AGA GGA ACC ACC TTT GAT CTC CAG CTT GGT CCC
HSCK3-B GGA AGA TCT AGA GGA ACC ACC TTT GAT ATC CAC TIT GGT CCC
HCKS5-B GGA AGA TCT AGA GGA ACC ACC TTT AAT CTC CAG TCG TGT CCC

Primers para geracio do fragmento d scFv
RSC-F GAG GAG GAG GAG GAG GAG GCG GGG CCC AGG CGG CCG AGC TC
RSC-B GAG GAG GAG GAG GAG GAG CCT GGC CGG CCT GGC CAC TAG TG

Primers para amplificacdo dos dominios VH e VL apos seleciio de Phage Display para sequenciamen

VHScFv_5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTGGTTCCTCTAGATCTTCCTCCT
VHScFv_ 3’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGCCGGCCTGGCCACTAGTG
VLScFv_ 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGGAGGAGGAGGAGGAGGCGG
VLScFv_ 3’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAGGAGGAAGATCTAGAAACCACC

pCombScFv_ 5> GTATGTTGTGTGGAATTGTGAGC
pCombScFv 3’ GCCACCACCCTCCTAAGAAG

3.2.2 Amplificacdo das Cadeias VH e VL (1° ciclo de PCR) (Adaptado de Andris-
Widhopf et al., 2000)

Os cDNAs gerados das cadeias pesadas de 1gG e IgA e cadeia leve Kappa foram
utilizados como molde para amplificacao por reacdo em cadeia da polimerase (PCR) dos
genes de VH e Vk rearranjados. Para a amplificacdo dos rearranjos génicos da regido
variavel foram feitas 6 reacdes de amplificacdo para VH de IgG e 6 reacdes para
amplificagdo de VH de IgA utilizando cada um dos oligonucleotideos senso HSCVHI,
HSCVH2, HSCVH35, HSCVH3a, HSCVH4 e HSCVH4a combinados com os
oligonucleotideos anti-senso HSCG1234-B ou HSCA-B. Para a obtengdo da cadeia leve
Kappa foram realizadas 16 reacdes de amplificagdo utilizando cada um dos
oligonucleotideos senso HSCK1-F, HSCK24-F, HSCK3-F e HSCKS5-F combinados com
cada um dos oligonucleotideos anti-senso HSCK14-B, HSCK2-B, HSCK3-B ¢ HSCKS5-B.
A sequéncia de todos os oligonucleotideos utilizados est4 descrita na Tabela 2. As reagdes
de amplificagdo foram realizadas utilizando-se o QuantiNova™ Probe RT-PCR Kit (Qiagen
— Cat.: 208352) seguindo as recomendagdes do fabricante com algumas modificagdes. Cada

reagdo consistiu de 0.5ug de cDNA, 0.6 uM dos primers 5° e 3’ e Tampao de PCR Probe
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RT-PCR Master Mix 1X. As condi¢des de termociclagem foram: desnaturagdo inicial a 94
°C por 5 min; 30 ciclos de desnaturacdo a 94 °C por 15s, anelamento a 56 °C por 90s,
extensdo a 60 °C por 190s; extensdo final a 60 °C por 5 min. As replicatas de cada reacao
foram misturadas e precipitadas com 2V de etanol ¢ 0,1V de acetato de s6dio 3M (pH 5,0) e
glicogénio a 50ug/mL Em seguida, os produtos de PCR foram submetidos a eletroforese em

gel de agarose 1,5% e purificados com o kit QIAquick gel extraction.

3.2.3 Obtencdo dos fragmentos de scFv por PCR de Sobreposi¢do (2° ciclo de PCR)
(Adaptado de Andris-Widhopf et al., 2000)

Os produtos de PCR das regidoes VH e Vx purificados foram misturados em
quantidades iguais para gerar um produto final de sobreposi¢do. Os primers utilizados no
primeiro ciclo de PCR geraram sequéncias idénticas na regido 3’ da cadeia leve e na
extremidade 5’ da cadeia pesada que serviram para a sobreposi¢do destas gerando um
produto de extensdo no segundo ciclo de PCR que corresponde ao scFv (~850pb). A PCR
de sobreposi¢ao para geracao do scFv foi realizada utilizando-se o QuantiNova™ Probe RT-
PCR Kit (Qiagen — Cat.: 208352) seguindo as recomendagdes do fabricante com algumas
modificagdes. Cada reacao consistiu de 100ng dos produtos de PCR purificados de VH e
100ng dos produtos de PCR purificados de Vi, 0.6 uM dos primers 5’ ¢ 3’(RSC-F e RSC-
B) e Tampao de PCR Probe RT-PCR Master Mix 1X. As condigdes de termociclagem foram:
desnaturagdo inicial a 94 °C por 5 min; 25 ciclos de desnaturacao a 94 °C por 15s, anelamento
a 56 °C por 15s, extensdo a 60 °C por 2min; extensao final a 60 °C por 5 min. As replicatas
de cada reagao foram misturadas e precipitadas com 2V de etanol e 0,1V de acetato de sodio
3M (pH 5,0) e glicoblue a 50pug/mL Em seguida, os produtos de PCR foram submetidos a

eletroforese em gel de agarose 1,5% e purificados com o kit QIAquick gel extraction.

3.2.4 Digestdo dos fragmentos de scFv e do Vetor pComb3XSS com a Enzima Sfil
(Adaptado de Andris-Widhopf et al., 2000)

A construgdo da biblioteca foi finalizada a partir da ligagdo dos fragmentos de scFv
no vetor fagomideo pComb3 XSS (~5000pb) (Figura 4) e posterior transformacao de células
de E.coli. Para tornar possivel a ligacdo inserto-vetor, os scFvs obtidos pela PCR de

sobreposicdo e purificados e o vetor pComb3XSS foram inicialmente digeridos com a
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enzima Sfil (20.000 U/mL) (New England Biolabs, catdlogo R0123). O sistema de digestao
dos fragmentos de scFv consistiu de 6ug de DNA, 120U de Sfil e tampao CutSmart 1X
(New England Biolabs, catdlogo B60040) ¢ foi incubado a 50°C overnight. Os fragmentos
digeridos (scFv, vetor e fragmento Fab excisado do vetor) foram submetidos a eletroforese
em gel de agarose 1%. O DNA dos fragmentos excisados foi extraido utilizando-se o
Agarose Gel Extraction Kit (Cellco, catalogo DPK-105) e em seguida purificados utilizando-
se 0 QIAquick PCR Purification Kit (Qiagen).

ac operator| Sfil (282)

| . Sacl (z92)

pComb3XSsS
4991 bp

T Mbal (1471}

" Xhol (1578)

N Spel (1941)
ST (1954)

Figura 6. Vetor fagomideo pComb3xSS. Os genes dos dominios variaveis de cadeia leve e
pesada sdo delimitados por sitios de Sfil. O plasmideo possui uma origem de replicacdo adicional em fago
e o gene da proteina plll, com a qual o anticorpo expresso ¢ fusionado. As tags 6xHis e HA permitem
purificagdo e deteccao.

3.2.5 Testes de ligagdo do scFv com o Vetor pComb3XSS (Adaptado de Rader et al.,
2000)

Inicialmente foram realizados testes de ligagdo em pequena escala. Para tanto foram
feitos diversos sistemas de ligacdo, tanto a ligacao do scFv com o vetor pComb3XSS, como

também ligacdes controle negativa (sem inserto) e positiva (com o inserto Fab original do
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vetor liberado apds a digestdo com Sfil). As ligagdes testes consistiram de 140ng de vetor
pComb3XSS, 70ng de scFv ou 140ng de Fab (com excessdo da ligacdo de controle
negativo), 1 U de T4 DNA ligase (Invitrogen, catalogo 15224017), 1X tampao de DNA
ligase 5X (Invitrogen, catalogo 15224017) e 4gua nuclease-free para completar o volume de
20uL final. As amostras foram incubadas a 25°C overnight e em seguida a enzima T4 DNA
Ligase foi inativada por incubagdo a 70°C por 10 minutos. 3ul. de cada sistema foram
utilizados para transformar aliquotas de células XL1-Blue eletrocompetentes. As placas
foram incubadas overnight a 37°C. A ligagao definitiva em maior escala so foi realizada
quando os calculos do numero de colonias da transformagdo das ligacdes testes atingiram
valor de 1 x 10° transformantes/ug de DNA da ligacdo teste do scFv. O nimero de
transformantes com o sistema de ligacdo controle negativo (teste de autoligacdo do vetor)
deveria ser menor que 10% em comparagao aos outros sistemas. Apos a obtencao dos valores
mencionados, prosseguiu-se para a realizagdo da ligacdo definitiva do scFv no vetor
pComb3XSS e transformagdo da biblioteca em células de Escherichia coli da linhagem

XL1-blue MRF por eletroporacao.

3.3 Preparaciao para a transformacio da biblioteca e selecio de Phage Display

(Adaptado de Rader et al., 2000)
3.3.1 Preparagdo de Células Eletrocompetentes

Uma coldnia isolada de células de E. coli, linhagem XL1-BLUE MRF’ foi
inoculada em 5 mL de meio SB (Peptona bacteriologica 3%, Extrato de Levedura 2%,
MOPS 1%, pH 7,0) com 10pg/mL tetraciclina. A cultura foi incubada durante a noite a
250 rpm e 37°C. Os SmL de cultura foram adicionados em 500mL de meio SB contendo
2,5mL de solugdo estoque de glicose 2 M e 2,5mL de solugao estoque de Mg 2 M (MgCl12
1 M e MgS0O4 1 M). O indculo foi incubado, a 250 rpm e 37 °C, até atingir uma densidade
optica (D.O.) a 600nm entre 0,7 a 0,9. A cultura foi resfriada e as células foram
centrifugadas a 3000 x g e 4°C por 20 minutos. Em seguida as células foram
ressuspendidas em 100mL de glicerol 10% (v/v) gelado e centrifugadas novamente a
3000 x g e 4 °C por 20 min. O sobrenadante foi descartado e esse procedimento foi
repetido mais duas vezes, uma segunda vez com 100mL de glicerol 10%, e uma terceira
vez com 25mL de glicerol 10%. Por fim, as células foram ressuspendidas em glicerol

10% para uma densidade optica a 600nm de aproximadamente 280. Foram feitas
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aliquotas de 120uL das células eletrocompetentes, que foram congeladas rapidamente em

banho de alcool e gelo seco e armazenadas a -80 °C.

3.3.2 Preparacao do Fago Auxiliar

Foram inoculados 2puL de E. coli XL1-Blue eletrocompetentes em 2mL de meio SB
contendo tetraciclina a uma concentracgao final de 10pg/mL e incubados a 37°C por 1 hora a
250rpm. Paralelamente, foram preparadas dilui¢cdes do fago auxiliar VCSM13 da ordem de
10, 107 e 108, Em seguida 1pL de cada uma destas dilui¢cdes foi utilizado para infectar
aliquotas de 50uL da cultura de XL1-Blue. Apos incubagdo por 15 minutos a temperatura
ambiente adicionou-se os S0uL de células a 3mL de meio LB top agar liquefeito (45-50°C),
misturando em seguida o tubo por inversao e, posteriormente espalhando em placas pré-
aquecidas de meio LB agar. As placas foram incubadas a 37°C durante a noite. Apos esse
periodo foram observadas placas de retardo de crescimento (coldnias de bactérias com
retardo no crescimento devido a infecgdo pelo fago VCSM13). Em um tubo tipo Falcon de
50mL contendo 10mL de meio SB pré-aquecido a 37°C, acrescido 10ug/mL de tetraciclina
foram inoculados 10uL de XL1-Blue eletrocompetente. A cultura foi incubada a 37°C por
uma hora em agitador a 250 rpm. Com uma ponteira estéril, transferiu-se uma placa de lise
para a cultura de XL1-Blue, seguido de incubagdo nas mesmas condi¢des por 2 horas. Apos
este periodo a cultura infectada foi transferida para um Erlenmeyer de 1L contendo 500mL
de meio SB pré-aquecido a 37°C, acrescido de 10ug/mL de tetraciclina e 70pug/mL de
kanamicina. Ap6s homogeneizacao metade da cultura foi transferida para outro Erlenmeyer
de 1L e ambos os frascos foram incubados a 37°C durante a noite sob agitacdo de 250 rpm.
Na manha seguinte a cultura foi transferida para dez tubos de polipropileno de 50 mL e
centrifugada a 2500 x g por 15 minutos. O sobrenadante foi transferido para novos tubos e
incubados a 70°C por 20 minutos, com o objetivo de eliminar células ainda presentes na
cultura. Em seguida, as amostras foram centrifugadas novamente a 2500 x g por 15 minutos
e os sobrenadantes transferidos para novos tubos e estocados a 4°C. Os fagos auxiliares
obtidos foram titulados em um procedimento de infec¢do de cultura de células XL1-Blue
como descrito para a obtencdo de placas de retardo de crescimento. Apds a incubagdo
durante a noite, o titulo foi determinado pela contagem do niimero de placas de lise presentes

multiplicados pela dilui¢do do fago.
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3.4 Ligacao da biblioteca de scFv no vetor pComb3XSS

A ligagdo definitiva dos fragmentos de scFv no vetor pComb3XSS foi consistiu de 700ng
de DNA de scFv, 1,4ug de DNA do vetor pCom3XSS digerido, 10 U de T4 DNA ligase
(Invitrogen, catadlogo 15224017), 1X tampao de DNA ligase 5X (Invitrogen, catdlogo
15224017) e agua nuclease-free para completar o volume de 200uL final. O sistema de
ligac¢do foi incubado a 25°C overnight com posterior inativacao da enzima T4 DNA Ligase
a 70°C por 10 minutos. Em seguida, a ligacao foi precipitada durante a noite com 2V de
etanol, 0,1V de acetato de sodio 3M (pH 5,0) e glicoblue a 5S0pug/mL. A biblioteca precipitada
foi centrifugada a 18.000 x g por 2 horas a 4°C. O sobrenadante foi descartado e ao pellet
foi adicionado etanol 70% (v/v) gelado. Apds centrifugagdo de 15 min a4°Ce 18.000 x g, o

pellet de DNA foi seco e ressuspenso em 10 pL de agua.

3.5 Transformacio da Biblioteca de scFv em Células de Escherichia coli por

Eletroporacao

Para a transformacao do sistema de ligacao (10uL), este foi dividido em 10 tubos com 1
puL cada para a realizagdao de 10 choques elétricos com o objetivo de aumentar a eficiéncia
de transformacgao. 10 aliquotas de 120uL de células XL1-Blue foram retiradas do freezer -
80°C aos poucos ¢ a medida que se descongelaram foram transferidas cuidadosamente para
os tubos contendo DNA da ligacdo e em seguida para cubetas de eletroporagdo, 0.2 cm
(Biorad, catalogo 1652086) pré-resfriadas. O pulso elétrico foi realizado nas seguintes
condigoes: voltagem de 2,5 kV, 25uF de capacitancia e 200 Q de resisténcia, gerando pulsos
entre 4 e 5 mili segundos de duracdo. Imediatamente apos o choque, a cubeta foi lavada 3
vezes com ImL de meio SOC (Bactotriptona 2%, Extrato de levedura 0,5%, NaCl 0,06%,
KC1 0,02%, MgCl12 10 mM, MgSO4 10 mM, pH 7,0). A cada um dos 10 choques elétricos
o volume de células em meio SOC era adicionado a um mesmo Erlenmeyer estéril de 125mL,
totalizando 30mL de células. Apos os choques, as células foram transferidas para um
Erlenmeyer de 500mL e o volume da cultura foi completado para S50mL com meio SB. As
células foram recuperadas a 250 rpm e 37 °C, por 1,5 h. Aos 50mL de células transformadas,
foram adicionados 10puL de solucdo estoque de carbenicilina 100mg/mL, 100uL de solugado
estoque de tetraciclina Smg/mL e SmL de solugdo estoque de glicose 20%. A cultura foi
incubada a 300 rpm e 37 °C, por 1 h. Em seguida, 15uL de solugdo estoque de carbenicilina
100 mg/mL foram adicionados e a cultura foi incubada a 300 rpm e 37 °C por mais 1 hora.

O volume da cultura foi entdo completado para 200mL pela adi¢do de meio SB pré-aquecido
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contendo dois mL de fago helper VCSM13 (10'? pfu/mL) e carbenicilina a 50mg/mL,
tetraciclina a 10pug/mL e glicose a 1% (p/v). A cultura foi incubada, em seguida, a 300 rpm
e 37 °C, por 1,5 h, para a geragdo da biblioteca de anticorpos expressos na superficie de
fagos. Posteriormente, 280ul. de solugdo estoque de kanamicina 50mg/mL foram

adicionados ¢ a cultura foi incubada a 300 rpm e 37 °C, durante a noite.

3.6 Selecao da Biblioteca de scFv contra pM Peptideo Mimético do loop de Fusao de

Ortoflavivirus

Duas aliquotas de 1mL da cultura de bactérias com fagos foram separadas e
centrifugadas por 5 min a 5000 x g para armazenamento do pellet de células e do
sobrenadante contendo os fagos. O volume total da cultura foi centrifugado em garrafas
de 500mL por 15 min a 3000 x g, 4°C. O sobrenadante contendo os fagos foi coletado e
as células desprezadas. Ao sobrenadante, foram adicionados 6g de NaCl e 8g de PEG
8000 para precipitacdo dos fagos. A mistura foi homogeneizada por 5 min a 250rpm/
37°C e em seguida incubada por 30 min no gelo. Apos centrifugacao a 15000 x g por 15
min a 4°C, os fagos foram precipitados formando um pellet difuso e o sobrenadante foi
descartado. O pellet de fagos foi ressuspendido com 2mL de TBS contendo BSA a 1%
gerando as aliquotas de fagos input (fagos obtidos apds a amplificacdo overnight dos
fagos eluidos pela selecdo que serdo utilizados no préximo ciclo), que foram
centrifugadas brevemente para eliminacao do residual de células.

Cinquenta microlitros de uma resina de agarose conjugada a streptoavidina
(1mg/mL) (Sigma-Aldrich, catdlogo S-1638) foi adicionada a um tubo de 2mL e incubada
com 150pL de TBS contendo BSA a 3% (m/v) e com 10uM de um peptideo mimético
do loop de fusdo do envelope do ZIKV biotinilado (antigeno escolhido para a sele¢do).
Este sistema foi incubado por 1 hora em agitador orbital a 30rpm. Em seguida, o sistema
foi centrifugado por Smin a 10000 x g e o sobrenadante retirado e descartado. Cem
microlitros do fago input foram adicionados ao sistema, que foi incubado por mais 1 hora
a temperatura ambiente em orbital a 30rpm. Apos a incubagao, foram realizadas lavagens
sucessivas com 500puL de TBST (tween 20 a 0.1%) para eliminagao dos fagos nao ligantes
(5 lavagens no ciclo 1 de sele¢do, 10 no ciclo 2 e 15 no ciclo 3). A cada lavagem a resina
era ressuspensa em TBST, incubada por 1 min e centrifugada a 10.000 x g por 2 min para
remog¢ado e eliminacdo do sobrenadante contendo os fagos ndo ligantes. Apds a ultima

lavagem, 100uL do peptideo mimético do /loop de fusdo do ZIKV ndo biotinilado
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(100uM) foram adicionados ao sistema de sele¢do para realizar uma eluicdo por
competicao. O sistema foi incubado em orbital por 15 min a 30rpm e centrifugado por 5
min a 10.000 x g. Apds a centrifugagdo, o sobrenadante contendo os fagos eluidos por
competicdo foi adicionado a um novo tubo de 1,5mL e o pellet de resina contendo os
fagos que permaneceram ligados ao antigeno biotinilado foi também armazenado. A
partir deste momento, dois sistemas de sele¢do foram conduzidos paralelamente, sistema
de selecdo competitiva (a partir do sobrenadante de fagos ligantes ao antigeno ndo
biotinilado) e sistema de selegdo com antigeno adsorvido (a partir do pellet de resina
contendo os fagos que permaneceram ligados ao antigeno biotinilado).

Uma cultura de células de XL1-Blue com OD de 1 em meio SB contendo glicose
a 1% e tetraciclina a 10png/mL foi utilizada para infec¢do com fagos oriundos da selecao
com antigeno adsorvido e selegao competitiva. Dois mililitros da cultura de células foram
adicionados a tubos conicos de SOmL (um tubo para cada selegdao- competitiva e antigeno
adsorvido na resina). Ao tubo da selegdo competitiva, foram adicionados 50uL do
sobrenadante de fagos eluidos. Para infeccao das células com os fagos provenientes da
selecdo com antigeno adsorvido, o pellet de resina foi ressuspendido com 500uL da
cultura de células e adicionado ao tubo contendo o 1,5 mL restante. Para a infec¢ao, os
tubos foram incubados por 15 min a temperatura ambiente. Em seguida, aliquotas de
200uL foram separadas de cada um dos tubos gerando o output (titulo de saida) de cada
uma das selecdes. Doze mililitros de meio SB pré aquecido a 37°C contendo 20pug/mL de
carbenicilina, 10ug/mL de tetraciclina e 1% de glicose foram adicionados aos tubos de
infecc¢ao, que foram entdo incubados a 37°C por 1 hora sob agitacdo a 250rpm. Apds a
incubagao, foi adicionado um refor¢o de carbenicilina as culturas para uma concentragao
final de 50pg/mL e realizada nova incubagao por 1 hora, 250rpm, 37°C. As culturas foram
entdo transferidas para erlenmeyers de 1L contendo 92 mL de meio SB pré-aquecido a
37° (1% glicose, 50png/mL carbenicilina e 10pg/mL tetraciclina) contendo 1mL de fago
auxiliar VCSM13 (10'2 PFU) totalizando 100mL de volume. As culturas foram incubadas
por 1 hora e meia a 37°C, 250rpm, e em seguida foram adicionados as culturas 140uL de
kanamicina para uma concentracdo final de 70ug/mL. As culturas foram incubadas
durante a noite. Na manha seguinte, todo o processo era iniciado novamente para

realizacdo de um novo ciclo de sele¢ao, totalizando 3 ciclos de selecgao.
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3.7 Titulacio de fagos

Para cada ciclo de selegdo, 2 mL de células de XL1-BLUE MRF’, a uma
densidade optica (D.O.) a 600 nm de 1,0 foram infectados com 100uL de fagos eluidos a
temperatura ambiente por 15 min. Apds esse tempo, 100uL de diluigdes entre 107, e 10°
3 das células infectadas foram plaqueadas em meio SB 4gar contendo ampicilina e glicose
para concentracdes finais de 200 pg/mL e 1%, respectivamente, a fim de titular os fagos
eluidos (output). As placas foram incubadas a 37 °C, durante a noite. Para cada ciclo de
selecdo, 100 puL de células XL1-BLUE MRF’ com D.O. a 600 nm de 1,0 foram infectadas,
a temperatura ambiente, por 15 min, com dilui¢des de 1077, a 10! de fagos amplificados
e ressuspendidos (input, ou titulo de entrada). As cé€lulas foram plaqueadas em meio SB
agar, nas mesmas condi¢des anteriores, para titulagao dos fagos amplificados. As placas

foram incubadas a 37 °C, durante a noite.

3.8 Extracao de DNA plasmidial

Uma aliquota da biblioteca de scFvs recombinantes gerada anteriormente a adi¢ao
fago helper foi utilizada para preparagao de um indéculo em meio SB para extragdo de
DNA plasmidial em média escala (midiprep). Para isso, foi utilizado o kit QIAprep Spin
Midiprep (QIAGEN, Hilden, Alemanha, cat: 12145) de acordo com as instrugdes do
fabricante. O DNA obtido foi ressuspenso em agua nuclease-free e analisado por
eletroforese em gel de agarose. A cada ciclo de selecdo uma aliquota dos fagos
reamplificados era armazenada para extragdo de DNA plasmidial por em pequena escala
(miniprep), realizada com o kit QIAprep Spin Miniprep (QIAGEN, Hilden, Alemanha,

cat:27106) de acordo com as especificagdes do fabricante.

3.9 Amplificacdo dos dominios variaveis

Usando como molde o DNA da biblioteca anterior ao processo de selecdo (obtido
por Midiprep) e o DNA de anticorpos provenientes do ultimo ciclo de sele¢do (obtido por
miniprep), os dominios varidveis da cadeia pesada (VH) e da cadeia leve (VL) foram
amplificados, separadamente por PCR. Os oligonucleotideos iniciadores utilizados
(VHScFv_5’, VHScFv 3, VLScFv 5°, VLScFv 3’, pCombScFv_5’, pCombScFv 3’)
estdo descritos na tabela 2. Para a amplifica¢do de VL, foi necessario amplificar o fragmento

de scFv com os primers pCombScFv_5°, pCombScFv 3, e em seguida amplificar VL
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utilizando o DNA do scFv como template. Para as reacdes foi utilizado o QuantiNova™
Probe RT-PCR Kit (Qiagen — Cat.: 208352) seguindo as recomendagdes do fabricante com
algumas modificagdes. Cada reagdo consistiu de 20ng de DNA, 0.6 mM dos primers 5’ ¢ 3’
e Tampao de PCR Probe RT-PCR Master Mix 1X. As condi¢des de termociclagem foram:
desnaturagdo inicial a 95 °C por 5 min; 30 ciclos de desnaturagdo a 95 °C por 30s, anelamento
a 65 °C por 30s, extensdo a 72 °C por 1 min; extensdo final a 72 °C por 5 min. As replicatas
de cada reagdo foram misturadas e precipitadas com 2V de etanol e 0,1V de acetato de sodio
3M (pH 5,0) e glicoblue a 50ug/mL Em seguida, os produtos de PCR foram submetidos a
eletroforese em gel de agarose 1,5% e purificados com o Agarose Gel Extraction Kit (Cellco,

catdlogo DPK-105).

3.10 Sequenciamento de Nova Geracao (NGS) pela plataforma Illumina

Os amplicons correspondentes a amplifificacio dos dominios varidveis das
cadeias pesada e leve dos anticorpos provenientes da biblioteca gerada previamente a
selecdo e das populacdes selecionadas apds o ultimo ciclo de Phage Display foram
enviados para sequenciamento de nova geragdo. O sequenciamento foi realizado na
empresa Macrogen (Seoul, Coreia do Sul), pelo sistema Miseq da plataforma Illumina,

com tamanho de leitura de 2 x 300 pb e cobertura de 1 milhao de reads.

3.11 Analise do NGS pela plataforma ATTILA

Os dados de leituras provenientes do sequenciamento Illumina foram analisados
com a ferramenta automatizada de andlise de imunoglobulinas, ATTILA, previamente
desenvolvida pelo grupo (Maranhdo et al., 2020). Esse programa analisa as sequéncias
dos dominios varidveis da cadeia pesada (VH) e leve (VL) com base nas defini¢des de
CDRs e frameworks. Além disso, ¢ realizada uma andlise de enriquecimento, que
determina a frequéncia de cada sequéncia de dominio varidvel em cada ciclo de selegao
avaliado. Assim, o programa gera um relatorio contendo a variagao da frequéncia de cada
sequéncia (fold-change) entre o ultimo ciclo de selecdo e a biblioteca antes da selecao.
Além disso ¢ fornecido a sequéncia de aminoécidos de cada dominio, bem como sua

classificagdo germline.

3.12 Desenho de genes para expressao dos anticorpos anti-ortoflavivirus
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A partir dos resultados da andlise do sequenciamento, foram selecionados os
dominios VH e VL mais enriquecidos para desenho dos genes dos anticorpos anti-
ortoflavivirus a serem expressos. Os dominios VH e VL selecionados foram combinados
entre si e as sequéncias recombinantes foram otimizadas pela plataforma GenSmart™
Codon Optimization com o uso de codons preferenciais das linhagens de células HEK
293 e CHO. As sequéncias de DNA codificadoras dos anticorpos recombinantes
desenhadas para expressdao de FvFc no vetor pMIW e IgG1 e Igk em vetores pcDNA3.4.

Os plasmideos foram sintetizados pela empresa GenScript (China).

3.13 Expressao dos anticorpos anti-ortoflavivirus em células de mamifero

A expressao dos anticorpos recombinantes do tipo FvFc e IgG foi realizada por
transfecdo transiente de células Expi293F™ (Thermo Fisher Scientific) utilizando o
sistema Expi293™ Expression System e o reagente ExpiFectamine™ 293 Transfection
Kit, de acordo com as recomendacdes do fabricante (MANO0019402, Thermo Fisher
Scientific). As células Expi293F™, derivadas de HEK293 adaptadas para crescimento
em suspensao, foram mantidas em meio de cultivo Expi293™ Expression. As culturas
foram mantidas a 37 °C e 8% de CO., em agitacdo orbital de 125 rpm. As células foram
subcultivadas a cada 3—4 dias e utilizadas para transfecdo quando atingiram densidade de
3—-5 % 10¢ células/mL, com viabilidade superior a 95%. No dia anterior a transfe¢do (Dia
—1), as células foram diluidas para 2,5-3 % 10° células/mL e cultivadas durante a noite.
No dia da transfe¢ao (Dia 0), a cultura foi ajustada para uma densidade final de 3 x 10°
células/mL em um volume de 25 mL de meio Expi293 Expression Medium, previamente
aquecido a 37 °C, em frascos Erlenmeyer estéreis e ventilados de 125 mL. O complexo
DNA-ExpiFectamine foi preparado conforme o protocolo: para cada mL de cultura, foi
utilizado 1 ug de DNA plasmidial purificado (totalizando 25 pg de DNA para 25 mL de
cultura, sendo que para os anticorpos em formato de IgG, foram utilizados 12.5 ug de
DNA IgG e 12.5 pg de DNA IgK). O DNA foi diluido em 1,5 mL de Opti-MEM™ [
Reduced Serum Medium, enquanto 80 pL de ExpiFectamine™ 293 Reagent foram
diluidos separadamente em 1,5 mL de Opti-MEM™ 1. As duas solugdes foram
combinadas e incubadas a temperatura ambiente por 15-20 minutos para formacao dos
complexos lipidicos. Em seguida, a mistura foi adicionada lentamente a cultura de células
sob leve agitacdo. Apds 18-22 h, foram adicionados os reagentes de intensificacdo da

transfecdo: 150 pL de ExpiFectamine™ 293 Transfection Enhancer 1 e 1,5 mL de
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ExpiFectamine™ 293 Transfection Enhancer 2, homogeneizando-se suavemente o frasco
apos cada adicdo. As culturas foram entdo incubadas a 37 °C e 8% de CO: com agitacio
continua a 125rpm. A coleta do sobrenadante foi realizada entre 6 dias pds-transfecao,
periodo correspondente ao pico de secre¢do da proteina recombinante. O meio foi
centrifugado a 6000 X g por 20 minutos a 4 °C para remocao de células e detritos, e o
sobrenadante clarificado foi filtrado em membrana de 0,22um antes da etapa de

purificacdo por afinidade em coluna de Proteina A.

3.14 Purificacido dos anticorpos por afinidade a proteina A

A purificagdo dos anticorpos recombinantes do tipo FvFc e IgG foi realizada no
sistema de cromatografia AKTA Pure (Cytiva) utilizando uma coluna HiTrap Protein A
HP 5 mL (Cytiva, cat. n° 17040301). Essa coluna € preenchida com uma resina revestida
com proteina A, que apresenta alta afinidade pela regido Fc de imunoglobulinas humanas,
permitindo a captura seletiva de anticorpos a partir do sobrenadante de cultura celular.
Antes do inicio da purificagdo, a coluna foi equilibrada com 25 mL de tampao de ligacdo
(20mM fosfato de sodio, pH 7,0) a um fluxo de SmL/min. Em seguida, o sobrenadante
de cultura contendo os anticorpos, previamente clarificado por centrifugacao e filtragao
em membrana de 0,22 um, foi aplicado a coluna utilizando o superloop, em um volume
entre 25 e S0mL. O flow-through, correspondente a fracao nao ligada, foi coletado pela
valvula de outlet para monitoramento da eficiéncia de ligagdo. Apds a aplicagdao da
amostra, a coluna foi lavada com 15mL do mesmo tampao de ligacao para remocao de
proteinas e impurezas ndo especificamente ligadas. A elui¢do dos anticorpos foi realizada
utilizando 15mL de tampao 4cido (0,1 M é&cido citrico, pH 3,0), em steps ou gradiente
linear conforme o método programado no sistema. As fracdes eluidas foram coletadas
automaticamente em aliquotas de 1mL por meio do coletor de fragdes. Cada fragao eluida
foi imediatamente neutralizada com 200uL de tampao Tris 1 M, pH 9,0, para evitar
desnaturag¢do induzida pelo pH 4cido. As fragdes correspondentes ao pico de eluigdo
foram analisadas por SDS-PAGE sob condi¢des desnaturantes, a fim de avaliar pureza e
integridade das amostras. Ao término da purificagdo, a coluna foi reequilibrada com
25mL do tampao de ligagdo e posteriormente lavada com 50mL de 4gua Milli-Q. Para
armazenamento, foi realizada uma lavagem com 25mL de etanol 20% (v/v), seguida de

vedagao das extremidades e conservagao a 4 °C.
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3.15 Eletroforese em gel desnaturante de poliacrilamida

A andlise das proteinas foi realizada por eletroforese em gel desnaturante de
poliacrilamida (SDS-PAGE) utilizando o sistema Mini-PROTEAN Tetra Cell, 4-Gel
System (Bio-Rad). O gel separador (rumning gel) foi preparado a 12% (3mL de
acrilamida/bisacrilamida 29:1; 2,5mL de Tris-HCI 1,5M pH 8,8; 100uL de SDS 10%;
Sul de TEMED (Invitrogen); 100uL de APS 10%; e agua destilada até¢ 10mL). Os
catalisadores TEMED e APS foram adicionados por ultimo, imediatamente antes do
vertimento entre as placas de vidro. Apos o enchimento, uma fina camada de isopropanol
foi aplicada sobre o gel para nivelamento. Apo6s a polimeriza¢do, o isopropanol foi
removido e o gel lavado com &4gua destilada. O gel concentrador (stacking gel) foi
preparado a 5% (470uL de acrilamida/bisacrilamida 29:1; 472,5uL de Tris-HCI 1,0M pH
6,8; 37,5uL de SDS 10%; 4ulL de TEMED; 37,5uL. de APS 10%; e 4gua destilada até 3,7
mL). Apos adigdo dos catalisadores, o gel concentrador foi vertido sobre o separador e o
pente inserido imediatamente. Apos a polimerizacao, o sistema foi montado e preenchido
com tampao de corrida 1X (Tris 25mM; glicina 0,192 M; SDS 0,1%; pH 8,3-8,4). As
amostras foram preparadas com tampao de amostra 5X (Tris-HCI 200 mM pH 6,8; SDS
4%:; B-mercaptoetanol 4%:; glicerol 20%; azul de bromofenol 0,1%), diluidas para 1X e
aquecidas a 95 °C por 10 minutos. Cerca de 20uL. de cada amostra foram aplicados no
gel, juntamente com 3,5uL. do marcador de peso molecular TrueColor High Range
Protein Marker (Sinapse Biotecnologia). A eletroforese foi conduzida a 100 V por
aproximadamente 2 h e 15 min. A migracao foi monitorada pela frente do corante azul de
bromofenol. Ao término, o gel foi submetido a coloragdo com Coomassie Blue ou Prata,

ou ainda a imunodetecgdo por western blot.

3.16 Coloragao do gel com Coomassie Blue ou Prata

Ap0s a corrida, o gel concentrador foi removido e descartado, e o gel separador
submetido a coloragdo. Para coloragdo com Coomassie Blue, o gel foi imerso em Solucao
Corante (Azul Brilhante de Coomassie R-250 0,25%; metanol 30%:; acido acético glacial
7%) por 2 horas sob agita¢do suave. Em seguida, a solu¢do corante foi descartada e o gel
lavado com Solu¢do Descorante (metanol 30%; acido acético glacial 7%) até visualizagdo
nitida das bandas de proteina. Para coloragdo com prata, foi utilizado o kit Silver Stain
(Invitrogen, Ref: 45-1001). Todas as etapas foram conduzidas sob agitagao suave. O gel

foi inicialmente fixado em 25mL de solucao fixadora (etanol 40%; acido acético 10%;
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agua destilada g.s.p. 25mL) por 20 minutos, seguidos de lavagem com etanol 30% por 10
minutos. Em seguida, foi realizada a sensibilizagdo com 25mL de solugdo sensibilizadora
(7,5 mL de etanol; 2,5 mL de solugdo sensibilizadora do kit; dgua destilada q.s.p. 25 mL)
por 10 minutos, seguida de nova lavagem com etanol 30% (10 min) e duas lavagens com
agua destilada (10 min cada). Apoés as lavagens, o gel foi incubado por 15 minutos em 25
mL da solugdo de coloragdo (250uL do corante do kit em &4gua destilada), lavado
rapidamente (60 s) com agua destilada e, em seguida, incubado na solucao reveladora
(2,5mL de revelador + 1 gota de amplificador de revelacao) por 4—8 minutos, até o
aparecimento das bandas. Quando atingida a intensidade desejada, a reagdo foi
interrompida pela adi¢do da solugdo Stopper fornecida no kit, e o gel mantido em agua

destilada até o registro da imagem.

3.17 Western Blot

ApOs a separagao das proteinas por SDS-PAGE, estas foram transferidas para uma
membrana de nitrocelulose utilizando o sistema TE 70PWR (Amersham Bioscciences).
As membranas foram equilibradas em tampao de transferéncia (Tris 25 mM; glicina 192
mM; metanol 20%) por 10 minutos antes da montagem do sistema. A transferéncia foi
realizada a 10V, 150mA por 1h. Apos a transferéncia, as membranas foram bloqueadas
por 1 hora a temperatura ambiente com Tampao PBS-T (Tween-20 0,1%) contendo 5%
de leite desnatado. Em seguida, foram incubadas com o anticorpo produzido em cabra
anti-Fc humano (diluigdo 1:1500) (Thermo Fisher Scientific, catalogo A18820) por 2
horas em temperatura ambiente ou overnight a 4 °C. Apo6s trés lavagens com PBS-T, a
revelacao foi realizada com o substrato NBT/BCIP - Nitro Blue Tetrazolium/5-Bromo-4-
Chloro-3-Indolyl Phosphate (Thermo Fisher Scientific) até o aparecimento das bandas. A
reacdo foi interrompida pela lavagem com agua destilada e as membranas foram mantidas

em condigdes secas e protegidas da luz até o registro da imagem.

3.18 ELISA contra os virus ZIKV e DENV1-4 inativados

A analise da ligagdo dos anticorpos recombinantes aos virus ZIKV e aos quatro
sorotipos do DENV foi realizada por ELISA indireto, utilizando como antigenos
particulas virais inativadas por exposicao a luz ultravioleta por 1 h. Foram empregados o
ZIKV inativado da cepa H/PF/2013, bem como os sorotipos DENV-1 (Hawaii), DENV-
2 (N. Guinea C), DENV-3 (H87) e DENV-4 (BC 295/97), cedidos gentilmente pela
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Professora Doutora Lucimeire Antonelli da Silveira da Universidade Federal de Goias.
Placas de 96 pogos de poliestireno de alta adsor¢do Polysorp (Thermo Fisher Scientific)
foram sensibilizadas com 100uL por pogo da suspensao viral em PBS (dilui¢do suficiente
para adicionar cerca de 200 PFU por pogo) e incubadas a 4 °C durante a noite. No dia
seguinte, as placas foram mantidas a 37 °C por 1 hora para garantir completa adsor¢ao do
antigeno. Apods o periodo de sensibilizacdo, as placas foram lavadas trés vezes com 200uL.
de PBST (PBS 1x, 0,05% Tween-20). Em seguida, foi realizada a etapa de bloqueio com
200uL de BSA 3% em PBST, previamente filtrada em membrana de 0,22pum, por 2 horas
a 37 °C. Apos o bloqueio, as placas foram novamente lavadas trés vezes com PBST, e em
seguida foram adicionados os anticorpos recombinantes (FvFc ou IgG) em diluicdes
seriadas, partindo de uma concentragdo inicial de 1000 nM em PBS. Como controle
negativo, foi utilizado o anticorpo monoclonal humano Rituximabe, que ndo apresenta
especificidade para antigenos de ortoflavivirus, permitindo validar a especificidade da
ligacdo observada para os anticorpos recombinantes testados. O volume final em cada
poco foi de 100uL, e a incubacao foi realizada por 1 hora e meia a 37 °C. Apos trés
lavagens com PBST, foi adicionado o anticorpo goat anti-human Fc conjugado a fosfatase
alcalina (AP) (Sigma-Aldrich), diluido 1:1000 em PBST, com 100uL por pogo, seguido
de incubacdo por 1 hora a 37 °C. As placas foram novamente lavadas trés vezes com
PBST. A revelagao foi realizada com 100uL por pogo da solugdo de substrato p-nitrofenil
fosfato (PNPP, 1 mg/mL - Thermo Scientific, catalogo 34045) preparada em tampao APB
(Tris-HCI 100 mM, NaCl 100 mM, MgCl. 5 mM, pH 9,5). A reacao foi conduzida por 5
a 10 minutos em temperatura ambiente e protegida da luz. A leitura foi realizada em leitor
de placa SpectraMax M2e (Molecular Devices) a 405nm. Os valores de absorbancia
foram utilizados para plotagem das curvas de ligacdo, nas quais foi aplicada andlise por

regressao ndo linear no programa Graphpad.

3.19 Ensaio de Neutralizacio PRNT (Plaque Reduction Neutralization Test) contra
os virus ZIKV e DENV-2

A capacidade neutralizante dos anticorpos recombinantes foi avaliada por meio
do ensaio de neutralizacdo por reducao de placas (PRNT), utilizando o virus Zika (ZIKV)
e o virus da dengue sorotipo 2 (DENV-2) em células Vero (ATCC® CCL-81™). As
células Vero foram cultivadas em meio MEM (Minimum Essential Medium)

suplementado com 10% de soro fetal bovino (SFB) e 1% de antibidtico-antimicotico
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(Gibco, catalogo 15240-062), sendo mantidas a 37 °C em atmosfera de 5% de CO.. Para
o ensaio, 1,5 x 10° células foram semeadas por pogo em placas de 24 pogos, atingindo
90-100% de confluéncia apds aproximadamente 24 horas de incubacdo. As amostras
virais de ZIKV e DENV-2 foram previamente tituladas por contagem de placas, a fim de
determinar a concentracdo necessaria para produzir aproximadamente 50 a 100 unidades
formadoras de placa (PFU) por pogo. Para o teste de neutralizacdo, os anticorpos
recombinantes (FvFc ou IgG) foram diluidos serialmente, a partir de uma concentragao
inicial de 12 pM, em meio MEM sem soro, sendo aplicados 100 pL por pogo. Um volume
igual de suspensdo viral contendo a quantidade previamente determinada de PFUs foi
adicionado a cada diluicdo do anticorpo, resultando em uma proporcdo 1:1 (v/v) entre
virus e anticorpo. As misturas foram incubadas a 37 °C por 1 hora, para permitir a
interacdo entre os anticorpos e as particulas virais. Apds a incubagdo, o meio de cultura
foi cuidadosamente removido das células Vero, deixando apenas uma pequena
quantidade para evitar o ressecamento do poco. Em seguida, foram adicionadas as
misturas virus-anticorpo (100uL por pogo). As placas foram incubadas a 37 °C com 5%
de CO: por 1 hora, com agitagdo leve a cada 20 minutos para favorecer a adsorcao viral.
Decorrido o periodo de adsor¢do, cada pogo recebeu 500uL. de meio de sobreposi¢ao
semissolido, composto por MEM 10x contendo carboximetilcelulose (CMC) 3%, 2% de
SFB e 1% de antibiodtico-antimicdtico. As placas foram incubadas a 37 °C e 5% de CO-
por 7 dias para DENV-2 ¢ 4 dias para ZIKV, até o desenvolvimento das placas de lise
celular. Ao término da incubacdo, o meio de sobreposicao foi removido, e as células
foram fixadas com formaldeido 4% (v/v) a temperatura ambiente, overnight. Apods a
fixagdo, as placas foram lavadas com 4gua corrente e coradas com cristal violeta 1% (p/v)
em etanol 20% (v/v) por 30 minutos. O excesso de corante foi removido com agua, e as
placas foram deixadas para secar a temperatura ambiente. As placas de lise foram
visualizadas e contadas manualmente. O nimero médio de placas em cada condicao foi
comparado ao controle viral (virus sem anticorpo), permitindo o calculo do percentual de
neutralizacdo. A porcentagem de reducdo de placas (PRNT%) foi calculada de acordo
com a formula: % Neutralizagdo = 100 x [1 - (numero de placas incubadas com mAb +
nimero de placas sem mADb)].

O titulo neutralizante (PRNTs0) foi determinado por andlise de regressdao nao
linear utilizando o software GraphPad Prism, representando a concentrag¢do de anticorpo
capaz de reduzir em 50% o numero de placas em relagdo ao controle. Como controle

negativo, foram utilizados o anticorpo monoclonal humano Rituximabe e um anticorpo
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scFv anti-SARS-CoV-2, que ndo reconhecem antigenos de ortoflavivirus, garantindo a

especificidade da resposta neutralizante observada.



59

4 RESULTADOS

O periodo de doutorado resultou, até o momento, em dois manuscritos cientificos.
O primeiro corresponde a um artigo de revisao intitulado “Therapeutic Antibodies for
Mosquito-Borne Orthoorthoflavivirus Infections: Discovery, Engineering Approaches,
and Advances in mRNA-Based Delivery Systems”, publicado na revista Advanced
Therapeutics. Essa revisao possibilitou um aprofundamento teorico sobre a estrutura e os
mecanismos de evasdao dos ortoflavivirus, bem como sobre as principais estratégias
empregadas no desenvolvimento de anticorpos monoclonais terapéuticos, incluindo
abordagens de engenharia e plataformas emergentes baseadas em mRNA. O manuscrito
foi publicado na revista Advanced Therapeutics (Antonelli et al., 2025). O texto completo
da revisao encontra-se apresentado no Anexo 1.

O segundo manuscrito, intitulado “Phage Display Selection from Human Memory
B Cells Reveals Cross-Neutralizing Monoclonal Antibodies Targeting the
Orthoflavivirus Fusion Loop”, encontra-se em fase de preparacdo e apresenta 0s
resultados experimentais obtidos ao longo do doutorado. O trabalho descreve a
constru¢do de uma biblioteca de células B de memoria humanas e a selegao de anticorpos
monoclonais contra o fusion loop do envelope viral, destacando a obtengao de anticorpos
humanos com afinidade elevada ¢ neutralizacdo cruzada entre ZIKV e DENV. Esse
manuscrito € apresentado a seguir e ainda ndo foi submetido para publicagdo, pois esta
sendo complementado com experimentos adicionais que visam ampliar e consolidar os

resultados obtidos.



60

Phage Display Selection from Human Memory B Cells Reveals Cross-Neutralizing

Monoclonal Antibodies Targeting the Orthoflavivirus Fusion Loop

Ana Clara Barbosa Antonelli'?, Lucas Silva Rodrigues'-®, Pedro Henrique Aragio
Barros'*, Renato Kaylan Alves de Oliveira Franga'?, Maria Clara Moura Pinheiro!,
Jacyelle Medeiros Silva'~*, Matheus de Oliveira Souza®’, Ahmed S. Fahad®’, Lucimeire

Antonelli da Silveira®, Brandon J. DeKosky®’, Marcelo de Macedo Brigido!->*,

Andréa Queiroz Maranhdo'>3#*

'Department of Cell Biology, University of Brasilia, Brasilia, Brazil

*Molecular Pathology Graduation Program, University of Brasilia, Brasilia, Brazil

3 Molecular Biology Graduation Program, University of Brasilia, Brasilia, Brazil

“Institute for Investigation in Immunology (iii) INCT, Brazil.

SInstitute of Tropical Pathology and Public Health, Federal University of Goias, Brazil

®Ragon Institute of Massachusetts General Hospital (MGH), Massachusetts Institute of Technology
(MIT), and Harvard, Cambridge, MA, United States.

"Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA, United
States

*Correspondent author: andreagm@unb.br

ABSTRACT

Orthoflaviviruses such as Zika (ZIKV) and dengue (DENV) viruses continue to pose
major public health challenges, and there are no approved antiviral therapies. Broadly
neutralizing monoclonal antibodies (mAbs) represent a promising strategy for therapeutic
development; however, most antibodies targeting conserved epitopes, such as the
envelope (E) protein fusion loop, have been considered weakly neutralizing or prone to
antibody-dependent enhancement (ADE). Here, we used a human memory B-cell-
derived phage display library, obtained from previously ZIKV and DENV infected
individuals to isolate fully human antibodies recognizing the fusion loop, ais conserved
region among all orthoflaviviruses. Biopanning was performed using a conformationally
constrained peptide mimicking the orthoflavivirus fusion loop, followed by next-
generation sequencing to track repertoire enrichment along the selection. Among the
selected clones, two IgG1 antibodies (FH2 and FH4) were successfully expressed and
purified. Both antibodies displayed strong, dose-dependent binding to UV-inactivated
ZIKV and all four DENV serotypes, confirming recognition of a structurally conserved
epitope. FH2 and FH4 neutralized ZIKV infection by >95% and 84%, respectively, at
micromolar concentrations, and FH2 also cross-neutralized DENV-2 by 78%. These
findings demonstrate that the orthoflavivirus fusion loop can serve as a functional target
for potent and cross-neutralizing human antibodies and that phage display libraries built
from antigen-experienced memory B cells are particularly suited to recover such
antibodies. This approach therefore provides a practical framework for discovering
broadly reactive mAbs against viral infections.

Keywords: Broadly neutralizing antibodies; Orthoflaviviruses; Fusion loop epitope;
Memory B-cell library; Monoclonal antibodies; Phage display
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Introduction

Orthoflaviviruses comprise a large group of mosquito- and tick-borne RNA
viruses that include major human pathogens such as dengue virus (DENV), Zika virus
(ZIKV), yellow fever virus (YFV), West Nile virus (WNV), Japanese encephalitis virus
(JEV), and tick-borne encephalitis virus (TBEV) (Lindenbach & Rice, 2003; Ts et al.,
2023). These viruses are responsible for widespread outbreaks worldwide, particularly in
tropical and subtropical regions. Despite the widespread impact of these pathogens, no
specific antiviral therapy is currently approved (Casadevall et al., 2021), and existing
vaccines, when available, are limited by their use of live-attenuated formulations, which
restrict administration in immunocompromised individuals and pregnant women (Fuertes
Marraco et al., 2015; Rivera et al., 2022; Silva et al., 2018). The growing incidence and
geographic expansion of orthoflaviviruses highlight the urgent need for the development
of safe and effective therapeutic strategies.

Monoclonal antibodies (mAbs) have emerged as promising candidates for the
treatment and prevention of viral infections, including orthoflavivirus diseases (Akaishi
& Nakashima, 2017). Several potent neutralizing antibodies targeting the viral envelope
(E) protein have been identified, demonstrating protective efficacy in preclinical models
of DENV and ZIKYV infection (Zhao et al., 2016; Oliphant et al., 2006; Sharma et al.,
2021; Rouvinski et al., 2015; Zhang et al., 2017; Sankhala et al., 2023; Magnani et al.,
2017; Robbiani et al., 2017; Niu et al., 2019; Zhao et al., 2020; Keeffe et al., 2018;
Dussupt et al., 2020; Remmel et al., 2021; Ledsgaard et al., 2018; Ramadhany et al., 2015;
Fibriansah et al., 2015; Gunale et al., 2024). Notable examples include antibodies
recognizing the E dimer epitope (EDE) (Dejnirattisai et al., 2015; Rouvinski et al., 2015;
Ledsgaard et al., 2018; Ramadhany et al., 2015) or the domain III of the envelope protein
(EDIII) (Zhao et al., 2016; Oliphant et al., 2006; Zhang et al., 2017; Sankhala et al., 2023;
Low et al.,, 2020), which can block viral attachment. However, antibody-based
interventions face two major challenges: viral escape due to epitope variability and the
potential for antibody-dependent enhancement (ADE) of infection (Dejnirattisai et al.,
2015; Barba-Spaeth et al., 2016; Halstead, 2019; Gallichotte et al., 2019). Viral escape
due to epitope variability underscores the importance of identifying antibodies directed
against conserved epitopes, such as the fusion loop of the E protein, which mediates the
low-pH-triggered fusion of viral and endosomal membranes. Although the fusion loop is

an attractive target for broadly neutralizing antibodies across orthoflaviviruses, its



62

therapeutic potential has been historically underexploited due to concerns about antibody-
dependent enhancement (ADE) (Halstead, 2019). However, recent evidence
demonstrates that ADE associated with FL-directed antibodies can be effectively
eliminated through simple Fc-engineering strategies, such as LALA mutation, without
compromising neutralization potency (Kotaki et al., 2021).

Traditional hybridoma or humanization approaches for antibody generation are
time-consuming and may yield immunogenic antibodies (Kohler and Milstein, 1975;
Morrison et al., 1984). In contrast, phage display technology provides a powerful in vitro
platform for the discovery of fully human antibodies with high affinity and specificity
(Ledsgaard et al., 2018; Smith, 1985; Mimmi et al., 2019; Sioud, 2019; Franca et al.,
2023). This method allows the screening of large combinatorial libraries of antibody
fragments under controlled conditions, bypassing the need for immunization. Libraries
derived from memory B cells (MBCs) of previously infected individuals are particularly
valuable, as they capture naturally affinity-matured repertoires enriched in antigen-
experienced clones (Ledsgaard et al., 2018; Ditzel, 2009). Combined with next-
generation sequencing (NGS), phage display enables high-resolution mapping of immune
repertoires and identification of enriched antibody clones with desirable binding and
neutralizing profiles (Ledsgaard et al., 2018; Franga et al., 2023).

Here, we constructed a human scFv phage display library from the memory B cell
repertoire of individuals previously exposed to orthoflaviviruses, aiming to recover
naturally matured antibodies targeting conserved regions of the viral envelope. The
library was subjected to three rounds of biopanning against a biotinylated peptide
mimicking the fusion loop of the ZIKV envelope protein previously described (Franga et
al., 2022). Enriched clones were identified by NGS sequencing and analysis. Selected
variable regions were then expressed as recombinant FvFc and/or full-length I1gG1
antibodies in mammalian cells. The binding and neutralization profiles of these antibodies
were assessed against inactivated ZIKV and DENV1—4 antigens by ELISA and plaque
reduction neutralization tests (PRNT).

By leveraging a memory B-cell-derived phage display library together with a
structurally conserved fusion-loop antigen, we were able to isolate fully human antibodies
that are cross-reactive and with broadly neutralizing potential against different

orthoflaviviruses.
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Results
Construction of a Human Memory B Cell-Derived scFv Library

Peripheral blood memory B cells (MBCs) were isolated from eight donors
previously exposed to orthoflaviviruses (four with confirmed ZIKV infection and four
with both ZIKV and DENYV seropositivity). Total RNA from pooled MBC samples was
used to generate cDNA libraries corresponding to the variable heavy (VH) and light x
(Vx) chain repertoires of IgG and IgA isotypes.

Amplification of the rearranged variable regions successfully recovered all major
human immunoglobulin families. Twelve distinct PCR reactions were performed for VH
amplification, six from IgG- and six from IgA-derived cDNA, yielding products of
approximately 550 bp, consistent with the expected size of VH fragments (Fig. 1A,B).
Similarly, sixteen reactions targeting k light-chain families (Vk1-V«5) generated
fragments of ~450 bp (Fig. 1C).

All amplified products exhibited specific bands, confirming efficient coverage of
the VH and Vx repertoires within the MBC-derived pool. The differential amplification
intensities observed among families were consistent with their variable abundance in the
human antibody repertoire. These results validated the successful recovery of diverse VH
and Vk sequences suitable for subsequent assembly into single-chain variable fragments
(scFv) for library construction.

PCR-amplified VH and Vx products from all immunoglobulin families were
pooled into two separate mixes and used in equimolar amounts as templates for overlap
extension PCR to assemble single-chain variable fragments (scFv: VL-linker-VH). The
primers used in the first amplification introduced short complementary sequences at the
3" end of Vk and 5’ end of VH, enabling seamless joining of both fragments into a
continuous scFv gene.

Agarose gel electrophoresis confirmed the generation of a distinct band of
approximately 850 bp, corresponding to the expected size of the assembled scFv (Fig.
1D). The scFv bands were excised and purified, yielding clean products suitable for
downstream cloning (Fig. 1E).

Purified scFv fragments (~850 bp) were digested with Sfi I and ligated into the
pComb3XSS phagemid vector pre-digested with the same enzyme. Small-scale test
ligations were performed to assess transformation efficiency and library complexity. The

optimized large-scale ligation and electroporation into E. coli XL1-Blue cells yielded
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approximately 7.8 x 10¢ independent transformants, confirming successful generation of
a diverse human memory B cell-derived scFv library.
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Figure 1. Amplification of variable immunoglobulin regions from memory B-cell cDNA. ~550 bp VH
regions amplified from IgG (A) and IgA (B) derived cDNA. (C) ~450 bp « light-chain (Vk) families 1-5.
1, 5,9, and 13: Vkl family; 2, 6, 10, and 14: Vk2 and Vk4 families; 3, 7, 11, and 15: V«3 family; wells 4,
8, 12, and 16: V5 family. (D) Overlap extension PCR showing the ~850 bp scFv product. (E) Purified
scFv fragment after agarose gel extraction. M, molecular-weight marker.

Selection of the scFv Phage Display Library Against the Orthoflavivirus Fusion Loop

Phage particles displaying scFv-pllI fusion proteins were rescued using the M13
helper phage, generating a recombinant phage library subsequently used for biopanning
against a orthoflavivirus-derived antigen. The selection target consisted of a biotinylated
synthetic peptide mimicking the fusion loop region of the ZIKV E protein, a highly
conserved and functionally critical epitope shared among orthoflaviviruses (Franga et al.,
2022).

Three rounds of panning were performed, progressively increasing washing
stringency (5, 10, and 15 washes, respectively). Two parallel selection schemes were
conducted: adsorbed-antigen selection, in which bound phages were directly eluted from
biotinylated peptide-coated streptavidin-agarose beads, and competitive selection, using
a 10-fold molar excess of the non-biotinylated peptide to competitively elute phages
displaying higher-affinity binders.

Phage titration across selection rounds reflected the impact of increasing

stringency on library complexity rather than a simple increase in absolute output titers.
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For the adsorbed-antigen system, absolute output titers decreased from 5.8 x 107 to 3.4 x
10¢ PFU across three rounds; however, the input/output ratio improved by ~2 logs from
4.1 x 10° in round 1 to 1.8 % 10? in round 2, indicating efficient enrichment of fusion
loop—binding phage clones (Table 1). A similar pattern was observed in the competitive
selection, with output titers decreasing from 4 x 107 to 1.6 x 10° PFU, while the
input/output ratio dropped from 6 x 10° to 1.6 x 10* between rounds 1 and 2 (Table 2).
The subsequent slight reduction in enrichment in round 3 likely reflects amplification
constraints, and the titers obtained were sufficient to enable downstream monoclonal

screening and NGS analyses.

Table 1. Phage titration during biopanning against the adsorbed fusion loop peptide.

Input (PFU) Output (PFU) Input/Output (PFU
Selection Cycle
1 2.4x 108 5.84x 107 41x10°
2 2.06 x 10'° 1.15x 107 1.79x 10°
3 1.37 x 10" 3.37x 10° 4x10*

Table 2. Phage titration during biopanning with competitive elution.

Selection Cycle Input (PFU) Output (PFU) Input/Output (PFU)
1 2.4x 108 4x107 6x 103
2 2.46 x 10'° 1.52x 107 1.62x 10°
3 5.6 x 10" 1.62 x 10° 3.46 x 10*

Next-Generation Sequencing Analysis of the scFv Phage Library Before and After

Selection

To assess repertoire enrichment throughout the phage display selection process,
the variable heavy (VH) and light (VL) chain domains of the scFv library were amplified
from plasmid DNA obtained both before selection and after the third biopanning round
(Supplementary Fig. S1). Amplicons were sequenced on the Illumina MiSeq platform (2
% 300 bp paired-end reads, ~1 x 10° reads per sample).

Sequencing data were analyzed using ATTILA, an bioinformatic pipeline
developed for antibody repertoire profiling (Maranhdo et al., 2020). The software
annotated framework and complementarity-determining regions (CDRs), assigned
germline gene usage, and calculated the fold-change enrichment of individual VH and

VL sequences between the initial (cycle 0) and final (cycle 3) phage populations.
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A pronounced reduction in repertoire diversity was observed after selection,
together with strong enrichment of dominant clones (Supplementary Tables S2—S5). The
VH2-5 gene family accounted for the majority of the most enriched heavy chains,
followed by VH4-34, while the light-chain repertoires were dominated by Vk2 and Vkl1
families (Fig. 2A-B). Seven VH CDR3 sequences were shared between the adsorbed and
competitive selections, suggesting convergent selection toward similar structural motifs
within the fusion loop epitope. In contrast, no overlap was observed among the top-
enriched VLs, consistent with greater diversity in light-chain pairing.

The competitive selection produced higher fold-change values for both VH and
VL clones compared with the adsorbed selection, indicating stronger selection pressure
for high-affinity binders capable of recognizing soluble antigen (Fig. 2C). Collectively,
these results demonstrate that the phage display strategy efficiently refined the human
memory B-cell repertoire, enriching for fusion loop-reactive antibodies with potential
cross-neutralizing activity against multiple orthoflaviviruses. Supplementary Figure S1
shows the PCR amplification of VH and VL fragments prior to NGS, and Supplementary

Tables S2—S5 list the 15 most enriched sequences per chain and selection condition.
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Figure 2. Germline family distribution and enrichment of antibody variable domains after phage
display selection. (A) Frequency of VH germline families among the top-15 enriched heavy-chain
sequences after adsorbed and competitive selections. (B) Frequency of VL germline families among the
top-15 enriched light-chain sequences for each selection. (C) Comparison of fold-change values of VH and
VL domains obtained from the adsorbed antigen (AAS) and competitive (CS) selections.
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Selection of VH and VL Domains for Recombinant Antibody Design and Expression

Based on the NGS enrichment profiles, five antibody candidates were designed
by combining the most enriched VH and VL domains identified after phage display
selection. The selection criteria included (i) high fold-change enrichment across
biopanning rounds, (ii) recurrence of identical or homologous CDR3 motifs in both
selection strategies (adsorbed and competitive), and (iii) representation of distinct VH
and VL germline families to preserve diversity among the constructs.

The selected VH and VL domains were paired to generate five recombinant
antibodies, designed for expression in both FvFc and [gG1 formats for comparative
functional evaluation. A schematic representation of the VH—VL pairings used for
antibody design and the complete sequence information are provided in Supplementary
Figures S2—-S3.

Recombinant antibodies were transiently expressed in mammalian cells using the
Expi293™ system. Among the designed constructs, three antibodies yielded detectable
expression levels suitable for downstream characterization: FH4 FvFc, FH4 IgG, and FH2
IgG. All expressed antibodies were purified by Protein A affinity chromatography, with
chromatographic profiles and Coomassie-stained SDS-PAGE gels confirming recovery
of the expected antibody species (Fig. 3).

Notably, expression yields varied markedly among constructs. FH2 IgG exhibited
the highest production levels, followed by FH4 IgG, whereas FH4 FvFc was expressed at
very low concentrations and showed evidence of partial degradation in SDS-PAGE and
Western blot analyses. Due to the limited recovery and reduced integrity of FH4 FvFc,
this construct was only evaluated in antigen-binding assays (ELISA), while neutralization

analyses were performed using the two IgG1 antibodies.
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Figure 3. Expression and purification of recombinant anti-orthoflavivirus antibodies. (A) Protein A
affinity purification chromatogram of FH2 IgG (A), FH4 IgG (B), and FH4 FvFc. (D) SDS-PAGE and
Western blot analyses of purified antibodies expressed in Expi293 cells. Purified IgGs displayed the
expected molecular weights for heavy (~50 kDa) and light (~25 kDa) chains, whereas the FH4 FvFc

construct showed lower yield and evidence of partial degradation.

Antigen-binding profiles of recombinant antibodies against orthoflaviviruses

The binding activity of the recombinant antibodies to ZIKV and DENV serotypes
1-4 was assessed by ELISA using inactivated virions as antigens. Both FH2 [gG and FH4
IgG displayed strong and dose-dependent binding to all tested orthoflaviviruses,
confirming recognition of a conserved epitope within the fusion loop region of the viral
E protein (Fig. 4A-E).

The apparent binding affinities, determined from ECso values, revealed distinct
binding patterns between the two antibodies. FH4 IgG exhibited the strongest binding
overall, particularly against DENV-1 (39.6 nM), DENV-3 (23.3 nM), and DENV-4 (96.3
nM), whereas FH2 1gG showed higher affinity for ZIKV (286.4 nM) and DENV-4 (30.9
nM) (Table 3). These differences suggest that both antibodies target the conserved fusion
loop region but may rely on partially distinct structural determinants within this epitope,
likely reflecting subtle conformational or sequence variations among orthoflavivirus
serotypes.

In contrast, the FH4 FvFc construct showed weak and incomplete binding curves,
yielding non-convergent ECso estimates (>10'° nM). This poor performance is consistent
with the low expression yield and partial degradation observed during purification,
indicating that structural instability rather than loss of epitope recognition likely impaired

antigen binding.
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Figure 4. Binding of recombinant antibodies to inactivated orthoflaviviruses measured by indirect
ELISA. Serial 3-fold dilutions of antibodies (starting from 1000 nM) were tested for binding to UV-
inactivated DENV-1 (A), DENV-2 (B), DENV-3 (C), DENV-4 (D), and ZIKV (E). Rituximab was used as
an isotype control. Data represent mean = SD of at least two independent experiments performed in
triplicate. Absorbance values at 405 nm are plotted against antibody concentration (nM). Apparent ECso

values were determined by nonlinear regression in GraphPad Prism (Table 3).

Table 3. Apparent ECso values (nM) for binding of recombinant antibodies to ZIKV and DENV
serotypes determined by ELISA.

Antibody ZIKV DENV-1 DENV-2 DENV-3 DENV-4
FH2 IgG 286.4 2534 493.6 113.4 30.85
FH4 IgG 385.1 39.6 268.0 23.3 96.3
FH4 FvFc ND ND ND ND ND

ND - Non-determinable (binding curves did not reach saturation; ECso > 10'° nM)

Comparative Neutralization Analysis

Neutralization assays confirmed that both FH2 and FH4 IgG antibodies
effectively inhibit ZIKV infection in a concentration-dependent manner, consistent with
their binding profiles observed in ELISA (Fig. 4A-B). FH2 IgG displayed the strongest
neutralizing activity, achieving nearly complete inhibition (> 95%) at 7 uM, whereas FH4

IgG reached approximately 84% under the same conditions. Despite the slightly lower
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potency of FH4 IgG, both antibodies maintained > 70% neutralization at micromolar
concentrations, confirming robust antiviral activity.

Cross-neutralization analysis revealed that FH2 IgG also inhibited DENV-2,
reaching 78% neutralization at 2.16 uM, although with apparently lower potency than
against ZIKV (Fig. 4C). However, because the maximum concentration tested for DENV-
2 was lower than that used in the ZIKV assay, this difference likely reflects the limited
concentration range, rather than a true reduction in neutralizing capacity. Indeed, when
compared to the equivalent ZIKV concentration (2.33 uM), neutralization levels were
comparable, suggesting that higher antibody concentrations could further enhance
DENV-2 inhibition.

Together, these results demonstrate that antibodies derived from fusion-loop-
directed phage display selection can effectively neutralize ZIKV and, to a lesser extent,
DENV-2, supporting the potential of this strategy for isolating broadly reactive human

anti-orthoflavivirus antibodies.
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Figure 5. Neutralization activity of recombinant anti-orthoflavivirus antibodies. (A) ZIKV
neutralization by FH2 IgG. (B) DENV-2 neutralization by FH2 IgG. (C) ZIKV neutralization by FH4 IgG.
Neutralization percentages were determined by plaque reduction assays using different antibody
concentrations. Bars represent mean = SD of two independent experiments performed in triplicate.
Statistical significance was assessed by one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05;
**p < 0.01).

Discussion

Over the past few decades, the pharmaceutical landscape has undergone a
significant shift with the growing use of biologics, particularly monoclonal antibodies
(mAbs). Their combination of high antigen specificity and effector functions has
expanded the range of immunotherapeutic possibilities. In this context, we aimed to

generate a human antibody library derived from memory B cells (MBCs) of individuals
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previously exposed to orthoflaviviruses and to select antibodies targeting a conserved
region within the viral envelope protein. This strategy was designed to identify human
mAbs with potential cross-neutralizing activity, underscoring how antigen selection and
library origin influence antibody discovery.

Immune libraries derived from antigen-experienced donors offer significant
advantages over naive or synthetic libraries because their repertoires are already shaped
by affinity maturation and somatic hypermutation. As a result, immune libraries often
yield antibodies of higher specificity and affinity toward the target antigen (Ditzel, 2009).
Nonetheless, the number of circulating antigen-specific memory B cells is low, typically
around 1-2% of total peripheral B cells (Morbach et al., 2010), which may restrict the
diversity of such libraries. To enhance the representation of antigen-specific clones, we
adopted a previously validated protocol (Silva et al., 2025) in which PBMCs from
convalescent ZIKV- or DENV-infected individuals were stimulated in vitro with IL-2, a
TLR7/8 agonist (R848), and UV-inactivated ZIKV antigen. This approach significantly
increased the proportion of viable MBCs and the production of ZIKV-specific IgG in
culture supernatants, confirming the expansion of antigen-experienced B cells before
library construction. The resulting scFv library thus represents a focused yet naturally
diversified repertoire, capturing the outcome of prior immune exposure while maintaining
polyclonality.

To maximize immunoglobulin gene diversity, we amplified VH segments from
both IgG and IgA isotypes, as recent studies have shown that IgA antibodies can also
contribute to orthoflavivirus neutralization (Waickman et al., 2020). Amplified genes
from human VH families (VH1-VHS5) and Vk families (Vk1-V«5) were assembled into
scFv fragments and cloned into the pComb3XSS phagemid vector, generating a library
of 7.8 x 10° transformants. Although smaller than large naive libraries (10°-10'°), this
size is consistent with high-quality immune libraries derived from antigen-specific
repertoires (Dantas-Barbosa et al., 2005; Bertoglio et al., 2021). Given the restricted
frequency of circulating memory B cells, the generated library represents an authentic
reflection of the human immune response to natural infection.

The choice of antigen is a key determinant of successful antibody discovery.
Selection was performed using a peptide mimetic of the orthoflavivirus fusion loop (FL),
a highly conserved motif in domain II of the envelope (E) protein (Franca et al., 2022).
The FL mediates low-pH-triggered conformational rearrangements essential for

membrane fusion (Heinz and Stiasny, 2017; Zhang et al., 2017). Previous studies showed
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that anti-FL antibodies can block the membrane fusion process or interfere with virion
maturation (Volkova et al., 1999; Oliphant et al., 2006). However, the fusion loop is often
partially buried in the mature virion. To address this, we used a structurally constrained
peptide mimetic stabilized by a disulfide bridge linking the FL to an adjacent segment of
domain II (Franca et al., 2022), designed to preserve native conformation and enrich for
antibodies recognizing authentic structural features.

Two complementary biopanning strategies were employed: one using antigen
adsorbed onto streptavidin-agarose beads and another using competitive elution with
excess soluble, non-biotinylated antigen. The latter approach yielded greater enrichment
of VH and VL sequences, indicating the selection of higher-affinity binders (Barbas et
al., 2001). Next-generation sequencing (NGS) revealed strong fold-change enrichment,
particularly among VL domains (up to 2300-fold), suggesting asymmetric selection
pressure and the preferential recovery of specific germline families (VH2-5 and VH4-
34), consistent with previous findings (Cook and Tomlinson, 1995; Kohsaka et al., 1996).
The absence of overlap in top VL CDR3 sequences between strategies suggests multiple
structural solutions for recognizing this conserved but partially cryptic epitope.

One inherent limitation of scFv-based library sequencing is the loss of the VH—
VL pairing information. Here, we prioritized VH-VL combinations that displayed strong
enrichment in both strategies and represented distinct germline families, leading to the
design of five recombinant antibodies expressed in FvFc and IgG1 formats. The FvFc
configuration was chosen to explore potential advantages of a smaller bivalent construct
with a silenced Fc (LALA mutation), thereby avoiding further antibody-dependent
enhancement (ADE) (Schlothauer et al., 2016).

Although not all constructs were expressed efficiently, two IgG1 antibodies (FH2
and FH4) were successfully produced. The FvFc version of FH4 exhibited degradation
and poor recovery, explaining its reduced ELISA signal compared to the IgG form.
Expression bottlenecks in other constructs indicate suboptimal folding and codon
optimization for scFv-derived antibodies (Wurm, 2004; Maranhdo et al., 2015; Bujak et
al., 2014).

Although selection was performed using a peptide, FH2 and FH4 IgGs bound
strongly and dose-dependently to UV-inactivated ZIKV and all four DENV serotypes,
indicating recognition of the epitope in its native quaternary context. The apparent ECso
values revealed complementary binding patterns: FH4 IgG bound more strongly to

DENV-1 (39.6 nM), DENV-3 (23.3 nM), and DENV-4 (96.3 nM), while FH2 IgG
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showed enhanced affinity for ZIKV (286.4 nM) and DENV-4 (30.9 nM). These
differences may suggest that both antibodies target overlapping but non-identical
determinants within the fusion loop, shaped by serotype-specific conformational
variations. The EC50 values observed are within the same order of magnitude as those
reported for other fusion loop—directed antibodies. For example, the murine IgG E60,
known for cross-neutralizing WNV and DENV, exhibited ECso values ranging from 17
to 612 ng/mL depending on virus and assay conditions (Pierson et al., 2006), which
corresponds to approximately 113 to 4080 nM when assuming a molecular weight of 150
kDa for IgGs. Similarly, the human IgG 1C19, which binds a region adjacent to the fusion
loop, showed ECso values of <60 ng/mL (Smith et al., 2013), approximately <400 nM.

Neutralization assays confirmed that both antibodies effectively inhibit ZIKV
infection in a concentration-dependent manner. FH2 IgG achieved >95% inhibition at 7
uM, whereas FH4 reached ~84% under the same conditions. Although only FH2 was
tested against DENV-2, it reached ~78% neutralization at 2.16 uM. Given that this
concentration was below the top dose used for ZIKV (7 uM), FH2 might achieve similar
inhibition at higher doses. Interestingly, FH4 bound DENV-2 more strongly than FH2,
suggesting potentially greater neutralizing capacity.

Dowd et al. (2011) demonstrated that the structural dynamics (“breathing”) of
orthoflavivirus particles can transiently expose otherwise inaccessible epitopes, including
the fusion loop. This dynamic exposure enables antibodies to achieve neutralization even
when targeting partially buried epitopes. Thus, differences in neutralization potency
between FH2 and FH4 may reflect not only intrinsic affinity but also time-dependent
epitope exposure and binding stoichiometry.

Despite being traditionally regarded as a suboptimal or ADE-associated target
(Dowd et al., 2015; Oliphant et al., 2006; Kotaki et al., 2021), our findings reinforce the
potential of the orthoflavivirus fusion loop as a neutralizing epitope. Multiple studies also
support this notion. Costin et al. (2013) identified human mAbs (4.8A, D11C, 1.6D) that
neutralized all four DENV serotypes by binding residues W101, L107, and G109 within
the fusion loop, blocking viral fusion rather than attachment. Similarly, Deng et al. (2011)
described the broadly cross-reactive mAb 2A10G6, which recognizes the conserved
98DRXW101 motif and neutralizes DENV 1-4, YFV, and WNV, protecting mice from
lethal infection. Sultana et al. (2009) identified a human mAb (mAb11) against the West
Nile virus fusion loop that also cross-reacted with all four DENV serotypes and conferred

protection against lethal infection in mice. Consistent with these results, Fan et al. (2024)
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demonstrated that mutations in the Japanese encephalitis virus fusion loop (W101G,
G106K, L107D) drastically reduced neutralizing titers and survival in mice, confirming
the functional importance of this region.

Previous structural studies provide further context. Oliphant et al. (2006) showed
that antibodies recognizing domains I-II, including the fusion loop, can neutralize by
blocking fusion, while Cherrier et al. (2009) demonstrated that the exposure of the loop
varies between mature and immature virions, influencing accessibility. These structural
dynamics likely account for the distinct binding and neutralization profiles observed for
FH2 and FH4.

The use of memory B-cell-derived libraries likely contributed to the isolation of
antibodies with broad cross-orthoflavivirus reactivity. Secondary DENV infection
preferentially expands cross-reactive B-cell clones capable of recognizing conserved
epitopes (Mathew et al., 2011; Zompi et al., 2012). In our system, memory B cells were
re-stimulated with inactivated ZIKV prior to library construction, mimicking secondary
exposure and promoting the expansion of cross-reactive clones targeting conserved
epitopes such as the fusion loop. Consistent with this, Chaudhury et al. (2017) showed
that secondary DENV infections elicit a focused recall of memory B cells targeting
conserved epitopes, including the fusion loop and E-dimer interface.

A previous study from our group (Franca et al., 2022) demonstrated that
antibodies selected from a naive human library using the same fusion loop peptide
exhibited strong cross-reactivity among orthoflaviviruses and effectively neutralized
ZIKV. Here, we confirmed that this cross-reactivity can translate into cross-
neutralization, demonstrating that the fusion loop can elicit functionally protective
antibodies. Although the best clone from the naive library (AZ1p, ECso = 14.7 nM for
ZIKV) displayed higher affinity for ZIKV, the IgG antibodies generated here showed
comparable or superior binding to DENV serotypes (ECso = 23—268 nM). In the previous
work, scFv clones exhibited cross-reactivity to DENV (ECso = 545-1094 nM), whereas
FH2 and FH4 demonstrated markedly improved affinities across all four serotypes. This
suggests that the memory B cell-derived library may have favored the recovery of
affinity-matured antibodies capable of accommodating subtle structural variations within
the fusion loop among different orthoflaviviruses. Importantly, despite their larger
molecular size, the IgG antibodies achieved binding and neutralization efficiencies
comparable to those of the scFv fragments, indicating that the fusion loop remains

accessible even to full-length antibodies. Nevertheless, smaller derivatives such as FvFc
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could potentially further improve epitope accessibility and enhance neutralization
potency.

Given that fusion loop—directed antibodies have been implicated in ADE, future
therapeutic applications should carefully assess Fc-mediated effector functions. One
strategy is to develop Fc-silenced variants (e.g., LALA mutants), which retain binding
and neutralization capacity while preventing FcyR engagement. Testing both wild-type
and Fc-silenced versions of FH2 and FH4 will be essential to determine their protective
potential. Notably, Vogt et al. (2011) showed that fusion loop—specific antibodies against
West Nile virus, although weakly neutralizing in vitro, provided protection in vivo via
FcyR- and complement-dependent mechanisms. These findings emphasize that Fc
engineering can optimize the balance between efficacy and safety for fusion loop—
targeting therapeutics.

Together, we showed that using Phage Display with a memory B cell-derived
library with and a fusion loop antigen engineered to preserve key structural features, we
were able to generate fully human IgG antibodies capable of cross-binding and
neutralizing orthoflaviviruses. The differential reactivity of FH2 and FH4 underscores the
structural and functional versatility of the fusion loop epitope, highlighting its potential
as a target for broad-spectrum antiviral strategies. Overall, the antibodies identified here
represent promising starting points for further evaluation, including testing against
additional orthoflaviviruses, in vivo assessment of protective activity, and exploration of

alternative formats such as Fc-engineered variants or scFv-Fc fusions.

Materials and Methods

Construction of a Human scFv Phage Display Library from the Memory B Cell
Repertoire of Orthoflavivirus-Exposed Individuals (Adapted from Andris-Widhopf et al.,
2000)

A human single-chain variable fragment (scFv) antibody library was generated
from the memory B cell (MBC) repertoire of individuals who had been previously
exposed to orthoflaviviruses. Peripheral blood mononuclear cells (PBMCs) from donors
with confirmed IgG seropositivity for Zika virus (ZIKV) or both ZIKV and dengue virus
(DENV) were used as the source of B cells (Silva et al., 2025). Human PBMC samples

were obtained from orthoflavivirus-exposed donors under informed consent. The study
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was conducted in accordance with the guidelines of the Research Ethics Committee of
the Pontifical Catholic = University of Goids (CAAE reference no.
57.696.716.9.0000.0037), and all participants provided written informed consent.
Peripheral blood samples were collected from male and female individuals, with gender
defined by self-report. Blood collection and cell culture procedures were performed
approximately two years after the diagnosis of the acute phase of ZIKV infection. During
the acute phase, viral RNA detection in blood and urine samples was carried out by RT-
qPCR using the BioGene Zika Virus PCR Kit (Bioclin®, Cat. #K203). Following blood
collection, serological testing for ZIKV and DENV (IgM and IgG) was performed using
the TR DPP® Zika/Dengue IgM/IgG immunochromatographic assay (Bio-Manguinhos,
Rio de Janeiro, Brazil), ensuring the serological characterization of the individuals
included in the study. MBCs were expanded in vitro with IL-2 and the TLR7/8 agonist
R848, followed by stimulation with ZIKV antigen to enrich orthoflavivirus-specific
clones. Flow cytometry analysis confirmed a marked increase in viable MBCs (up to
33%) after stimulation, and ELISA of culture supernatants revealed predominant
production of ZIKV-specific IgG antibodies. Samples from eight donors were selected
for library construction.

Total RNA extracted from purified orthoflavivirus-specific MBCs was used for
cDNA synthesis targeting the variable domains of immunoglobulin heavy (VH, IgG and
IgA) and light (Vk) chains using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Variable domains were amplified by PCR with family-specific
primers using the QuantiNova™ RT-PCR Kit (Qiagen). Purified VH and Vk products
were assembled into scFv fragments (~850 bp) by overlap extension PCR. The resulting
scFv inserts were digested with Sfil and cloned into the pComb3XSS phagemid vector,
which enables display of scFvs as plll fusion proteins on M13 phage particles, via T4
DNA ligase. Ligation mixtures were electroporated into E. coli XL1-Blue competent
cells, and transformed bacteria were infected with helper phage VCSM13 to generate the
human scFv phage display library. The library was amplified in SB medium under
antibiotic selection and analyzed by colony PCR and phage titration to estimate its

diversity and size.
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Selection of the scFv Library Against a Mimetic Peptide of the Orthoflavivirus Fusion
Loop (Adapted from Rader et al., 2000)

Phage-displayed scFv libraries were subjected to three rounds of biopanning
against a biotinylated mimetic peptide of the orthoflavivirus fusion loop region previously
designed by our group (Franca et al., 2022). Phage particles were precipitated from
overnight culture supernatants with 6 g of NaCl and 8 g of PEG 8000 per 100 mL,
incubated on ice for 30 min, and pelleted by centrifugation at 15,000 % g for 15 min at 4
°C. The resulting phage pellets were resuspended in TBS containing 1% BSA, generating
the input phage pool for selection.

For target coating, streptavidin-conjugated agarose beads (1 mg/mL; Sigma-
Aldrich) were incubated with 10 uM of the biotinylated ZIKV fusion loop peptide in TBS
containing 3% BSA for 1 h at room temperature. After washing, 100 puL of input phage
were added to the peptide-coated beads and incubated for 1 h at room temperature with
gentle agitation. Unbound phages were removed by successive washes with TBST (TBS
+ 0.1% Tween-20) — 5, 10, and 15 washes for the first, second, and third selection
rounds, respectively.

Bound phages were eluted competitively with 100 uM of the non-biotinylated
fusion loop peptide, incubated for 15 min under agitation, and recovered by
centrifugation. Both the competitively eluted fraction and the bead-bound fraction were
used as independent inputs for subsequent amplification steps.

E. coli XL1-Blue cultures (ODsoo = 1.0) grown in SB medium containing 1%
glucose and 10 pg/mL tetracycline were infected with phages from each selection
pathway (competitive and adsorptive). After 15 min at room temperature, infected cells
were cultured in SB medium supplemented with carbenicillin (50 pg/mL), tetracycline
(10 pg/mL), and 1% glucose, and superinfected with helper phage VCSM13 (10'2
pfu/mL). Cultures were incubated at 37 °C, 250 rpm for 1.5 h, followed by the addition
of kanamycin (final 70 pg/mL) and overnight incubation at 37 °C, 300 rpm.

Phage particles were harvested and used as input for the next biopanning cycle,
totaling three consecutive rounds of selection. Input and output titers were determined by

plating serial dilutions on E. coli XL1-Blue MRF".
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Plasmid DNA Extraction and Amplification of Variable Domains

Plasmid DNA from the recombinant scFv library, collected both before selection
(midiprep) and after the final biopanning round (miniprep), was extracted using the
QIAprep Spin Midiprep Kit and QIAprep Spin Miniprep Kit (Qiagen), following the
manufacturer’s protocols. Purified DNA was resuspended in nuclease-free water and
verified by agarose gel electrophoresis.

The variable heavy (VH) and light (VL) chain domains were amplified separately
by PCR using specific primer sets (listed in Supplementary Table S2). Reactions were
performed with the QuantiNova™ Probe RT-PCR Kit (Qiagen) according to the
manufacturer’s instructions, with 20 ng of template DNA, 0.6 uM of each primer, and 1x
PCR Master Mix. The thermocycling profile was as follows: 95 °C for 5 min, followed
by 30 cycles of 95 °C for 30 s, 65 °C for 30 s, and 72 °C for 1 min, and a final extension
at 72 °C for 5 min. Amplified products were resolved on 1.5% agarose gels and purified

using the Agarose Gel Extraction Kit (Cellco).
Next-Generation Sequencing and Bioinformatic Analysis

The variable heavy (VH) and light (VL) chain domains from both the pre-selection
scFv library and the final round of selected phage populations were subjected to next-
generation sequencing (NGS). Sequencing was performed by Macrogen Inc. (Seoul,
South Korea) using the Illumina MiSeq platform, with 2 x 250 bp paired-end reads and a
depth of approximately 1 million reads per sample.

Raw sequence data were processed and analyzed using ATTILA, an in-house
bioinformatic pipeline for immunoglobulin repertoire analysis (Maranhdo et al., 2020).
The software identifies CDR and framework regions, assigns germline gene usage, and
calculates the enrichment frequency of each variable domain across selection rounds.
Fold-change values were determined by comparing the relative abundance of each
sequence between the final biopanning output and the original library, to identify enriched

clones and monitor selection dynamics across biopanning rounds.

Expression and Purification of Recombinant Anti-Orthoflavivirus Antibodies

Based on the NGS analysis, the most enriched VH and VL sequences were

selected and codon-optimized for mammalian expression using the GenSmart™ Codon
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Optimization platform (GenScript), with codon usage adapted to HEK293 and CHO cells.
Optimized genes were synthesized and cloned into the pMIW vector for FvFc constructs
and into pcDNA3.4 vectors for full-length IgG1 and Igk expression.

Recombinant antibodies were produced by transient transfection of Expi293F™
cells (Thermo Fisher Scientific) using the Expi293™ Expression System and
ExpiFectamine™ 293 Transfection Kit, following the manufacturer’s protocol. Cells
were cultured in Expi293™ Expression Medium at 37 °C, 8% CO., and 125 rpm
agitation. Supernatants were harvested 6 days post-transfection, clarified by
centrifugation, and filtered through 0.22 um membranes.

Purification of FvFc and IgG antibodies was performed by Protein A affinity
chromatography using an AKTA Pure system (Cytiva) equipped with a HiTrap Protein A
HP 5 mL column (Cytiva). Antibodies were eluted with 0.1 M citric acid, pH 3.0, and
immediately neutralized with 1 M Tris-HCI, pH 9.0. Elution fractions were analyzed by
SDS-PAGE under denaturing conditions to confirm purity and integrity.

Protein integrity was assessed by SDS-PAGE under reducing conditions and
visualized by Coomassie blue or silver staining, and analyzed by Western blotting, with
detection using a goat anti-human Fc antibody followed by development with NBT/BCIP

substrate (Thermo Fisher Scientific).

ELISA Binding Assay Against Inactivated ZIKV and DENV1—4

The binding of recombinant antibodies to UV-inactivated ZIKV (H/PF/2013
strain) and all four DENV serotypes, DENV-1 (Hawaii strain), DENV-2 (N. Guinea C
strain), DENV-3 (H 87 strain), and DENV-4 (BC 295/97 strain) was assessed by indirect
ELISA. Viral antigens (200 PFU/well, UV-inactivated for 1 h) were immobilized
overnight at 4 °C on high-binding 96-well polystyrene plates (Thermo Fisher Scientific).
Plates were blocked with 3% BSA in PBST for 2 h at 37 °C and incubated with
recombinant antibodies in serial 3-fold dilutions (starting from 1000 nM).

Binding was detected using a goat anti-human Fc—alkaline phosphatase (AP)
conjugate (Sigma-Aldrich), followed by incubation with p-nitrophenyl phosphate (pNPP)
substrate prepared in alkaline phosphatase buffer (100 mM Tris-HCI, 100 mM NacCl, 5
mM MgClz, pH 9.5). Absorbance was measured at 405 nm using a SpectraMax M2e plate
reader (Molecular Devices). Rituximab, an unrelated human monoclonal antibody, was

included as a negative control. All experiments were performed in triplicate and repeated
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at least twice. Data were analyzed by nonlinear regression using GraphPad Prism, with

results expressed as mean = SD.

Plaque Reduction Neutralization Test (PRNT) Against ZIKV and DENV-2

The neutralizing activity of recombinant antibodies was evaluated by plaque
reduction neutralization test (PRNT) using Zika virus (ZIKV) and Dengue virus serotype
2 (DENV-2) in Vero cells (ATCC® CCL-81™), Cells were cultured in MEM
supplemented with 10% fetal bovine serum (FBS) and 1% Antibiotic Antimycotic
Solution (Sigma Aldrich), and seeded in 24-well plates to reach full confluence after 24h.

Serial 3-fold dilutions of antibodies starting at 7 uM were mixed 1:1 (v/v) with
viral suspensions containing approximately 50—100 PFU per well and incubated for 1 h
at 37 °C to allow antibody—virus interaction. The mixtures were then applied to Vero cell
monolayers and incubated for 1 h at 37 °C to permit viral adsorption. Subsequently, cells
were overlaid with MEM containing 1.5% carboxymethylcellulose and incubated until
plaque formation (4 days for ZIKV and 7 days for DENV-2).

After fixation with 4% formaldehyde, monolayers were stained with 1% crystal
violet, and plaques were counted manually. The percentage of plaque reduction (PRNT%)
was calculated relative to virus-only controls as follows: Inhibition percentage = 100 x
[1- (plaque number incubated with mAb/plaque number without mAb)]. The
neutralization titer (PRNTso) was determined by nonlinear regression analysis using
GraphPad Prism. All experiments were performed in triplicate and repeated at least twice.
Rituximab and an anti-SARS-CoV-2 scFv were included as negative controls to confirm

assay specificity.
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Supplementary Figure S1. Amplification of VH and VL domains of scFvs for sequencing analysis. Plasmid
DNA (pComb3XSS-scFv) from the library before selection and after the final round of biopanning was
used as a template for amplification of antibody VH and VL domains, aimed at sequencing and
identification of the most enriched variable regions. Wells 1-4: VH; wells 5-8: VL; wells 9-10: scFv. M
corresponds to the 1 kb Plus DNA ladder marker.
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Supplementary Table S2. Heavy-chain variable (VH) domains most enriched during selection with
adsorbed antigen. List of the 15 VH sequences most enriched throughout the selection process using
adsorbed antigen. The Fold-Change value represents the number of times a given sequence increased in
frequency from selection round 0 to round 3. The immunoglobulin gene family to which each VH sequence
belongs, as well as the corresponding CDR3 amino acid sequence, are shown.

Sequence Fold-Change Family CDR3
VHALI 60.28 VH2-5 ILGYSYSTAWYDW
VHA2 59.48 VH2-5 RVYYDDVFDI
VHA3 57.10 VH2-5 RDTIRYTFAF
VHA4 53.14 VH2-5 SEQRLLWGFDF
VHAS 53.14 VH2-5 RRADAFDI
VHAG6 51.55 VH2-5 RYSSSSGEVY
VHA7 47.59 VH4-34 MEGFGELQNWYFDL
VHAS 46.00 VH3-7 SSGFYLGEY
VHA9 46.00 VH4-34 QVYFGDGMDV
VHA10 46.00 VH2-5 SAVVRRYAFHV
VHALII 4521 VH1-46 RCGRDCYG
VHAI12 4521 VH4-34 VRFLYFES
VHAI3 44.41 VH3-30 VDEY
VHA14 44.41 VH4-31 GDYYGRADF
VHALIS 43.62 VH2-5 TNSNGDGMDL
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Supplementary Table S3. Heavy-chain variable (VH) domains most enriched during competitive
selection. List of the 15 VH sequences most enriched throughout the competitive selection process. The
Fold-Change value represents the number of times a given sequence increased in frequency from selection
round 0 to round 3. The immunoglobulin gene family to which each VH sequence belongs, as well as the
corresponding CDR3 amino acid sequence, are shown.

Sequence Fold-Change Family CDR3
VHC1 93.04 VH3-30 VDEY
VHC2 90.31 VH2-5 RRADAFDI
VHC3 87.57 VH2-5 ILGYSYSTAWYDW
VHC4 82.10 VH2-5 RYSSSSGEVY
VHC5 76.62 VH2-70 MRTDASGLFDS
VHC6 69.33 VH2-5 RDTIRYTFAF
VHC7 67.50 VH4-34 VRFLYFES
VHC8 67.50 VHI1-2 EQPDDGMDV
VHC9 66.59 VH4-28 RKAREAFDI
VHCI10 65.68 VH2-5 TNSNGDGMDL
VHCI11 61.12 VH2-5 DIRVYDGSGYYLFDY
VHCI12 61.12 VH4-34 CSGWLGDAYDVW
VHC13 61.12 VHI1-2 GRETVTPYVDY
VHC14 60.20 VH2-5 NRVVVATAFDP

VHC15 59.29 VH2-5 VNQHYYGMDV
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Supplementary Table S4. Light-chain variable (VL) domains most enriched during selection with
adsorbed antigen. List of the 15 VL sequences most enriched throughout the selection process using
adsorbed antigen. The Fold-Change value represents the number of times a given sequence increased in
frequency from selection round 0 to round 3. The immunoglobulin gene family to which each VL sequence
belongs, as well as the corresponding CDR3 amino acid sequence, are shown.

Sequence Fold-Change Family CDR3

VLALI 1275.77 V2-15 LQHDNFPYT
VLA2 507.30 V2-17 QQYNHYPVT
VLA3 471.48 V2-17 QQSYDAPVT
VLA4 397.52 V2-17 QQLNT

VLAS 361.70 V2-17 QQYNHYPVT
VLA6 313.16 Vi1-2 QQYNHYPVT
VLA7 300.45 V2-17 QQYNHYPVT
VLAS 294.68 V2-17 QQYNHYPVT
VLA9 283.12 VI1-13 QQSYSSPPVT
VLA10 273.87 V2-17 QQSYSSPPVT
VLAL1l 265.79 V2-17 QQLNT

VLAI12 255.39 V2-15 LQHDNFPYT
VLAI3 253.07 V1-13 QHYDNLPLG
VLA14 248.45 V2-17 QQYNHYPVT

VLAIS 247.68 Vl1-4 QQSYSSPFT
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Supplementary Table SS. Light-chain variable (VL) domains most enriched during competitive
selection. List of the 15 VL sequences most enriched throughout the competitive selection process. The
Fold-Change value represents the number of times a given sequence increased in frequency from selection
round 0 to round 3. The immunoglobulin gene family to which each VL sequence belongs, as well as the
corresponding CDR3 amino acid sequence, are shown.

Sequence Fold-Change Family CDR3
VLCI1 2319.90 V2-15 LQHDDFART
VLC2 2063.35 V2-11 LQHDNFPLT
VLC3 1894.77 V1-2 MQTVQVPGT
VLC4 1700.53 VI1-19 QQRGNWPLT
VLCS 1638.22 VI1-16 LQHDDFART
VLC6 1194.77 V2-11 LQHDNFPLT
VLC7 1084.82 V2-15 LQHDDFART
VLC8 1070.16 V2-17 QQYYNWPPIT
VLC9 1029.84 V1-13 QQRGNWPLT

VLCI10 1018.85 VI1-16 LQHDDFART
VLCI11 1004.19 VI1-13 QQYGSSLLT
VLCI12 1000.53 V2-11 LQHDDFART
VLC13 912.57 V2-17 QCNDWPT

VLC14 906.46 Vi-16 LQHDDFART

VLCIS 905.24 V1-2 MQTVQVPGT
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5 Discussao

O presente trabalho descreveu a constru¢do e aplicacdo de uma biblioteca de
phage display derivada de cé¢lulas B de memoria humanas, voltada a selegdo de anticorpos
monoclonais contra o fusion loop, uma regido altamente conservada do envelope de
ortoflavivirus (Pierson & Diamond, 2020). A partir dessa biblioteca, foram obtidos e
caracterizados anticorpos recombinantes com capacidade de ligacdo e neutralizagdo
cruzada entre diferentes ortoflavivirus, validando a estratégia de selecdo empregada.

Enquanto o artigo resultante deste projeto apresenta e discute detalhadamente os
achados experimentais, esta secdo amplia a andlise sob uma perspectiva técnica e
conceitual, abordando os desafios e decisdes estratégicas que nortearam o
desenvolvimento da plataforma. S3o discutidos aspectos da construcdo da primeira
biblioteca de B de memoria do laboratdrio, da expressao e purificagdo dos anticorpos em
diferentes formatos, e das implicacdes dessas escolhas metodoldgicas sobre a eficiéncia
e estabilidade dos produtos obtidos. Além disso, sdo consideradas a evolugdo da linha de
pesquisa do grupo em anticorpos monoclonais anti-ortoflavivirus e as perspectivas de
aprimoramento da tecnologia desenvolvida.

A biblioteca construida neste trabalho representa um avango importante na
plataforma de selecdo de anticorpos do grupo. Historicamente, o laboratorio utilizava uma
biblioteca do tipo Fab, construida inicialmente a partir de células de pacientes com
osteossarcoma (Dantas-Barbosa et al., 2005) e, posteriormente, empregada como
biblioteca naive em diversas sele¢des, incluindo para ortoflavivirus (Franga et al., 2022).
A biblioteca atual difere da anterior em dois aspectos principais: ¢ a primeira derivada de
células B de memoria humanas e a primeira construida no formato single-chain variable
fragment (scFv).

O uso de células B de memodria de individuos previamente expostos a
ortoflavivirus permitiu gerar um repertorio enriquecido em clones ja submetidos a
maturacao de afinidade e sele¢do natural (Tiller et al., 2008). O tamanho obtido da
biblioteca (7,8 x 10° transformantes), reflete um repertério funcionalmente relevante,
contendo imunoglobulinas de alta especificidade. O vetor pComb3XSS foi empregado
para montagem das construgdes scFv (Barbas et al., 2001), com um long linker flexivel
entre as regides VH e VL, favorecendo a orientagdo correta e o reconhecimento
antigénico.

A adogdo do formato scFv foi motivada por sua simplicidade de construcdo e

compatibilidade com expressdo bacteriana, reduzindo etapas de amplificacdo e
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facilitando a sele¢do dos anticorpos. Além disso, o formato compacto pode favorecer o
acesso a epitopos parcialmente ocultos, como o fusion loop (Saphire et al., 2001). Ainda
assim, a transi¢do de formato trouxe desafios, principalmente no desenho de primers para
sequenciamento por NGS, etapa essencial para o monitoramento da diversidade e
enriquecimento da biblioteca. Essa experiéncia contribuiu para aprimorar o pipeline de
analise molecular no grupo.

Um desafio persistente nas bibliotecas de phage display ¢ a perda da informagao
natural de pareamento VH-VL. Para contornar essa limitagdo, o grupo tem explorado
novas abordagens, como o sequenciamento completo de plasmideos via tecnologia de
nanoporo (MinlON, Oxford Nanopore), que permite a leitura de moléculas longas e
identificacdo simultanea das regides varidveis das cadeias pesada e leve (Wick et al.,
2019). Essa estratégia pode fornecer uma visao mais completa da diversidade funcional
das bibliotecas e das combinagdes naturais envolvidas no reconhecimento antigénico.

A expressao dos anticorpos recombinantes foi conduzida nos formatos IgGl e
FvFc, com vetores e abordagens distintas. Para as IgG1, utilizou-se o vetor pcDNA3.4,
amplamente validado em sistemas de expressao em células de mamiferos. Embora o
projeto inicial previsse produgdo bacteriana de scFv, a oportunidade de estagio no Ragon
Institute (Harvard/MIT/MGH), sob orientagdo do Prof. Brandon DeKosky, levou a
adogdo da pipeline local baseado em células Expi293 e no vetor pcDNA3.4. Essa
estratégia garantiu compatibilidade metodologica e resultou em anticorpos FH2 ¢ FH4
expressos e purificados com bons rendimentos e estabilidade, possibilitando sua
caracterizacao funcional e ensaios de neutralizagao.

Em paralelo, o formato FvFc foi testado no vetor pMIW, derivado do pMIRES
desenvolvido no laboratério. O pMIW contém promotor CMV, cassete IRES—Neo para
expressdo bicistronica, e o elemento WPRE para aumento da estabilidade e exportacao
do mRNA, além de mutagdes LALA no dominio Fc para reduzir atividade efetora (Lazar
et al., 2006). Embora o vetor tenha apresentado bom desempenho em anticorpos FvFc
anti-CD3 previamente produzidos no laboratorio, a expressao do FvFc anti-ortoflavivirus
resultou em baixo rendimento e degradacdo significativa em Expi293. Essa diferenca
pode refletir tanto a maior sensibilidade do formato FvFc ao dobramento correto quanto
a menor compatibilidade do vetor otimizado para CHO-K1 (Kunert & Reinhart, 2006).

De modo geral, os resultados indicam que o gargalo experimental ocorreu nas
etapas de transicdo de formato e expressao, e ndo na sele¢dao dos clones. O formato IgG

mostrou desempenho mais estavel e reprodutivel para o alvo conformacional do fusion
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loop. Futuras otimizagdes podem incluir testar a expressao do FH4 FvFc em CHO-K1
com pressao seletiva, buscando melhorar o rendimento de expressdo. O fato de FH2 e
FH4 em formato IgG1 apresentarem alta afinidade e neutraliza¢do robusta indica que,
apesar de criptico, o fusion loop ¢ acessivel a anticorpos de tamanho completo,
possivelmente devido as flutuagdes estruturais do envelope viral descritas como viral
breathing (Dowd et al., 2011).

O presente trabalho representa um avanco importante na consolidagdo da
plataforma de phage display do grupo, construida ao longo de mais de uma década de
experiéncia com anticorpos monoclonais humanos. A biblioteca derivada de células B de
memoria contribui para a expansao das abordagens metodologicas do laboratorio e indica
o estabelecimento de um pipeline apto a gerar, expressar e caracterizar anticorpos
humanos funcionais de forma independente.

Essa consolidagao amplia as possibilidades de aplicagdao da plataforma, incluindo
o desenvolvimento de anticorpos contra virus emergentes, como o Oropouche (Naveca et
al., 2019), e o desenho de anticorpos bispecificos que combinem alvos complementares,
como o fusion loop ¢ o dominio III do envelope, para ampliar a amplitude de
neutralizacdo. O uso de ferramentas de modelagem estrutural também surge como
caminho promissor para refinar a engenharia e otimizar estabilidade, afinidade e
seguranga.

Em linhas gerais, este estudo oferece contribui¢cdes para o entendimento de
anticorpos anti-ortoflavivirus e para iniciativas nacionais associadas ao desenvolvimento
de biofarmacos baseados em anticorpos, integrando aspectos conceituais e técnicos do

laboratorio.
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6 Conclusao e perspectivas

Este trabalho apresentou a construcdo da primeira biblioteca de células B de
memoria humanas do laboratdrio e a selecdo de anticorpos monoclonais contra o fusion
loop do envelope de ortoflavivirus. Foram isolados dois anticorpos, FH2 e FH4, com alta
afinidade e capacidade de neutraliza¢do cruzada para ZIKV e DENV, comprovando que
essa regido conservada pode ser explorada como alvo funcional.

A biblioteca derivada de B de memoria favoreceu a obten¢ao de clones com maior
maturacdo de afinidade e melhor desempenho funcional em relagdo aos obtidos de
repertorios naive. O formato IgG mostrou-se mais estavel e eficiente que o FvFc,
indicando que ajustes no vetor e no sistema de expressao podem aprimorar futuras
produgdes.

Os achados indicam que os anticorpos gerados apresentam potencial neutralizante
contra diferentes ortoflavivirus. Ensaios complementares, como testes de especificidade
e neutralizacdo com outros ortoflavivirus como YFV e WNV, experimentos in vivo € a
analise de configuragdes moleculares distintas, poderdo aprofundar a avaliacdo de sua

atividade e ampliar sua aplicabilidade.
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Therapeutic Antibodies for Mosquito-Borne Orthoflavivirus
Infections: Discovery, Engineering Approaches, and
Advances in mRNA-Based Delivery Systems

Ana Clara Barbosa Antonelli, Lucas Silva Rodrigues, Maria Clara Moura Pinheiro,
Sylvia Barbosa Pinhate, Marcelo de Macedo Brigido, and Andréa Queiroz Maranhéo*

Mosquito-borne orthoflaviviruses such as Zika virus (ZIKV), dengue (DENV),
yellow fever (YFV), West Nile (WNV), and Japanese encephalitis virus (JEV) are
major public health concerns worldwide due to their epidemic potential,
immune evasion mechanisms, and the absence of specific antiviral
treatments. While vaccines exist for JEV, DENV, and Yellow Fever, their use is
limited by safety concerns in vulnerable populations. In this context,
monoclonal antibodies (mAbs) gain attention as potent and specific
therapeutic tools. A central focus of recent research is the orthoflavivirus
envelope (E) protein, particularly the fusion loop (FL), which is a highly
conserved region within domain Il that plays a critical role in viral membrane
fusion and entry. The FL is a structural conservation across orthoflavivirus
species, making it a target for the development of neutralizing antibodies
(NAbs). This review highlights the key mech of mAb-mediated
neutralization, with a focus on FL-targeting strategies, and discusses how
rational antigen design and antibody engineering are overcoming challenges
related to epitope accessibility and antibody-dependent enhancement.
Strategies for antibody discovery, such as phage display and Fc engineering
are explored. Finally, mRNA-based platforms for in vivo antibody expression,
offering an approach to rapid antibody expression to combat orthoflavivirus
infections are discussed.

(ssRNA¥) viruses that are primarily trans-
mitted Dby arthropod vectors such as
mosquitoes and ticks."! In 2023, the
International Committee on Taxonomy of
Viruses (ICTV) officially renamed the genus
Orthoflavivirus to Orthoorthoflavivirus.!?!
Accordingly, this review uses the up-
dated terminology and focuses specifically
on  mosquito-borne  orthoflaviviruses,
excluding tick-borne species such as tick-
borne encephalitis virus (TBEV). Among
mosquito-borne  orthoflaviviruses, — sev-
eral represent major global public health
threats, including dengue virus (DENV),
yellow fever virus (YFV), Zika virus (ZIKV),
West Nile virus (WNV), and Japanese en-
cephalitis virus (JEV). These viruses are
predominantly transmitted by mosquitoes
of the Aedes genus (DENV, YFV, ZIKV)
and the Culex genus (WNV, JEV). Notably,
ZIKV can also be transmitted via sexual
contact, vertical transmission, and blood
transfusion.*”!

The Orthoflavivirus genome consists of
an ~11 kb positive-sense single-stranded
RNA (ssRNA¥) molecule containing a sin-
gle open reading frame (ORF) flanked

1. Introduction

The Orthoflavivirus genus is the largest within the Flaviviri-
dae family. It comprises single-stranded, positive-sense RNA

by untranslated regions (UTRs),'**! This ORF encodes a polypro-
tein that is proteolytically cleaved into three structural proteins:
capsid (C), precursor membrane (prM), and envelope (E); and
seven non-structural proteins: NS1, NS2A, NS2B, NS3, NS4A,
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NS4B, and NS5, all of which are essential for viral replication and
immune evasion.!'#!

Orthoflavivirus infections are asymptomatic or cause mild
symptoms in ~50-80% of cases.”’! Symptomatic infections are
generally self-limiting and are characterized by fever, headache,
myalgia, and arthralgia.|'®!!] However, disease severity varies de-
pending on viral factors, such as strain, virulence, and immune
evasion strategies, as well as host factors including comorbidi-
ties, age, immune status, and genetic predisposition.!'***! Cer-
tain orthoflaviviruses, such as DENV and YFV, are viscerotropic,
primarily targeting visceral organs such as the liver and kidneys,
potentially causing visceral organ failure.!*> ¢!

Others, including ZIKV, WNV, and JEV, are neurotropic
and can cross the blood-brain barrier, leading to neurological
complications.”!7-1I ZIKV infection has been associated with
Guillain-Barré syndrome and congenital Zika syndrome (CZS),
the latter encompassing neurological, auditory, and ocular ab-
normalities in infants.!?*-?2 Severe dengue can lead to thrombo-
cytopenia, increased capillary permeability, hypovolemic shock,
multi-organ failure, and hemorrhagic manifestations.*2 Al-
though not classically neurotropic, DENV has been linked to en-
cephalopathy, particularly in DENV-2 and DENV-3 infections.!”!
Both dengue and yellow fever can result in immune-mediated
kidney injury, hepatic dysfunction, and acute liver failure.[2627!
Severe yellow fever is further characterized by jaundice, coagu-
lopathy, cardiovascular instability, and multi-organ failure, fre-
quently involving the liver.!??°!

Currently, there are licensed vaccines available for DENV,
YFV, and JEV.***! The live-attenuated YFV-17D vaccine is
the most extensively studied, eliciting long-lasting immunity
through the induction of neutralizing antibodies and memory T
cellresponses.|*!*3! The TAK-003 DENV vaccine has also demon-
strated efficacy and received regulatory approval.l*”! However,
both these vaccines rely on live-attenuated virus platforms and
are contraindicated in populations at higher risk, such as im-
munocompromised individuals and pregnant women.**I As for
JEV, several vaccine platforms, ranging from inactivated and live-
attenuated to recombinant chimeric formulations, have been
licensed (e.g., IXIARO, SA14-14-2, IMOJEV), however, long-
term protection across diverse viral strains has not been fully
achieved.l*! It is worth noting that there is also a licensed vac-
cine for TBEV**! which belongs to the Orthoflavivirus genus but
is transmitted by ticks rather than mosquitoes.

Despite the availability of vaccines, no FDA-approved antivi-
ral treatments exist for orthoflavivirus infections, underscoring
the need for alternative therapeutic strategies such as neutraliz-
ing monoclonal antibodies (mAbs). The introduction of mAbs
in the 1980s revolutionized the treatment of cancer and au-
toimmune diseases, firmly establishing these biopharmaceu-
ticals in modern medicine.* Since the development of hy-
bridoma technology,””! advances in genetic engineering and
other protocols, such as phage display and transgenic mice gen-
eration, have enabled the production of chimeric, humanized,
and fully human antibodies with enhanced efficacy and reduced
immunogenicity.*®/ However, the use of mAbs for infectious
disease treatment remained limited until the SARS-CoV-2 pan-
demic, which catalyzed the rapid development and emergency
use authorization of several mAbs for mild to moderate COVID-
19 cases.|*”! Prior to this, only a few mAbs had been approved for
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infectious diseases, including palivizumab for respiratory syncy-
tial virus (RSV), ibalizumab for HIV,*’l and Twinrab and Rab-
shield licensed in India for treatment of rabies virus exposure.!*!!

These developments have renewed interest in mAbs as viable
countermeasures against emerging viral pathogens, including
orthoflaviviruses. Nevertheless, challenges remain: no mAbs tar-
geting orthoflavivirus infections have received FDA approval to
date. Advances in screening methodologies, including single B-
cell isolation and phage display, have facilitated the discovery of
high-affinity mADbs, while Fc engineering and novel antibody for-
mats, such as bispecific antibodies, offer promise for enhancing
therapeutic efficacy. In light of these developments, this review
examines the key mechanisms of mAb-mediated neutralization
and the role of rational antigen design in improving the selec-
tion of broadly neutralizing, cross-reactive epitopes. We also dis-
cuss evolving screening strategies for mAb discovery, ranging
from classical phage display to emerging technologies such as
droplet microfluidics-based mammalian display. Finally, we ex-
plore mRNA-based antibody platforms, representing a scalable
and innovative strategy for in vivo delivery of therapeutic anti-
bodies.

2. Basic Mechanisms of Action of Therapeutic
Antibodies in Infection

2.1. Neutralization, Opsonization, and Fc-mediated Effector
Functions

Therapeutic antibodies represent a promising strategy for the
treatment of cancer, autoimmune, and infectious diseases due to
their high specificity, prolonged half-life, and capacity to engage
immune effector functions such as neutralization, opsoniza-
tion, antibody-dependent cellular cytotoxicity (ADCC), antibody-
dependent cellular phagocytosis (ADCP), and complement-
dependent cytotoxicity (CDC)./*?l Among these mechanisms,
neutralization plays a central role in antiviral defense. Neutral-
izing antibodies recognize viral epitopes (or their cell recep-
tors) that are critical for infection and pathogenesis, typically
those involved in receptor binding, membrane fusion, viral en-
try, or egress./*’) Monoclonal antibodies (mAbs) have emerged as
a promising approach to treat infections caused by viruses for
which no effective vaccines currently exist.

In orthoflavivirus infections, the envelope (E) protein is the
main target of neutralizing antibodies (nAb) due to its essential
role in viral entry. Domain II mediates membrane fusion, while
Domain III facilitates host receptor binding, making both re-
gions attractive targets for antibody targeting.'**! One notable ex-
ample is E16, a broadly neutralizing mADb that binds a conserved
epitope in Domain IIT of the WNV E protein, demonstrating po-
tent neutralization activity in preclinical models.!**!

Beyond neutralization, antibody effector functions also rely
on interactions with immune cells, primarily mediated through
the Fc region of the antibody. In opsonization, antibodies act
as opsonins, tagging pathogens for recognition by phagocytes,
which subsequently engulf and destroy them, thereby prevent-
ing the spread of infection. While the Fab region mediates anti-
gen recognition and neutralization, the Fc region is essential
for opsonization, as it engages Fc receptors on the surface of
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phagocytes. Fc receptor (FcR) binding overcomes repulsive mem-
brane forces, facilitating internalization and degradation of the
opsonized target.***’]

Another critical Fc-mediated mechanism is ADCC, in which
antibodies promote the elimination of infected or malignant cells
by engaging Fc receptors on phagocytes, granulocytes, and natu-
ral killer (NK) cells. These effector cells express three main types
of Fcy receptors, FcyRI (CD64), FcyRII (CD32), and FcyRIIIA
(CD16), and contain cytotoxic granules capable of inducing cell
death. Upon antigen binding, antibodies undergo conforma-
tional changes that enhance Fc-FcR affinity, triggering signal-
ing cascades that culminate in the destruction of the target
cell via perforin/granzyme, FAS-L, or reactive oxygen species
(ROS)/reactive oxygen intermediates (ROI) pathways.!**] Notably,
monoclonal antibodies 3G2 and 4B8 have demonstrated ADCC
activity against the NS1 protein of ZIKV, providing additional an-
tiviral effects beyond direct neutralization.*’!

In addition to ADCC, Fc—FcR interactions also drive ADCP,
in which macrophages and dendritic cells internalize antibody-
opsonized virions or infected cells through FcyR engage-
ment, leading to lysosomal degradation and enhanced antigen
presentation.*”*!l This mechanism contributes to viral clearance
and the stimulation of adaptive immune responses. Support-
ing this, a previous study demonstrated that monoclonal anti-
bodies targeting the nonstructural protein 1 (NS1) of WNV pro-
tect mice through Fc-receptor-dependent pathways./*? Specifi-
cally, only antibodies recognizing cell surface-associated NS1
were able to trigger FcyRI- and/or Fcy RIV-mediated phagocytosis
and clearance of WNV-infected cells, highlighting ADCP as a key
protective mechanism in vivo.*?! Furthermore, studies with anti-
NS1 monoclonal antibodies against ZIKV revealed robust C3b
deposition on NS1-coated particles, indicating activation of the
classical complement pathway, along with efficient internaliza-
tion of these opsonized targets by monocytes and neutrophils.|**!
Collectively, these observations highlight that Fc-mediated effec-
tor mechanisms, including ADCC, ADCP, and complement en-
gagement, cooperate to enhance antibody-mediated protection
against orthoflavivirus infection.

Conversely, antibodies may facilitate viral entry and replication
through a phenomenon known as antibody-dependent enhance-
ment (ADE). This process was first described in the context of
DENV infection.****] ADE occurs when viral neutralization is
incomplete-either due to subneutralizing antibody concentra-
tions or to the inability of antibodies to fully block infection.
In such cases, virus-antibody complexes bind to Fc or comple-
ment receptors on host cells and are internalized. Rather than
preventing infection, this interaction enhances viral replication,
increases viral load, and triggers pro-inflammatory signaling,
thereby exacerbating pathogenesis and disease severity.*¢!

Although ADE is well-documented in secondary DENV infec-
tions, its relevance to other orthoflavivirus infections remains
controversial. In vitro studies have shown that ZIKV infection
can be enhanced by cross-reactive DENV antibodies, suggesting
that prior exposure to one orthoflavivirus may exacerbate infec-
tion with another.*7-°] However, these data contrast with other in
vivo findings. For example, Pantoja et al. (2017) observed a reduc-
tion in ZIKV viremia duration and protection for up to 6 months
in rhesus macaques with pre-existing DENV immunity.*'! More-
over, clinical studies have found no evidence of ADE-associated
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disease exacerbation in patients with prior DENV (1-4) infec-

tion who were subsequently infected with either ZIKV or DENV-
2.162,63]

2.2. Neutralizing and Broadly Neutralizing Antibodies (bNAbs)

A defining characteristic of antibodies is their ability to bind
specifically to their cognate epitopes. When the targeted epitope
is highly variable, a corresponding neutralizing antibody often
exerts its effector function in a strain-specific manner. In con-
trast, some antibodies can recognize conserved epitopes shared
across multiple viral strains or species, enabling them to neu-
tralize a broader spectrum of pathogens—these are known as
broadly neutralizing antibodies (bNAbs).*! For instance, Doyle
et al. (2022) identified two monoclonal antibodies, YFV-121 and
YFV-136, from memory B cells from YFV vaccinated individu-
als. These mAbs specifically neutralized the YFV-17D vaccine
strain in mouse and hamster models by targeting Domain IT of
the envelope (E) protein.®*! Notably, residue H67, on domain II,
was shown to be critical for YFV-136-mediated neutralization,
as substitutions such as H67Y in YFV-17D and H67N in YFV
ES-504 enabled the virus to escape neutralization and remain
infectious.!*!

bNADbs are of particular interest in antiviral therapeutics be-
cause they can neutralize a wide range of viral strains, often at
low concentrations.!®’! Their discovery has facilitated the iden-
tification of conserved epitopes, which are critical for the ratio-
nal design of vaccines and antiviral therapies. However, bNAbs
tend to occur naturally at low | titers and often exhibit struc-
tural complexity, which can hinder their development. These
features include frequent insertions and deletions at the ge-
netic level, extensive somatic hypermutation in both framework
and complementarity-determining regions (CDRs), and variable
post-translational modifications.!*!

In the case of orthoflaviviruses, the structural and functional
diversity of neutralizing antibodies has been comprehensively
described,®*%°! and antibody responses according to the targeted
domains of the E protein (DI-DIII), the fusion loop (FL) within
Domain II, and complex quaternary epitopes spanning E-dimer
interfaces have been previously reviewed. ! These studies estab-
lished that antibodies against Domain III often mediate potent,
type-specific neutralization by blocking receptor engagement. A
well-characterized example is E16, a humanized bNAD against
WNV that binds to Domain III of the E protein, thereby block-
ing viral entry by preventing receptor engagement.** Those tar-
geting the fusion loop or quaternary E-dimer epitopes can dis-
play broad cross-reactivity but may vary in neutralization potency
and susceptibility to ADE. bNAbs with broader reactivity include
MZ20, which targets Domain II, and MZ54/56, which binds
the highly conserved fusion loop. These antibodies have demon-
strated cross-neutralization across all four serotypes of DENV as
well as ZIKV, JEV, and WNV.7!

Many cross-reactive antibodies recognize conformational epi-
topes exposed only in immature or mosaic virions, adding com-
plexity to the understanding of protective versus enhancing
responses,'®¢°1 Although such antibodies may display broad
binding activity, their interaction does not always translate into
effective neutralization, ****7'I In orthoflavivirus infections, par-
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ticularly dengue, some cross-reactive antibodies recognize con-
served but poorly accessible epitopes, such as the pre-membrane
(prM) protein or the fusion loop on immature or partially mature
virions. These antibodies can form non-neutralizing immune
complexes that promote viral uptake into Fcy receptor-bearing
cells, a process known as ADE. For example, Dejnirattisai et al.
isolated prM-specific monoclonal antibodies from human mem-
ory B cells that enhanced DENV infection in vitro, highlighting
that the specificity and accessibility of the targeted epitope are
key determinants of whether an antibody will neutralize or exac-
erbate infection.””!

3. Orthoflaviviruses Immune Evasion Mechanisms

Orthoflaviviruses employ multiple strategies to evade host im-
mune responses, facilitating viral replication and persistence.
A central mechanism involves antagonism of the type I inter-
feron (IFN) pathway, a critical component of innate antiviral de-
fense. For instance, orthoflavivirus NS5 mediates the degrada-
tion of STAT2, thereby blocking the activation of IFN-stimulated
genes.”>7*l Similarly, WNV NS4B inhibits JAK-STAT signaling
by preventing JAK1 and TYK2 phosphorylation.”*! To avoid de-
tection by pattern recognition receptors (PRRs), orthoflaviviruses
sequester viral double-stranded RNA within intracellular mem-
brane vesicles, effectively shielding it from sensors such as RIG-
I and TLR3.7¢1 ZIKV further disrupts innate immunity by cleav-
ing FAM134B, a reticulophagy receptor, thereby impairing degra-
dation of viral replication complexes.”””! ZIKV also upregulates
MHC class I molecules on infected cells, reducing their suscep-
tibility to natural killer (NK) cell-mediated lysis.””®! The secreted
non-structural protein NS1 contributes to immune evasion by
binding mannose-binding lectin (MBL) and C4b, inhibiting ac-
tivation of the lectin complement pathway and diminishing vi-
ral clearance.””! In addition, orthoflaviviruses manipulate host
stress responses by disrupting stress granules and activating en-
doplasmic reticulum (ER) stress pathways, which collectively en-
hance viral replication while dampening antiviral signaling.!*!

In addition to suppressing innate immune pathways, orthofla-
viviruses have evolved diverse mechanisms to evade recognition
by the adaptive immune system, particularly by antibodies. While
monoclonal antibodies provide powerful antiviral defense, or-
thoflaviviruses can subvert their function through several eva-
sion strategies. These include antigenic variability, dynamic con-
formational changes in viral surface proteins-referred to as “vi-
ral breathing”/*"*?| and the exploitation of ADE. These mecha-
nisms underscore the complexity of orthoflavivirus pathogenesis
and pose substantial challenges for the development of effective
antibody-based therapeutics.

3.1. Structural Flexibility and Viral Breathing

The E protein, the major surface glycoprotein of orthoflaviviruses
and a key mediator of viral entry, undergoes extensive structural
rearrangements throughout the viral life cycle. These conforma-
tional changes are influenced by variations in pH within intracel-
lular compartments, interactions with the precursor membrane
(prM) protein in immature virions, and the transition to the extra-
cellular environment.”#3! This intrinsic structural flexibility en-
ables oligomeric rearrangements and domain repositioning that
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are essential for viral maturation, membrane fusion, and host cell
entry. In addition to these large-scale shifts, the E protein exhibits
subtle, transient conformational dynamics, collectively referred
to as “viral breathing”, which expose otherwise cryptic epitopes
on the virion surface.*! Growing evidence suggests that these
dynamic oscillations not only regulate key stages of the orthofla-
vivirus life cycle but also contribute to immune evasion by mod-
ulating epitope accessibility and antibody binding.*! #2551

3.2. Antigenic Variation and Escape Mutations

Orthoflaviviruses have evolved multiple strategies to evade neu-
tralizing antibodies, including antigenic variation driven by ge-
netic mutations. While structural breathing transiently exposes
cryptic epitopes enabling antibody access, escape mutations can
result in permanent alterations to the antigenic landscape. A no-
table example is TBEV, which evades neutralization by mono-
clonal antibodies through specific amino acid substitutions in
the E protein. In particular, the K311N and E230K mutations
act synergistically to confer complete resistance to the mono-
clonal antibody T025./*¢! These substitutions destabilize the qua-
ternary structure of the virion, disrupting electrostatic interac-
tions between neighboring E proteins and preventing effective
antibody binding, without great interference with virus replica-
tion. This case exemplifies a broader mechanism by which or-
thoflaviviruses escape immune recognition without significantly
compromising viral fitness.

Other orthoflaviviruses, such as DENV and ZIKV, also un-
dergo antigenic drift in response to selective pressure from neu-
tralizing antibodies. Key mutations have been identified in the
lateral ridge and fusion loop epitopes of the E protein, both of
which are major targets of the humoral response.!*>#7 These mu-
tations often reduce susceptibility to neutralization while preserv-
ing infectivity, enabling continued viral circulation in populations
with pre-existing immunity. Such antigenic variation presents
significant challenges for vaccine development, as immunity
against one strain may not confer cross-protection against emerg-
ing variants.

3.3. Maturation State and Immune Evasion

Orthoflavivirus maturation is a tightly regulated process that gov-
erns the structural conformation and epitope accessibility of E
proteins on the virion surface. During maturation, virions tran-
sition from non-infectious, prM-covered particles to fully mature
infectious forms via furin-mediated cleavage of prM in the trans-
Golgi network.!**! However, this process is often incomplete, re-
sulting in the secretion of partially mature, “mosaic” virions that
contain a mixture of mature and immature structural features.!*!
These mosaic particles present a significant challenge for an-
tibody recognition, as they can mask or occlude key neutraliz-
ing epitopes—particularly those targeted by fusion loop-directed
antibodies. !

In addition to reducing antibody binding, incomplete mat-
uration allows orthoflaviviruses to modulate immune recogni-
tion through population heterogeneity. Certain antibodies exhibit
preferential binding to either mature or immature virions, and
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the coexistence of structurally diverse viral particles may permit
immune escape even in the presence of strong neutralizing an-
tibody responses.””!! This maturation-dependent evasion mech-
anism complicates vaccine development, as effective immuno-
gens must elicit protective responses against both fully mature
and partially mature forms of the virus.

3.4. Antibody-Enhanced Infection

The structural dynamics of the envelope (E) protein modulate
not only viral neutralization but also mechanisms of antibody-
mediated enhancement of infection. In TBEV, a recently char-
acterized enhancement pathway has been described that oper-
ates independently of Fcy receptor (FcyR) engagement, distin-
guishing it from classical ADE mechanisms.’*¢! In this FcyR-
independent pathway, certain antibodies, such as monoclonal an-
tibody AS, which targets Domain II at the E protein dimer in-
terface, shift the conformational equilibrium toward monomeric
E protein states. This structural transition exposes the otherwise
hidden fusion loop, promoting its direct interaction with the host
cell plasma membrane and thereby facilitating viral attachment
and entry.!%¢!

A similar FcyR-independent enhancement phenomenon was
reported for WNV, where mAb E100 increased infection by target-
ing a structurally analogous site in Domain I1.°! These findings
indicate that orthoflavivirus immune evasion strategies extend
beyond escape from antibody neutralization to include mecha-
nisms that exploit antibody binding to promote viral entry. These
phenomena pose a substantial obstacle to the development of
vaccines and therapeutic antibodies, as some antibody responses
may unintentionally promote viral entry and infection instead of
conferring protective immunity.

3.5. Implications for Vaccine and Antiviral Strategies

A comprehensive understanding of orthoflavivirus antigenic
variability and immune evasion mechanisms is critical for the
development of effective vaccines and antiviral therapies. Broadly
neutralizing antibodies that target conserved quaternary epitopes
have demonstrated potential in overcoming viral escape.|! How-
ever, successful vaccine candidates must also address challenges
posed by viral breathing, incomplete maturation, and escape mu-
tations to achieve durable and cross-protective immunity. Emerg-
ing strategies, such as stabilizing E protein dimers to reduce con-
formational flexibility,**! or designing small-molecule inhibitors
that block the structural rearrangements required for membrane
fusion, offer promising therapeutic avenues.”!

The diversity of orthoflavivirus evasion strategies underscores
the intricate interplay between viral architecture, immune recog-
nition, and host adaptation. These insights are essential for the
rational design of therapeutic antibodies and immunogens, par-
ticularly when targeting viral elements that remain both accessi-
ble and conserved despite ongoing viral evolution.

4. Antibody Target Design for Orthoflavivirus
Therapy

The success of therapeutic antibody development against or-
thoflaviviruses critically depends on the rational selection of viral
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targets. These viruses pose unique challenges due to high genetic
variability, overlapping antigenic structures, and diverse immune
evasion strategies.|**%7]

4.1. Envelope Protein (E)

The E protein, the major surface glycoprotein of orthofla-
viviruses, plays a central role in viral entry by mediating recep-
tor binding and membrane fusion. In ZIKV, E proteins form
90 dimers arranged with icosahedral symmetry, producing a
smooth viral surface. The E protein is composed of three dis-
tinct domains—DI, DII, and DIII, each presenting unique op-
portunities for antibody targeting. EDIII mediates host cell re-
ceptor binding and is a major target for type-specific neutral-
izing antibodies, particularly in ZIKV. In contrast, the fusion
loop (FL) within EDII represents a highly conserved epitope
across orthoflaviviruses (Figure 1) and enables the generation of
broadly neutralizing antibodies.””?**| In mature DENV and other
orthoflaviviruses, E proteins form a herringbone pattern across
the virion surface, further influencing epitope accessibility and
antibody interactions.!”!

Despite these advantages, the E protein presents several chal-
lenges as an antigenic target. Antigenic variability, particularly in
EDIII, limits cross-reactivity and increases the potential for es-
cape mutations. Additionally, structural shielding and dynamic
conformational changes, such as “viral breathing”, can obscure
epitope access. Moreover, antibodies targeting the E protein must
contend with the risk of ADE, in which non-neutralizing anti-
bodies facilitate viral entry into Fc receptor-bearing cells, poten-
tially worsening disease severity.!'®! These characteristics high-
light the need for rational antigen design strategies that exploit
conserved epitopes, such as the fusion loop and E dimer epitope
(EDE), while minimizing the risks associated with antigenic vari-
ability and ADE.*?l

4.1.1. Domain Il (EDIII)

Domain III of the envelope protein (EDIII) plays a central role
in receptor engagement and is a prominent target of potently
neutralizing monoclonal antibodies. In ZIKV, EDIII is highly im-
munogenic and structurally distinct, making it amenable to mon-
oclonal antibody targeting. Prototypical mAbs such as ZKA190
and ZV-67, which bind the lateral ridge of EDIII, exhibit potent
and specific neutralizing activity.'* %] However, this specificity
is driven by substantial sequence variation across orthoflavivirus
species and serotypes, which limits cross-reactivity and facilitates
viral escape.729%1%%1

Although multiple EDIII-targeting antibodies have been iso-
lated from ZIKV-infected individuals,'°-11! they are generally
elicited at later stages of infection and comprise a minor frac-
tion of the polyclonal neutralizing response, in contrast to the
immunodominance observed in murine models (Gallichotte
et al., 2019). Moreover, EDIII-directed monoclonal antibodies,
when used individually, can rapidly select for resistant viral
variants, underscoring their limited robustness in therapeutic
applications. 1%l

Functionally, while EDIII has been implicated in receptor
binding, orthoflaviviruses do not rely on a single, conserved entry
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the coexistence of structurally diverse viral particles may permit
immune escape even in the presence of strong neutralizing an-
tibody responses.””!! This maturation-dependent evasion mech-
anism complicates vaccine development, as effective immuno-
gens must elicit protective responses against both fully mature
and partially mature forms of the virus.

3.4. Antibody-Enhanced Infection

The structural dynamics of the envelope (E) protein modulate
not only viral neutralization but also mechanisms of antibody-
mediated enhancement of infection. In TBEV, a recently char-
acterized enhancement pathway has been described that oper-
ates independently of Fcy receptor (FcyR) engagement, distin-
guishing it from classical ADE mechanisms.’*¢! In this FcyR-
independent pathway, certain antibodies, such as monoclonal an-
tibody AS, which targets Domain II at the E protein dimer in-
terface, shift the conformational equilibrium toward monomeric
E protein states. This structural transition exposes the otherwise
hidden fusion loop, promoting its direct interaction with the host
cell plasma membrane and thereby facilitating viral attachment
and entry.!%¢!

A similar FcyR-independent enhancement phenomenon was
reported for WNV, where mAb E100 increased infection by target-
ing a structurally analogous site in Domain I1.°! These findings
indicate that orthoflavivirus immune evasion strategies extend
beyond escape from antibody neutralization to include mecha-
nisms that exploit antibody binding to promote viral entry. These
phenomena pose a substantial obstacle to the development of
vaccines and therapeutic antibodies, as some antibody responses
may unintentionally promote viral entry and infection instead of
conferring protective immunity.

3.5. Implications for Vaccine and Antiviral Strategies

A comprehensive understanding of orthoflavivirus antigenic
variability and immune evasion mechanisms is critical for the
development of effective vaccines and antiviral therapies. Broadly
neutralizing antibodies that target conserved quaternary epitopes
have demonstrated potential in overcoming viral escape.|! How-
ever, successful vaccine candidates must also address challenges
posed by viral breathing, incomplete maturation, and escape mu-
tations to achieve durable and cross-protective immunity. Emerg-
ing strategies, such as stabilizing E protein dimers to reduce con-
formational flexibility,**! or designing small-molecule inhibitors
that block the structural rearrangements required for membrane
fusion, offer promising therapeutic avenues.”!

The diversity of orthoflavivirus evasion strategies underscores
the intricate interplay between viral architecture, immune recog-
nition, and host adaptation. These insights are essential for the
rational design of therapeutic antibodies and immunogens, par-
ticularly when targeting viral elements that remain both accessi-
ble and conserved despite ongoing viral evolution.

4. Antibody Target Design for Orthoflavivirus
Therapy

The success of therapeutic antibody development against or-
thoflaviviruses critically depends on the rational selection of viral
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targets. These viruses pose unique challenges due to high genetic
variability, overlapping antigenic structures, and diverse immune
evasion strategies.|**%7]

4.1. Envelope Protein (E)

The E protein, the major surface glycoprotein of orthofla-
viviruses, plays a central role in viral entry by mediating recep-
tor binding and membrane fusion. In ZIKV, E proteins form
90 dimers arranged with icosahedral symmetry, producing a
smooth viral surface. The E protein is composed of three dis-
tinct domains—DI, DII, and DIII, each presenting unique op-
portunities for antibody targeting. EDIII mediates host cell re-
ceptor binding and is a major target for type-specific neutral-
izing antibodies, particularly in ZIKV. In contrast, the fusion
loop (FL) within EDII represents a highly conserved epitope
across orthoflaviviruses (Figure 1) and enables the generation of
broadly neutralizing antibodies.””?**| In mature DENV and other
orthoflaviviruses, E proteins form a herringbone pattern across
the virion surface, further influencing epitope accessibility and
antibody interactions.!”!

Despite these advantages, the E protein presents several chal-
lenges as an antigenic target. Antigenic variability, particularly in
EDIII, limits cross-reactivity and increases the potential for es-
cape mutations. Additionally, structural shielding and dynamic
conformational changes, such as “viral breathing”, can obscure
epitope access. Moreover, antibodies targeting the E protein must
contend with the risk of ADE, in which non-neutralizing anti-
bodies facilitate viral entry into Fc receptor-bearing cells, poten-
tially worsening disease severity.!'®! These characteristics high-
light the need for rational antigen design strategies that exploit
conserved epitopes, such as the fusion loop and E dimer epitope
(EDE), while minimizing the risks associated with antigenic vari-
ability and ADE.*?l

4.1.1. Domain Il (EDIII)

Domain III of the envelope protein (EDIII) plays a central role
in receptor engagement and is a prominent target of potently
neutralizing monoclonal antibodies. In ZIKV, EDIII is highly im-
munogenic and structurally distinct, making it amenable to mon-
oclonal antibody targeting. Prototypical mAbs such as ZKA190
and ZV-67, which bind the lateral ridge of EDIII, exhibit potent
and specific neutralizing activity.'* %] However, this specificity
is driven by substantial sequence variation across orthoflavivirus
species and serotypes, which limits cross-reactivity and facilitates
viral escape.729%1%%1

Although multiple EDIII-targeting antibodies have been iso-
lated from ZIKV-infected individuals,'°-11! they are generally
elicited at later stages of infection and comprise a minor frac-
tion of the polyclonal neutralizing response, in contrast to the
immunodominance observed in murine models (Gallichotte
et al., 2019). Moreover, EDIII-directed monoclonal antibodies,
when used individually, can rapidly select for resistant viral
variants, underscoring their limited robustness in therapeutic
applications. 1%l

Functionally, while EDIII has been implicated in receptor
binding, orthoflaviviruses do not rely on a single, conserved entry
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Figure 1. The Protein E of Orthoflaviviruses is a surface protein and major antigenic target. a) The structure of Protein E and M is depicted as a ribbon
representation based on the PDB file 5IRE. Coloring distinct the domains: red, Domain [; yellow, Domain I; green, Fusion loop; blue, Domain IlI;
salmon, Transmembrane Domain; light blue, the M Protein. b) Multi-sequence Alignment of representative orthoflavivirus in the conserved region of
the E protein, the fusion loop. c) Overview of the multi-sequence Alignment and conservation plot of the whole E protein, detaching the fusion loop as
observed in b. Below, a bar representation of the domain system of Protein E, following the color code in a. Structural domains | and |l are not continuous
in the primary sequence. ChimeraX!"®'l was used to generate structural illustration, and Ugenel %2l was used for Alignment.

factor. Instead, they exploit a broad array of attachment receptors,
including glycosaminoglycans, DC-SIGN, and tight junction pro-
teins like claudin-1, whose expression varies with host species,
cell type, and viral glycosylation patterns.!'!2113] This receptor
redundancy helps explain why antibodies targeting EDIII often
display reduced efficacy in vivo despite potent in vitro neutral-
ization. Supporting this, epitope transplant and mapping stud-
ies have shown that EDIII-specific antibodies account for less
than 10% of serum neutralizing activity in naturally infected
individuals./'%°!

Furthermore, recombinant antigen-based assays tend to over-
represent the role of EDIII by failing to preserve the native qua-
ternary structure of the virion, which may obscure the contribu-
tion of more conserved and functionally essential epitopes.'*!
These insights have spurred efforts to design bispecific or com-
binatorial antibody therapies that co-target EDIII and more
conserved domains, such as the fusion loop (FL) or enve-
lope dimer epitope (EDE), aiming to enhance breadth and re-
duce the likelihood of immune escape,!”*''°! Advances in epi-
tope mapping technologies, including HDX-MS, are further en-
abling precise therapeutic design by revealing key neutralizing
determinants.!'4l

Adv. Therap. 2025, e00422 €00422 (6 of 24)

4.1.2. Fusion Loop (FL)

The fusion loop (FL), located in domain II of the envelope (E)
protein, is the most conserved region across orthoflaviviruses
(Figure 1B,C), making it an ideal target for broadly neutral-
izing antibodies. During viral entry, acidic pH in endosomal
compartments triggers the transition of E protein dimers into
trimers, exposing the fusion loop, which is essential for mem-
brane fusion!'"*''®! (Figure 2). This structural shift results in the
transient exposure of the fusion loop located at the tip of domain
II (EDII), which anchors into the host cell membrane to initiate
the fusion process!®*! (Figure 2). FL-specific neutralization anti-
bodies are able to block the interaction of the exposed FL or inter-
fere with trimer formation.I'”! Studies have demonstrated that
such antibodies can disrupt the transition from immature to ma-
ture viral particles in WNVI°2] and stabilize pre-fusion structures
in YFV, preventing conformational changes necessary for mem-
brane fusion.!"*®!

Despite these advantages, targeting the FL is challenging due
to its cryptic nature. On mature virions, the FL is buried within
the E protein dimer interface, limiting antibody accessibility.
However, under certain physiological conditions, such as during
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Figure 2. Mechanism of orthoflavivirus envelope protein (E)-mediated membrane fusion with the host cell. Schematic representation of the sequential
steps of membrane fusion between the orthoflavivirus and host cell, mediated by the envelope glycoprotein. A) On the mature virion, E proteins form
antiparallel dimers laying flat on the viral surface, with the fusion loop (pink) buried at the dimer interface to prevent premature interaction with the host
membrane. B) Endosomal acidification (H* influx) triggers conformational changes that dissociate the dimers, exposing the fusion loop, which inserts
into the host cell membrane. The E proteins extend into a hairpin-like intermediate conformation. C) Subsequent trimerization of E proteins brings the
viral and host membranes into close proximity by anchoring both via the inserted fusion loop and transmembrane domains (TM1/TM2, blue). D) The E
proteins rearrange into a stable trimer, positioning the fusion loops and membrane anchors side by side, which facilitates the formation of a fusion pore
through which the viral genome is delivered into the host cytoplasm. The structural domains of the E protein are color-coded: Domain | (EDI) in green,
Domain Il (EDII) in yellow, with the fusion loop at its tip in pink, Domain I (EDIII) in purple, the stem region in grey, and transmembrane segments

TM1 and TM2 in blue.

“viral breathing” or in immature particles, the FL becomes tran-
siently or partially exposed, providing an opportunity for antibody
binding,#!*?!

To overcome these structural barriers, rational antigen de-
sign is essential. Recent advances have focused on mimick-
ing the natural conformation of the FL to elicit effective im-
mune responses. Our group developed a novel FL-based anti-
gen in which the fusion loop was stabilized via a disulfide
bond to an adjacent peptide from EDII, preserving its native
conformation. This strategy enabled the selection of single-
chain variable fragment (scFv) antibodies that demonstrated neu-
tralizing activity against ZIKV and cross-reactivity with DENV
and YFV.[*I

Kotaki et al. (2021) generated a panel of human monoclonal
antibodies from an Indonesian dengue patient using human hy-
bridoma technology and identified 3G9, which showed excep-
tional neutralization potency (NT50 < 0.1 ug mL™) against all
four DENV serotypes and also cross-neutralized ZIKV, JEV, and

Adv. Therap. 2025, e00422 e00422 (7 0f24)

WNV. Epitope mapping revealed that 3G9 binds critical con-
served residues (W101, L107, F108) in the fusion loop. Although
wild-type 3G9 induced strong ADE in vitro, introduction of Fc
mutations (LALA, D265A, N297A) abolished ADE without com-
promising neutralization. In murine models, both wild-type and
Fe-modified 3G9 significantly improved survival following lethal
DENV challenge, with Fc-modified variants showing superior
protection and reduced viremia.!'*?!

Together, these findings underscore the potential of the FL
as a structurally conserved and functionally critical epitope for
the development of pan-orthoflavivirus antibody therapies. With
regard to ADE, although wild-type antibodies targeting this re-
gion are prone to mediating enhancement, Fc-engineered vari-
ants consistently abolish ADE while preserving neutralization ca-
pacity. While challenges related to epitope accessibility remain,
advances in antigen engineering and antibody discovery plat-
forms continue to improve the feasibility of targeting this con-
served region.
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This rationale is further supported by our structural and bioin-
formatic analyses presented in Figure 1. Panel A illustrates the
spatial positioning of the fusion loop (green) within domain
IT (yellow) of the E protein trimer, highlighting its key role in
the viral fusion process and the conformational rearrangements
that expose it. As shown in Panel B, multi-sequence alignment
of 20 representative orthoflaviviruses reveals the high sequence
conservation of the FL, which remains nearly invariant across
dengue, Zika, West Nile, and YFVs. Panel C provides a conser-
vation plot across the full E protein, emphasizing the FL as one
of the most conserved surface-accessible regions. This contrasts
with domain I1I (in blue), which exhibits greater variability across
orthoflaviviruses and is often associated with serotype-specific
responses and escape mutations. While DIII-targeting antibod-
ies may offer strong neutralization within a given serotype, FL-
targeting antibodies hold greater potential for cross-reactivity,
making them better suited for pan-orthoflavivirus therapeutic
strategies. Thus, the fusion loop stands out not only for its func-
tional indispensability, but also for its structural conservation,
a rare combination that elevates its value as a target for broad-
spectrum antiviral antibody development.

4.1.3. E-Dimer Interface (EDE)

The envelope dimer epitope (EDE), located at the interface of E
protein dimers, is a conserved quaternary structure targeted by
broadly neutralizing antibodies (bnAbs) capable of cross-serotype
neutralization in DENV and cross-reactivity with ZIKV. Anti-
bodies such as EDE1-C10 and EDE2-A11 exemplify this cate-
gory, binding to the conserved dimer interface to stabilize the
pre-fusion conformation of the E protein, thereby inhibiting the
conformational rearrangements required for viral fusion and
entry. 72981

The EDE epitopes are accessible due to the “breathing” dy-
namics of DENV’s surface proteins, where transient move-
ments expose the dimer interface. This structural behavior al-
lows EDE antibodies to bind mature virions and partially ma-
ture particles containing precursor membrane (prM) proteins,
enhancing their therapeutic potential.'’?°! The bivalent binding
of EDE1-C10 under acidic conditions further stabilizes E dimers
and prevents trimerization, essential for viral fusion, making it
particularly effective at neutralizing DENV without promoting
ADE.I*8]

Structural studies, including cryo-electron microscopy (cryo-
EM) and X-ray crystallography, have provided detailed insights
into the interactions of EDE bnAbs with the E dimer. These an-
tibodies primarily recognize quaternary epitopes formed at the
interface of two E monomers, bridging domains I and II of ad-
jacent subunits. A hallmark of anti-EDE antibodies is their abil-
ity to bind across the E dimer without requiring rearrangement,
targeting a structurally conserved region involved in viral fusion
and maturation.!****! This conserved quaternary epitope includes
residues from the fusion loop of domain IT and adjacent surfaces
of domain I, contributing to high cross-reactivity across DENV
serotypes. Advanced mass spectrometry methods have also con-
tributed to epitope mapping, supporting the development of anti-
gen designs that mimic natural E dimer conformations and max-
imize epitope exposure.!'**!

Adv. Therap. 2025, e00422 €00422 (8 of 24)
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The conserved nature of EDE across orthoflaviviruses, com-
bined with its critical role in viral entry, makes it an attractive tar-
get for therapeutic antibodies and vaccine design. Strategies that
scaffold or engineer immunogens to replicate the natural quater-
nary structure of E dimers could elicit robust bnAb responses,
addressing challenges posed by variability in other epitopes like
EDIIL*81

4.2. Non-Structural Protein 1 (NS1)

Beyond the E protein, nonstructural proteins such as NS1 are
gaining attention as alternative antibody targets. The orthofla-
vivirus non-structural protein 1 (NS1) is a highly conserved gly-
coprotein essential for viral pathogenesis and can be a promising
antigenic target for therapeutics and vaccines. NS1 is expressed
in three forms: monomeric, dimeric, and hexameric. It is syn-
thesized as a monomer in the endoplasmic reticulum (ER) and
is later assembled into membrane-associated dimers or secreted
as lipid-associated hexamers.!'?!122] These forms interact with
host cells, contributing to immune evasion, vascular leakage, and
complement inhibition.!-123]

NS1-specific antibodies play dual roles, offering protection
or contributing to immunopathogenesis. Protective antibod-
ies inhibit NS1-induced endothelial hyperpermeability, reduce
apoptosis, and mediate ADCC, promoting clearance of infected
cells."?#15] Structural studies have identified critical epitopes on
the p-ladder and wing domains of NS1, where antibodies, such
as 2B7 and 1G5.3, block interactions with endothelial cells and
hinder hexamer formation.!2%'27!

Pathogenic anti-NS1antibodies, however, may cross-react with
host proteins due to molecular mimicry, targeting endothelial
cells, fibrinogen, and platelets, and contributing to plasma leak-
age, coagulopathy, and tissue damage. For example, anti-NS1 an-
tibodies recognizing Lysine-Rich CEACAMI co-isolated protein
(LYRIC), a tight junction-associated protein, in endothelial cells
enhance apoptosis and nitric oxide production.!’*! They also im-
pair platelet function by targeting protein disulfide isomerase
and inducing plasminogen activation.!'2%13%

NS1’s absence on virions eliminates the risk of ADE, mak-
ing it a safer target for antibody therapy. Cross-reactive epi-
topes conserved across orthoflaviviruses highlight NS1's poten-
tial for universal therapeutic applications. Studies demonstrate
that anti-NS1 antibodies can protect against severe disease by
reducing viral loads, inhibiting NS1-induced vascular damage,
and disrupting pathogenic interactions with host cells in pre-
clinical models./"*!"3? Teveraging structural and functional in-
sights into NS1 and its interactions with antibodies holds signif-
icant promise for developing effective antibody-based therapies
against orthoflaviviruses.

5. Discovery and Selection of Antibodies against
Orthoflaviviruses

Once suitable antigenic targets have been identified, the next crit-
ical step involves selecting or engineering antibodies capable of
recognizing these epitopes with high affinity and specificity. Hy-
bridoma technology, introduced in 1975, was the first method
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developed for monoclonal antibody (mADb) production.l*” This
method produced murine antibodies, which elicited strong im-
mune responses in humans, imposing further modifications to
reduce immunogenicity. Genetic engineering enabled the devel-
opment of less immunogenic antibodies by chimerization!'**! or
humanization. In the latter, only the murine CDRs were retained
within a human antibody framework, improving compatibility
and half-ife.!**! The development of fully human antibodies be-
came possible through single B-cell screening, and display tech-
nologies such as phage and yeast display, which allowed faster se-
lection of high-affinity human antibodies compared to traditional
methods.

5.1. Single B Cell Screening

The global emergence of novel pandemics has highlighted the
critical necessity for accelerated discovery of monoclonal antibod-
ies (mAbs) targeting infectious pathogens, thereby driving signif-
icant progress in single B cell screening associated with high-
throughput sequencing methodologies. This approach enables
the direct isolation of antigen-specific B cells while preserving
the native pairing of antibody heavy and light chains, which is
critical for maintaining natural specificity.""**! Traditional screen-
ing methods rely on fluorescence-activated cell sorting (FACS)
or magnetic-activated cell sorting (MACS) to isolate antigen-
binding B cells, followed by reverse transcription—polymerase
chain reaction (RT-PCR) and next-generation sequencing (NGS)
to retrieve and clone antibody variable genes.!'*!*! These meth-
ods have led to the discovery of some neutralizing antibodies
against orthoflavivirus.[*>1¥]

To improve scalability, droplet microfluidics-based platforms
have been integrated into high-throughput single-cell screen-
ing. Technologies such as CelliGO compartmentalize single IgG-
secreting cells into droplets, allowing real-time bioassays to eval-
uate IgG activity before sorting and sequencing.!'**! Another
droplet-based system, developed by Shembekar et al. (2018),
co-encapsulates antibody-secreting hybridoma cells with target
cells, employing fluorescence-based binding assays and dielec-
trophoretic sorting to isolate antigen-specific clones.'*"! These
platforms enable the simultaneous screening of tens of thou-
sands of antibody candidates, significantly increasing through-
put and efficiency. Microfluidic approaches have successfully
identified broadly neutralizing antibodies against infectious dis-
eases such as HIV, Ebola, and COVID-19.114141] Additionally,
LIBRA-seq, a high-throughput sequencing method that links B
cell receptors to antigen specificity via DNA barcoding, has fa-
cilitated the discovery of cross-reactive antibodies against SARS-
CoV-2, HIV, and hepatitis C virus.*>14]

Hybridoma technology has also been integrated with sin-
gle B-cell screening to improve mAb discovery against or-
thoflaviviruses. Sapparapu et al. (2016) identified ZIKV-specific
mADbs by culturing peripheral blood mononuclear cells (PBMCs)
from ZIKV-infected individuals, selecting antigen-reactive B cells
via FACS, and fusing them with myeloma cells to generate
hybridomas.!'*#I The resulting clones were expanded, purified,
and sequenced using RT-PCR to characterize their variable
regions. Their multi-step approach successfully identified po-
tent neutralizing mAbs against ZIKV, highlighting the poten-
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tial of hybrid screening strategies for orthoflavivirus antibody
discovery.

5.2. Display Technologies
5.2.1. Phage Display

Display technologies have facilitated antibody discovery by en-
abling high-throughput selection of molecules with desired
binding properties while maintaining the genotype—phenotype
linkage./"**! Various platforms, including phage display, ribo-
some display, yeast surface display, and mammalian cell dis-
play, offer distinct advantages in antibody screening. The phage
display technique for presenting exogenous proteins on bacte-
riophage surfaces was first described in 1985.1¢ Since then,
it has been applied in various fields beyond antibody develop-
ment, including biosensor design, enzyme substrate identifica-
tion, drug discovery, and vaccine development.'¥-' In anti-
body research, phage-displayed libraries enable a detailed map-
ping of the human antibody repertoire, particularly in relation to
antigen specificity.!'45:14]

Phage-displayed antibody libraries can be either natural or syn-
thetic. The strategy used to construct antibody libraries influ-
ences the selection of antibodies through phage display. Natu-
ral libraries can be derived from naive donors (naive libraries)
or individuals previously exposed to the target antigen (immune
libraries). Immune libraries offer an advantage by containing a
repertoire of antibodies with higher affinity and specificity for
the antigen of interest. This specificity arises from natural pro-
cesses such as B cell activation, affinity maturation, somatic hy-
permutation, and memory B cell (MBC) generation. However, a
limitation of immune libraries is the relatively low number of cir-
culating antigen-specific B cells, which may restrict the diversity
of antibodies represented in the library.!"****°]

For generating a human antibody library, the mRNA derived
from the donors’ B cells is converted into cDNA and used to am-
plify the variable heavy (VH) and light (VL) chain regions of an-
tibodies. These gene segments are then cloned into a phagemid
vector containing both a bacterial origin of replication and a fil-
amentous phage origin, generating a synthetic antibody library
expressed on bacteriophage surfaces.!”"'~'**! Once expressed, an-
tibodies undergo selection through biopanning, a process involv-
ing multiple rounds of antigen binding, washing, and elution
to enrich clones with higher specificity.!'**! Biopanning can be
performed using antigens immobilized on microtiter plates or
biotinylated antigens bound to magnetic beads or streptavidin-
coated resins.'”**/ Antibody sequences from the final selection
round are analyzed, synthesized, and expressed to evaluate their
binding and functional properties. A schematic overview of this
workflow, from antibody gene amplification to phage display se-
lection rounds, is illustrated in Figure 3.

Filamentous bacteriophages, members of the Inoviridae fam-
ily, contain single-stranded DNA (ssDNA) as their genetic ma-
terial. Various filamentous phages, including M13, f1, and fd,
have been used for protein display, with M13 being the most
commonly employed. The M13 genome encodes 11 proteins, five
of which form the viral capsid (pIII, pVI, pVII, pVIII, and pIX).
Among these, pIII and pVIII are widely used for antibody presen-
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Figure 3. Schematic representation of the generation of a human antibody library in the scFv format from B cells and the subsequent selection of specific
binders through phage display. B cells, isolated from immunized or naive donors, are used as the source of total RNA (1-2), which is then reverse
transcribed into cDNA (3). The variable regions of the immunoglobulin light (VL) and heavy (VH) chains are amplified by PCR (4) and assembled into
single-chain variable fragments (scFv) through the insertion of a flexible linker between them (5). These constructs are cloned into phagemid vectors,
generating a diverse recombinant combinatorial library (6), which is subsequently transformed into E. coli (7). The transformed bacteria are infected
with a helper phage to enable the production of recombinant phage particles displaying the scFv fragments on their surface (8-9). The resulting phage
display library is incubated with the immobilized target antigen (10), and non-binding phages are removed through washing steps (11), while specific
binders remain attached to the target (12). Bound phages are then eluted (13), and their encoding plasmid DNA is recovered from infected bacteria to
allow amplification of the selected VH and VL sequences (14). The selected phages are propagated overnight in bacterial culture (15) to initiate a new
round of selection. This biopanning process is typically repeated for 3 to 5 rounds to progressively enrich high-affinity scFv binders. RNA and DNA icons

were retrieved from NIH Bioart Image Repository.1247.24¢1

tation, particularly pIII, as it can accommodate larger fusion pro-
teins without disrupting its function in phage infection.!'*! Fila-
mentous phages infect gram-negative bacteria such as Escherichia
coli by interacting with the host cell’s sex pilus via the pIII pro-
tein. During infection, newly synthesized viral ssDNA is extruded
through the bacterial envelope without lysing the cell, allowing
continuous replication and phage production. As viral particles
are released, their ssDNA is coated with structural proteins, com-
pleting phage assembly.!**¢!

Phage display is a powerful tool for isolating monoclonal anti-
bodies (mAbs) with high specificity and has been extensively used
in the selection of antibodies against orthoflaviviruses. Throsby
et al. (2006) constructed phage display libraries from WNV-
infected patients and screened 480 monoclonal scFv phages for
WNV-specific binding.'*”! Among the 138 identified mAbs, 12
exhibited neutralizing activity, with two providing in vivo protec-
tion. The majority of antibodies targeted domain II of the viral
envelope (E) protein, whereas potent neutralizers against domain
I1I were less frequent.

A recent study from our group further exemplifies the utility
of phage display for the identification of cross-reactive and poten-
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tially therapeutic antibodies against orthoflaviviruses.”! Franca
etal. (2022) employed phage display to select human monoclonal
antibodies targeting a synthetic mimetic peptide derived from the
highly conserved fusion loop (FL) region of the ZIKV envelope
protein. Using two distinct panning strategies, acidic and com-
petitive elution. Three distinct scFv antibodies were identified af-
ter NGS analysis. These antibodies bound specifically to ZIKV
and exhibited cross-reactivity with yellow fever and DENVSs, con-
sistent with the conserved nature of the FL epitope. Notably, two
antibodies (AZ1p and AZ6m) demonstrated in vitro neutraliza-
tion of ZIKV, highlighting the therapeutic potential of targeting
conserved structural elements for the development of broadly re-
active anti-orthoflavivirus antibodies.!*!

5.2.2. Yeast Display
Yeast display, like phage display, is a powerful tool for epitope
mapping, affinity maturation, and antibody repertoire analy-

sis. Unlike phage-based systems, yeast display occurs in a eu-
karyotic environment, allowing for proper protein folding, post-
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translational modifications, and the selection of high-affinity an-
tibodies. Oliphant etal. (2005) employed yeast display to map the
binding site of E16, a humanized monoclonal antibody (mAb)
targeting domain I1I of the WNV envelope (E) protein.”?! The
study identified 14 mAbs, with E16 exhibiting broad neutral-
ization across 10 WNV strains and significant in vivo protec-
tion. Yeast display enabled precise epitope mapping, revealing a
dominant neutralizing site recognized by antibodies from WNV-
infected individuals, providing a foundation for E16’s therapeutic
optimization.

Further advancing yeast display applications, Fahad et al.
(2021) used this approach to analyze antibody repertoires
from ZIKV-infected individuals, integrating NGS and yeast
surface display to construct renewable B cell-derived antibody
libraries.!"*®! These libraries were screened against ZIKV and
YFV virus-like particles (VLPs) using FACS, enriching antigen-
binding clones. This strategy enabled the identification of
maturation-state-specific, ZIKV-specific, and cross-reactive anti-
bodies, demonstrating the precision and scalability of yeast dis-
play in therapeutic antibody discovery.

5.2.3. Mammalian Display

Mammalian display provides a physiologically relevant plat-
form for antibody selection, preserving native folding, post-
translational modifications, and authentic antigen interactions.
Zhang et al. (2014) developed a mammalian display system
using HEK293T cells to screen scFv antibodies from a non-
immune library of healthy donors and cancer patients.!'*”! Using
FACS, they identified three ErbB3-specific scFv candidates with
nanomolar binding affinities, demonstrating that mammalian
display enables the selection of high-affinity therapeutic antibod-
ies while preserving biologically relevant structural features.

Recent advancements in mammalian display technology have
led to functional screening platforms, such as the Droplet Re-
porter Cell Testing for Neutralization (DrReCT-Neutralization),
a platform which integrates microfluidics, NGS, and droplet-
based single-cell encapsulation to identify neutralizing antibod-
ies based on their functional activity rather than just bind-
ing affinity’*! Unlike traditional affinity-based display meth-
ods, which select antibodies based solely on antigen binding,
DrReCT-Neutralization directly assesses neutralization capac-
ity against infectious agents, which the authors demonstrated
against SARS-CoV-2 and HIV pseudoviruses. In this system,
antibody-secreting reporter cells are encapsulated in micro-
droplets, allowing secreted antibodies to accumulate before a
pseudovirus challenge. If infection occurs, a fluorescent reporter
gene is activated, enabling FACS-based sorting of neutraliz-
ing clones. NGS then identifies enriched sequences with high-
affinity mutations. By integrating functional screening directly
into the discovery process, this system provides the direct selec-
tion of potent neutralizing antibodies.

6. Antibody Engineering and Optimization
6.1. Antibody Formats

To further enhance the efficacy, safety, and pharmacokinetics
of selected antibodies, advances in engineering and optimiza-
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tion strategies of mAbs have been instrumental.'®"'¢2 Anti-
body formats refer to structural variations that influence their
functional properties, stability, and therapeutic applicability. The
most widely utilized format is the full-length immunoglobu-
lin G (IgG).**"! Full-length IgG combines antigen-binding ca-
pacity with Fc-mediated effector functions, such as ADCC and
CDC.'%3] Smaller antibody fragments, including Fab (fragment
antigen-binding) and scFv, have been engineered to address the
limitations of full-length antibodies.!"*"'**! Nanobodies, derived
from the single-domain antibodies of camelids, represent an-
other innovative format with unique structural and functional
advantages.!'®! Moreover, emerging hybrid formats, such as bis-
pecific antibodies, further expand the scope of therapeutic anti-
body design by enabling simultaneous targeting of multiple epi-
topes or antigens.!1°%1¢7]

6.1.1. Full-Length IgG

Full-length IgG antibodies remain the gold standard for thera-
peutic applications due to their prolonged serum half-life, con-
ferred by interactions with neonatal Fc receptors (FcRn), and
their ability to recruit immune effector functions through their
Fc domains.|*!l These properties render IgG highly effective
in neutralizing viral infections and clearing infected cells.[®3!
However, their large molecular size (%150 kDa) can limit tis-
sue penetration, particularly in dense or protected tissues such
as the brain, and limit access to cryptic epitopes./'*"'*! Ad-
ditionally, in the context of orthoflavivirus infections, IgG an-
tibodies face challenges such as the risk of ADE. Engineer-
ing efforts have focused on mitigating these limitations. For
instance, EDE1-C10, a broadly neutralizing antibody targeting
conserved epitopes on the DENV envelope protein, demon-
strates cross-serotype neutralization.'®”! Furthermore, Sharma
and colleagues showed that a highly cross-reactive antibody,
C10, increases its binding and neutralization capacity to ZIKV
and the four types of DENV when it changes from a Fab for-
mat to a complete IgG. Similarly, ZIKV-117, an IgG target-
ing the ZIKV envelope protein, has shown potent neutraliza-
tion in preclinical and clinical studies.'*l Despite the risk of
ADE when using full-length antibodies, Nilchan et al. (2024)
developed a full-length human IgG targeting the DENV enve-
lope protein domain III (EDIII) that maintained strong neu-
tralization capabilities across dengue serotypes without promot-
ing ADE."”°! The authors discussed that careful selection of tar-
get epitopes can mitigate ADE risks and subtle differences in
the binding epitopes and topology can influence the occurrence
of ADE.

6.1.2. Antibody Fragments (Fab, scFv)

Smaller antibody fragments, such as Fab (~50 kDa) and scFv
(~25 kDa), offer some advantages over full-length IgG. Their re-
duced size facilitates superior tissue penetration and enables ac-
cess to cryptic or sterically hindered epitopes that are less acces-
sible to larger IgG molecules.!'®!16%.171] Franca et al. 2022 gener-
ated scFv mAbs targeting the orthoflavivirus fusion loop, which
is a cryptic antigen, that neutralized ZIKV in vitro and cross-
recognized Yellow Fever and DENVs./””! Fab and scFv fragments
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are also amenable to production in bacterial expression systems,
reducing manufacturing complexity and cost. However, these
fragments lack Fc domains, which preclude effector functions
such as ADCC and CDC. Furthermore, they have shorter serum
half-lives and low stability. However, since they are easier to pro-
duce, they are often used as a first molecule in screening experi-
ments, and then further expressed in a full-length format for in
vivo validation.!'7!]

6.1.3. Nanobodies

Nanobodies, the smallest antibody format (~15 kDa), repre-
sent an advancement in the therapeutic arsenal against in-
fectious diseases. Their compact single-domain structure en-
ables them to bind cryptic epitopes that are inaccessible to
conventional antibody formats, making them particularly effec-
tive against structurally complex viral proteins, such as the en-
velope protein of orthoflaviviruses.'**'*! Nanobodies directed
against conserved epitopes on viral capsid proteins, as exem-
plified by Chaudhuri et al. (2023) in the context of DENV,
demonstrate their broad applicability for targeting a range of vi-
ral pathogens.!””? These nanobodies, developed using compu-
tational affinity maturation, exhibited high specificity and bind-
ing stability in vitro. Delfin-Riela et al. (2020) demonstrated
that nanobodies against the NS1 protein of ZIKV effectively in-
terfered with NS1-mediated pathogenic mechanisms in vitro,
showcasing their therapeutic potential.!'”* Similarly, nanobod-
ies targeting domain III of the WNV envelope protein, as de-
scribed by Hrugkovicova et al. (2022), exhibited strong neutral-
ization potential and structural stability."®! The study also as-
sessed hemocompatibility using sheep erythrocytes, showing
that these nanobodies did not cause hemolysis, which sup-
ports their safety for therapeutic applications. Cytotoxicity test-
ing with endothelial cells further confirmed their non-toxic pro-
file. Nanobodies also exhibit exceptional thermal and confor-
mational stability and can be efficiently produced in prokary-
otic systems, making them attractive and scalable candidates
for therapeutic use in global health settings.!'’*] Despite their
benefits, nanobodies, like scFvs, face challenges such as short
circulation halflife, imposing additional engineering to im-
prove pharmacokinetics. Their modularity, however, allows for
the creation of multivalent constructs, significantly enhanc-
ing avidity and neutralization potency, and broadening their
applicability in antiviral therapies. An illustrative example of
a nanobody successfully translated into clinical use is capla-
cizumab (Cablivi), the first nanobody-based therapy approved
by the FDA for the treatment of acquired thrombotic throm-
bocytopenic purpura (aTTP).'”*-77] This humanized, bivalent,
variable domain-only immunoglobulin fragment specifically tar-
gets the A1 domain of von Willebrand factor (VWF), prevent-
ing its interaction with the platelet glycoprotein Ib-IX-V re-
ceptor and thereby inhibiting the formation of microvascular
thrombi. Structurally, caplacizumab is composed of two iden-
tical VHH anti-VWF-binding domains (PMP12A2h1) joined
by a three-alanine linker and is efficiently produced in E.
coli.l'7>17¢1 This therapeutic format highlights how nanobody
engineering can be leveraged to produce effective, targeted
biologics.
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6.1.4. Multi-Targeting Strategies: Antibody Cocktails and Bispecific
mAbs

Targeting multiple epitopes is a well-established strategy to en-
hance the efficacy and durability of antibody-based therapies,
especially in contexts of resistance or antigenic variability. A
clinically validated approach is the use of monoclonal anti-
body (mAb) cocktails, which combine two or more antibod-
ies targeting distinct epitopes to increase therapeutic breadth
and reduce the likelihood of viral escape.'”*'*] For example,
Inmazeb, approved for Ebola virus disease, comprises three
mADs that bind non-overlapping regions of the viral glycopro-
tein, synergizing to neutralize the virus and engage Fc-mediated
effector functions.!'®!l Similar strategies have been employed
for rabies (Twinrab) and SARS-CoV-2 (Casirivimab/Imdevimab,
Amubarvimab/Romlusevimab), demonstrating the effectiveness
of multi-targeted therapies in infectious diseases.*"52153]

Building on this rationale, bispecific antibodies (bsAbs) offer
an alternative multi-targeting format, capable of binding two dis-
tinct antigens or epitopes within a single molecule. This design
simplifies dosing and production while enabling mechanisms of
action not easily achieved with separate mAbs, such as dual epi-
tope engagement, improved avidity, and reduced potential for vi-
ral escape.!'6:167.178.18¢] Although no bsAbs have been approved
yet for infectious diseases, their success in oncology and au-
toimmune disorders provides a strong foundation for antiviral
applications. /1661671841

In viral infections, bsAbs present an innovative solution to
challenges such as antigenic diversity, rapid mutation, and im-
mune evasion. For instance, bsAbs have been engineered to
counter SARS-CoV-2 variants that escape traditional neutraliz-
ing antibodies. Constructs combining antibodies from differ-
ent receptor-binding domains (RBD) classes showed enhanced
breadth and potency against Alpha, Beta, Gamma, and Delta
variants."'®! Notable examples include CoV-X2"*/(De Gasparo
etal., 2021) and 14-H-06,/**”] which pair broadly neutralizing or
cryptic epitope-targeting arms to overcome variant resistance.

In the orthoflavivirus context, Wang et al. (2017) developed
FIT-1, a bsAD targeting domains IT and III of the ZIKV E pro-
tein, achieving enhanced neutralization and resistance to viral
escape.’®! Similarly, Khandia et al. (2018) engineered bsAbs
to minimize ADE while maintaining strong neutralization in
DENV and ZIKV.I'®] Other strategies include bsAbs that simul-
taneously bind conserved epitopes across DENV serotypes or rec-
ognize both Zika and DENVs, a key advantage in co-endemic re-
gions. Moreover, some constructs have been designed tointerfere
with distinct stages of the viral lifecycle, such as entry and mem-
brane fusion.!**’!

These studies highlight that bispecific antibodies can not only
match the efficacy of mAb cocktails but, in some cases, surpass
their parental mAbs in neutralization and functional versatility,
supporting their potential for future antiviral therapies.

6.2. Fc Engineering Strategies
The optimization of therapeutic antibodies is a critical step in

developing safe and effective treatments for orthoflavivirus in-
fections, which are complicated by genetic variability, immune
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evasion, and the risk of ADE.I'®?!] One widely used strategy to
mitigate ADE is the introduction of the LALA mutation into the
Fcregion of antibodies.!'®*81!] By substituting leucine residues
at positions 234 and 235 with alanine in the human IgG1 Fc,
the LALA mutation silences FcyR binding.!"”?! However, this ap-
proach comes at a cost: it also eliminates Fc-mediated effector
functions such as ADCC and CDC, which are important for clear-
ing infected cells.'*! This trade-off highlights the challenge of
balancing safety with therapeutic efficacy. The engineering of
the ZIKV-117 monoclonal antibody demonstrates this strategy in
action.I'**!%*l In addition to the LALA mutation, ZIKV-117 incor-
porates the YTE mutation to enhance neonatal Fc receptor (FcRn)
binding, extending its serum half-life. Despite the loss of effector
functions, this engineered antibody provided complete protec-
tion in rhesus macaques at remarkably low doses, demonstrating
its potential as a potent therapeutic.'**!

Swapping the Fc domain of human IgG1 antibodies with that
of human IgG2 or IgG4, which exhibit lower affinity for ac-
tivating Fc gamma receptors (FcyRs), has been shown to sig-
nificantly reduce ADE in cells co-expressing FcyRI and FcyRIL
For example, D23-1G7C2 antibodies engineered with IgG2 or
IgG4 Fc regions exhibited substantially lower ADE activity by
eight and fourfold, respectively, compared to the IgG1 variant,
which showed a 256-fold increase in DENV-2 infection in THP-1
cells.!"*5I Furthermore, the N297A mutation that disrupts FcyR
binding further minimized enhancement.!'”’l However, the ef-
fect is cell type-dependent; in K562 cells, which only express
FcyRII, the IgG2 variant paradoxically increased ADE, under-
scoring the importance of cellular context. Complementary find-
ings by Goncalvez et al. (2007) demonstrated that Fc engineering
through IgG2/IgG4 subclass replacement reduced ADE, though
not entirely.!*I Notably, they identified a nine-amino acid dele-
tion in the CH2 domain that completely abrogated enhancement,
suggesting that precise structural alterations may be required for
optimal safety. Collectively, these studies highlight that while sub-
class switching to IgG2 or IgG4 can attenuate ADE, additional
fine-tuning, such as point mutations or domain deletions, may
be necessary to fully eliminate enhancement risk.

Glycosylation is a post-translational modification that influ-
ences antibody stability, functionality, and interactions with im-
mune components.''®! The Fc region of IgG antibodies con-
tains N-linked glycans at Asn297 that modulate interactions with
Fc gamma receptors (FcyRs) and complement proteins, thereby
regulating immune effector mechanisms such as ADCC and
CDC."%"l For orthoflavivirus-targeting antibodies, glycoengineer-
ing can enhance effector functions critical for clearing infected
cells. For instance, afucosylation of Fc glycans increases bind-
ing affinity to activating FcyRII1Ia receptors on natural killer (NK)
cells, leading to enhanced ADCC.!"”7-1] Moreover, pH-sensitive
Fc modifications allow antibodies to bind antigens tightly at
acidic endosomal pH but release them at neutral pH, facili-
tating more efficient antigen clearance through FcRn-mediated
recychng'[lbl‘lﬂﬂ

Targeted mutations in the Fc region also improve antibody
pharmacokinetics by enhancing binding to the neonatal Fc re-
ceptor (FcRn), which facilitates recycling and extends serum half-
life.l"" Half-life extension is particularly critical for smaller an-
tibody formats, such as Fab fragments and nanobodies, which
naturally lack Fc regions. In such cases, fusion to albumin-
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binding domains or PEGylation can dramatically prolong circu-
lation time, reducing the frequency of dosing./'!!

Mutational engineering is also valuable for enhancing stabil-
ity under physiological and storage conditions. Stabilizing muta-
tions in the antibody framework reduce aggregation and denat-
uration, ensuring robustness during transport and deployment
in resource-limited regions.12°°2°!l For example, the introduction
of engineered disulfide bonds can reinforce antibody structural
integrity.[l()l‘zoz]

An alternative approach to address ADE while maintaining
Fc-mediated effector functions is glycoengineering, as exempli-
fied in the optimization of the anti-Zika monoclonal antibody
ZV54.1"31 Instead of silencing the Fc region, glycoengineering
modifies the glycan profile of the Fc to prevent cross-reactivity
with DENV, thereby avoiding ADE without compromising ef-
fector functions like ADCC and CDC. ZV54 variants were pro-
duced with tailored glycan profiles using plant-based expres-
sion systems, such as Nicotiana benthamiana, which enabled
precise glycovariant control. These modifications allowed ZV54
to retain its Fc-mediated immune clearance capabilities while
achieving specific neutralization of ZIKV. Moreover, the antibody
was engineered to target a unique epitope on the envelope do-
main III (EDIII) of the ZIKV, further enhancing its specificity
and minimizing off-target effects. This dual optimization, epi-
tope targeting combined with glycoengineering, ensures both
safety and efficacy, avoiding the trade-offs associated with LALA
mutations.!"**!

To better contextualize the therapeutic potential of monoclonal
antibodies (mAbs) against orthoflaviviruses, Table 1 summarizes
key characteristics of some antibodies described in the literature
and those currently or previously under clinical investigation.
The table includes information on the targeted orthoflavivirus,
epitope specificity, screening method used for discovery, antibody
format, Fc engineering strategies, and clinical status, when avail-
able.

7. mRNA-Encoded Antibodies: A Novel
Therapeutic Approach

The delivery of antibody genes via viral vectors, DNA, or mRNA
is an emerging approach that expands the possibilities for
exploring monoclonal antibodies. This strategy enables direct
in vivo expression, offering a promising alternative to tradi-
tional passive transfer, which can be labor-intensive and costly.
mRNA vaccine technology represented a revolutionary innova-
tion and played a fundamental role in controlling the SARS-
CoV-2 pandemic.*”?%] The success in developing mRNA and
RNA-based therapies results from years of research since 1961
when the mRNA molecule was described. Krieg and colleagues
(1984) successfully synthesized mRNA in vitro using RNA poly-
merase SP6, providing the basis for future in vitro studies on
mRNA. Naked mRNA exhibits extremely low transfection ef-
ficiency because of its inherent negative charge and suscep-
tibility to degradation.”! Malone and colleagues (1989) over-
came this limitation by encapsulating mRNA in cationic lipid
vectors, achieving successful in vitro expression in mammalian
cells.?1°1 Subsequently, Wolff and collaborators (1990) demon-
strated in vivo protein expression following direct administration
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Figure 4. Process overview of mRNA-based delivery of monoclonal antibodies (mAbs). First, the DNA template sequence is designed and optimized to
be used as a template for in vitro transcription into mRNA. The mRNA contains the mAb coding sequence, the cap structure, and the poly-A tail. Then,
mRNA is encapsulated in lipid nanoparticles (LNPs) and administered intravenously. The LNPs target hepatocytes and are internalized via endocytosis.
Afterward, the mRNA is translated by ribosomes, and the resulting mAb is post-translationally modified in the endoplasmic reticulum (ER) and the Golgi
apparatus. This mechanism results in the secretion and systemic distribution of a fully processed mAb capable of producing therapeutic effects.

of in vitro-transcribed (IVT) mRNA.1?"! Later, Karik6 and col-
leagues found that mRNA synthesized using modified uridine
could avoid recognition and degradation by the immune system,
which greatly improved mRNA stability and immunogenicity in
ViVO.[zu]

The discovery of RNA interference (RNAi) and short interfer-
ing RNA (siRNA), and their potential as a treatment for diseases,
boosted the study of the composition of lipid nanoparticles (LNP)
for RNA delivery.”"*l To induce gene silencing, siRNA must be
present in the cytosol of cells to form a complex with RNAi and
then induce gene silencing in target cells. Certain physicochem-
ical characteristics of the RNA molecule make it unfavorable for
in vivo therapies, whether to induce gene silencing, gene ex-
pression, or even editing.”'*! Characteristics such as its nega-
tive charge and size make it difficult for the target cell to cap-
ture it. In addition, nucleic acids are subject to degradation by
nucleases and can induce immunological responses triggered by
PRRs, such as TLR 3, TLR7, and TLR8, RIG-1, and NOD2.121521¢]
Therefore, delivery technologies have been investigated to im-
prove cellular internalization of nucleic acids./?'#2142!71

Although naked mRNA can be taken up by different cells,
it is generally degraded in the endosomal acidic environment.
LNPs have been the most explored strategy for delivering nucleic
acids.|2'®22!1 In 2018, Onppattro, an siRNA-based encapsulated
drug, was approved by the FDA for the treatment of hereditary
transthyretin (hATTR) amyloidosis.!'**??%l Onppattro is a siRNA
designed to bind to mRNA encoded by the transthyretin (TTR),
and the siRNA is delivered by LNPs. Because Onpattro needs to
reach the hepatocytes, the size of the LNPs is a relevant factor
in their distribution in the liver. Therefore, mRNA-based tech-

Adv. Therap. 2025, e00422 e00422 (15 of 24)

nologies for in vivo therapies, whether for gene silencing, expres-
sion, or editing, have become highly viable, including their use
for monoclonal antibody expression.

The mechanism of in vivo antibody expression relies on de-
livering mRNA encoding the antibody gene to target cells in
the liver, requiring intravenous administration (Figure 4). How-
ever, this route presents a major limitation, as it is both time-
consuming and costly.???! Studies are already underway to make
the intramuscular route viable.””’! LNP-encapsulated mRNA en-
ters in the cells by endocytosis. After the endosome is formed,
the lipid composition of LNP assists in the evasion of mRNA
from the endosome, preventing its lysosomal degradation. When
mRNA escapes from the endosome, it becomes available in the
cytoplasm, where it can be translated into antibodies by the
ribosomes 12222241

mRNA-based gene delivery offers an advantage over DNA de-
livery because it does not require access to the cell nucleus, elim-
inating the risk of genomic integration.?’! As a transient car-
rier of genetic information for protein synthesis, mRNA enables
rapid expression, with detectable protein production occurring
within hours after administration.!?'%2'!

7.1. In Vitro Transcription

To achieve biological functionality, an mRNA molecule must pos-
sess several critical elements: a 5’ UTR, a 3’ UTR, an ORF, a 5’
cap structure, and a 3’ poly(A) tail. The 5’ cap and poly(A) tail
synergistically regulate both translational efficiency and mRNA
stability/226:227]

© 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH
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Currently, mRNA can be synthesized in vitro using T7 RNA
polymerase. For transcription, the template DNA must contain
a T7 promoter region.”! The mRNA generation standard pro-
tocol involves using a linearized plasmid as the DNA template.
Transcription will occur from the T7 promoter region up to the
point where the plasmid has been linearized. The cap can be
added enzymatically after transcription or simultaneously. There
are two widely used technologies to add the Cap during transcrip-
tion: CleanCap (TriLink Biotechnologies, San Diego, CA, USA)
and ARCA.?#2%I CleanCap is a trinucleotide (GAG) that binds
to the T7 promoter region through base complementarity, with
guanosine methylated at position 7 (7-methyl-guanosine). The
cap undergoes a second methylation on the ribose of the first
nucleotide at the 2’ position, called CAP-1. CAP-1 is important
in evading the cellular innate immune response in vivo.”*!! An-
other method for capping mRNA during in vitro transcription is
the use of anti-reverse cap analog (ARCA).??*! ARCA is a modi-
fied cap analog that enables the addition of Cap-0, which lacks a
methyl group at the 2’ position of the first nucleotide. In ARCA,
the 3'-OH group closest to 7-methylguanosine is replaced by a
methyl group, forcing T7 RNA polymerase to incorporate the
cap in the correct orientation using the 5"-hydroxyl group. Cap-
0 can then be enzymatically converted into Cap-1 using 2-O-
methyltransferase (2'-O-MTase), improving mRNA stability and
translational efficiency.122-230]

7.2. Modifications to mRNA

In vitro-transcribed mRNA can trigger an innate immune re-
sponse as it can be recognized as pathogen-associated molecu-
lar patterns (PAMPs). This activation can be beneficial in vac-
cination by acting as an adjuvant.?*2l However, for therapeutic
purposes, it also reduces protein expression, potentially lowering
antibody levels.”**! Kariko showed that incorporating chemically
modified nucleosides can prevent innate immune activation.?**!
Modified nucleosides such as pseudouridine, thiouridine (s2U),
and 5-methylcytidine (m5C) have been shown to reduce mRNA
immunogenicity, while also enhancing its stability and transla-
tion efficiency.?*%*! Notably, N1-methylpseudouridine was used
in the mRNA-1273 and BNT162b2 COVID-19 vaccines.

7.3. Lipid Nanoparticles (LNPs)

Various delivery technologies have been explored to enhance
cellular uptake, protect RNA from degradation, and minimize
immune activation, thereby improving its therapeutic potential.
Therefore, LNPs have demonstrated great utility in the delivery
of mRNA therapies. One of the most important factors regarding
LNPs, besides lipid composition, is particle size. The particle size
could affect the biodistribution and uptake.!**¢! For intravenous
administration, several studies have shown that LNPs tend to ac-
cumulate in the liver and spleen cells.?*”?** The size of LNPs
is a relevant factor in their distribution in the liver, and particles
larger than 100 nm are not able to access hepatocytes as they are
close in size to the liver fenestrae. For subcutaneous administra-
tion, smaller particles have shown better results because they are
able to be absorbed by the lymphatic vessels and capillaries.!*!

Adv. Therap. 2025, e00422 €00422 (16 of 24)
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Lipid formulations for nucleic acid encapsulation consist of
four key components: ionizable lipids, PEGylated lipids, helper
phospholipids, and cholesterol.[**] Jonizable lipids are com-
posed of three main elements: an ionizable head group, a linker
region, and hydrocarbon chains. The ionizable head group, typ-
ically containing tertiary amines, remains uncharged at neutral
pH but becomes protonated in acidic environments, facilitating
endosomal escape. The linker region connects the head group
to the lipid tail, which enhances the molecule’s hydrophobic-
ity and promotes efficient incorporation into nanoparticles dur-
ing formulation. Protonated lipids form structures that enhance
membrane fusion within acidified endosomes, promoting effi-
cient mRNA release after cellular uptake. LNPs are formulated
in acidic buffers to ensure protonation of tertiary amines, which
facilitates interaction with anionic nucleic acids and endosomal
escape by the mRNA[241]

Polyethylene glycol (PEG) is primarily located on the surface
of LNPs, where its concentration plays a key role in controlling
particle size. Additionally, PEG enhances storage stability by pre-
venting particle aggregation and extending circulation time in
vivo.!**2! Helper phospholipids, which are amphiphilic in nature,
contribute to maintaining the integrity of the lipid bilayer. Both
phospholipids and cholesterol are essential for stabilizing the for-
mulation, with cholesterol further facilitating fusion with endo-
somal membranes, thereby improving the efficiency of intracel-
lular delivery.13%]

7.4. mRNA-Encoded Antibodies against Infections Caused by
Viruses

Following the advent of scalable IVT mRNA production, numer-
ous studies have demonstrated successful in vivo antibody ex-
pression via LNP-encapsulated mRNA delivery. Pardi etal. (2017)
showed the expression of the antibody VRCO1, a neutralizing
anti-HIV-1 antibody.*"*! A single dose from mRNA-LNPs encod-
ing the heavy and light chains of the VRC01 mAb was adminis-
tered in BALB/c. A peak of expression of VRCO1 was detected
24 h after the injection, and the antibody remained detectable
for 11 days after injection. The delivery of mRNA-LNPs encoding
VRCO1 was able to protect animals from HIV-1 viral challenge.
Two weeks after the challenge with the SF162 HIV-1, the viral lev-
els in the plasma of mice were measured by QqRT-PCR. Viral RNA
was detected only in the groups that received the lowest dose of
mRNA and in the control, showing the protection of intravenous
administration of VRC01 encoded mRNA.

Kose et al. (2019) showed the expression of a human mAb
(CHKV-24 mAb) against chikungunya virus (CHIKV) after intra-
venous administration of its mRNA encapsulated in LNPs.!**"!
They showed that delivery of mRNA-LNPs encoding CHKV-
24 mAb could protect animals from CHIKV viral challenge.
AG129 mice were treated by the intravenous route with a sin-
gle administration of CHKV-24—encoding mRNA. Complete sur-
vival of mice was observed after treatment with the highest dose
of CHKV-24 mRNA. They also showed the expression of the
CHKV-24 mAD in cynomolgus macaques. The intravenous ad-
ministration of CHKV-24 mRNA in macaques achieved a max-
imal mAb concentration of 10.1 to 35.9 ug mL™' and a half-
life of 23 days. August et al. (2021) conducted a phase 1 clin-
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ical trial (NCT03829384) which was a randomized, placebo-
controlled, dose-escalation study in healthy adults.!>**! This was
the first clinical trial of an mRNA-encoded antibody.!?**?**| The
clinical trial showed that CHKV-24 IgG expression reached
therapeutically relevant serum concentrations with a half-life
of 69 days.

In the context of orthoflavivirus infections, Erasmus et al.
(2020) developed a self-amplifying mRNA (SAM) platform en-
coding ZIKV-117, a potent neutralizing monoclonal antibody
(mADb) against ZIKV.??| The SAM construct was engineered
by inserting the replicon machinery of Venezuelan equine en-
cephalitis virus (VEEV) downstream of the antibody sequence,
generating a replicon RNA (RepRNA). This RepRNA platform
demonstrated significantly higher serum antibody titers com-
pared to conventional non-replicating mRNA. To evaluate the
protective efficacy of ZIKV-117 RepRNA, the researchers em-
ployed a lethal ZIKV challenge model in C57BL/6 mice, where
viral lethality was induced through the combined administration
of aZIKV strain and anti-IFNAR1 blocking antibody. Serum anal-
ysis 24 h post-challenge with ZIKV revealed complete protection
against detectable viremia (quantified by qRT-PCR) and 100%
survival in the ZIKV-117 RepRNA group. This study establishes
anovel mRNA-based approach for in vivo mAb delivery through
intramuscular administration.

These findings highlight the promising therapeutic poten-
tial of this platform for infectious diseases, particularly orthofla-
vivirus infections such as ZIKV. ZIKV is associated with severe
clinical outcomes, including congenital Zika syndrome (CZS)
and Guillain-Barré syndrome (GBS). Notably, the rapid expres-
sion of protective antibodies, within 24 h, supports the use of this
approach for early intervention and treatment in infected individ-
uals.

8. Conclusions and Future Perspectives

The development of antibody therapies against orthoflaviviruses
has advanced significantly with the refinement of technologies
for antibody discovery and selection. Platforms such as phage dis-
play, yeast and mammalian cell display, and single B cell screen-
ing have enabled the isolation of human monoclonal antibodies
with high specificity, cross-reactivity, and neutralizing potential.
These methods have been particularly valuable in identifying an-
tibodies that target conserved epitopes and in guiding the design
of molecules less susceptible to escape and enhancement. The
availability of such tools now allows for a more rational and tar-
geted approach to therapeutic antibody generation, even in the
face of viral diversity and immune evasion.

Among the antigenic targets explored, both domain III and
the fusion loop of the envelope protein offer relevant possibili-
ties. DIII is a well-defined epitope associated with potent, often
type-specific neutralization, but its variability and susceptibility to
escape mutations pose challenges for broad application. The FL,
on the other hand, is highly conserved and functionally essential
across orthoflaviviruses, making it a promising target for cross-
neutralizing antibodies. However, its limited surface accessibility
on mature virions and the potential association with ADE require
careful validation. Rather than focusing on a single epitope, cur-
rent strategies favor combining antibodies that target multiple
regions, such as the FL, DIII, and quaternary structures like the
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envelope dimer epitope (EDE), to improve breadth and reduce
the risk of viral escape.

In addition to epitope selection, engineering approaches are
essential for improving antibody performance and safety. Fc
modifications, including LALA and YTE mutations, glycoengi-
neering, and modulation of glycosylation profiles, can regulate
effector functions, extend halflife, and help prevent ADE. The
use of IgG2 or IgG4 subclasses has also shown potential to re-
duce FcyR-mediated enhancement while preserving therapeutic
activity. These tools allow fine-tuning of antibody properties for
the specific context of orthoflavivirus infection.

mRNA-based antibody delivery is an emerging strategy that
offers a promising alternative to conventional passive immu-
nization. By enabling in vivo expression of therapeutic antibod-
ies, this platform bypasses the need for large-scale protein pro-
duction. In the context of orthoflaviviruses, this approach holds
particular appeal for rapid deployment during outbreaks. Fu-
ture research must address the optimization of expression kinet-
ics, tissue targeting, and formulation strategies that minimize
immunogenicity and maximize bioavailability. As delivery sys-
tems evolve and regulatory experience with mRNA-based thera-
pies expands, this platform may become a central component in
the next generation of antibody interventions against emerging
arboviruses.

Reducing the cost of antibody-based therapeutics remains
a key challenge for their widespread use, particularly in en-
demic regions with limited manufacturing capacity. Several
emerging strategies may help overcome this limitation. Micro-
bial expression platforms have emerged as transformative al-
ternatives, offering cost-effectiveness, rapid cultivation cycles,
and high genetic tractability for large-scale monoclonal anti-
body production./?* Recent advances in CRISPR/Cas9-mediated
gene editing now enable precise metabolic engineering of mi-
crobial hosts to enhance protein folding, secretion efficiency,
and translational accuracy. Synthetic biology approaches fur-
ther allow the reconstruction of mammalian glycosylation path-
ways in microbial systems, yielding antibodies with near-native
structural integrity.?*’] Notably, the successful development of
Caplacizumab (Cablivi), a nanobody for aTTP treatment pro-
duced in E. coli, demonstrates the clinical feasibility of these
systems and highlights the potential of rational host engi-
neering for biopharmaceutical production.?*! In parallel, Fc-
engineering approaches that extend antibody half-life can de-
crease both the dose and frequency required for therapeutic ef-
ficacy. Notably, mRNA-encoded antibody delivery, discussed in
Section 7, represents a transformative alternative by enabling
in vivo antibody synthesis without the need for conventional
bioreactor production or cold-chain logistics. Together, these ad-
vances represent a shift toward more accessible, scalable, and
costless antibody therapeutics, with the potential to democra-
tize orthoflavivirus treatment and prevention in resource-limited
settings.

Altogether, the development of antibody therapies against or-
thoflaviviruses increasingly relies on integrating strategies that
combine antigenic precision, functional optimization, and adapt-
able delivery platforms. Future advances will likely depend not
on a single solution, but on the thoughtful combination of these
complementary approaches to produce safe and broadly effective
interventions.
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