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RESUMO

ESTUDO DE MENTODOS F|’S|CQ—QU|’M|COS E BIOLOGICO PARA
CARACTERIZACAO E AVALIACAO DO ANTICORPO MONOCLONAL
RECOMBINANTE DENOSUMABE

AUTORA: Rafaela Ferreira Perobelli Dumoncel
ORIENTADOR: Sérgio Luiz Dalmora

O denosumabe (DmADb) é um anticorpo monoclonal (mAb) que inibe a proliferacdo e atividade de células
osteoclasticas e encontra-se disponivel comercialmente no Brasil como Prolia® e Xgeva®, para tratamento
de doencas 6sseas. Estruturalmente, apresenta duas cadeias leves e duas cadeias pesadas, com massa
molecular de 147 kDa. A regido regido do fragmento cristalizavel (Fc) das cadeias pesadas apresenta sitios
de N-glicosilacdo, onde se ligam estruturas com residuos de &cido siélico. Neste trabalho, desenvolveu-se e
validou-se método por eletroforese capilar de zona (ECZ) para a avaliagdo de DmADb e suas variantes de
carga em produtos biofarmacéuticos. Foi utilizado capilar de silica fundida néo revestido (50 um d.i., 56
cm) e solucdo eletrolitica composta de tampdo acido épsilon-aminocaproico (EACA) 300 mmol/L e
trietilenotetramina (TETA) 2 mmol/L, pH 4,8, adicionado de Tween 20 0,03% (v/v). As amostras de
DmAb foram analisadas na concentragcdo de 5 mg/mL, adicionadas de padrdo interno. Paralelamente,
determinou-se o contelido de acidos sialicos da biomolécula de DmAb por cromatografia liquida em fase
reversa com deteccdo por fluorescéncia (CL-FR-F), utilizando coluna C18 Kinetex® EVO (5 um d.i., 100
A, 250 mm x 4,6 mm). Os residuos de &cidos sialicos foram liberados da molécula de DmAb por reagio
com bissulfito de sodio 0,5 mol/L (80 °C, 20 min), seguida de derivatizagdo com ortofenilenodiamina
(OPD) 40 mg/mL (80 °C, 40 min). Além disso, o bioensaio in vitro foi validado utilizando células de
macréfagos RAW 264,7 (ATCC® TIB—-71™) que se diferenciaram em osteoclastos. A poténcia do DmAb
foi avaliada pela capacidade de inibir a formacédo osteoclastica induzida in vitro. A separacéo eletroforética
foi obtida com tempo de migracdo de 18,1 min para 0 DmAb. O método por ECZ demonstrou-se
especifico, exato (101,61%) e robusto e foi entdo aplicado em conjunto com métodos por cromatografia
liquida por exclusdo molecular e em fase reversa (CL-EM e CL-FR), previamente validados, e com o
bioensaio in vitro, para quantificacdo de DmAb em sete lotes de Prolia®, fornecendo valores médios de
teores/poténcias entre 98,44% e 101,52%. Estes resultados foram comparados, demonstrando correlacéo
significativa (r > 0,98). Os métodos analiticos também permitiram monitorar a presenca de variantes de
carga, proteinas de alta massa molecular e fragmentos de DmAb. No método por CL-FR-F, foram
separados trés picos cromatograficos referentes aos acidos sialicos da biomolécula de DmAb, com tempos
de retencdo de 9,2, 10,9, e 12,0 min. Os produtos biofarmacéuticos Prolia® e Xgeva® apresentaram 0,16 e
0,17 g &cidos sidlicos/mg DmADb, respectivamente. Por fim, apds estudos de validagdo, o bioensaio in
vitro demonstrou-se especifico, exato (102,33%) e robusto para avaliagdo de poténcia de DmAb e foi
aplicado em conjunto com método por CL-EM para quantificacdo de DmAb em de seis lotes de Prolia®,
fornecendo valores médios de teores/poténcias de 100,80% e 100,87%, respectivamente. Sendo assim,
sugere-se que 0s métodos analiticos e 0 bioensaio in vitro sejam aplicados em conjunto para analise dos
produtos biotecnoldgicos de DmADb, estabelecendo uma ferramenta analitica que assegurara a qualidade dos
produtos e que servird de base para futuros estudos de biossimilaridade de DmADb.

Palavras-chave: Denosumabe. Anticorpo Monoclonal. Eletroforese Capilar. Cultura de Células RAW 264,7.
Cromatografia Liquida.



ABSTRACT

STUDY OF PHYSICOCHEMICAL AND BIOLOGICAL METHODS FOR THE
CHARACTERIZATION AND EVALUATION OF MONOCLONAL ANTIBODY
DENOSUMAB

AUTHOR: Rafaela Ferreira Perobelli Dumoncel
ADVISER: Sérgio Luiz Dalmora

Denosumab (DmADb) is monoclonal antibody (mAb) that inhibits proliferation and activity of osteoclasts
cells, that is commercially available in Brazil as Prolia® and Xgeva®, for treatment of bone diseases.
Structurally, it is composed of two heavy chains and two light chains, having a molecular mass of 147 kDa.
Fragment crystallizable (Fc) region of heavy chains contain N-glycosylation sites, where are linked
structures with sialic acid residues. In this study, a capillary zone electrophoresis (CZE) method was
developed and validated to quantitate DmAb and its charge variants in biopharmaceutical products.
Uncoated fused-silica capillaries (50 um i.d., 56 cm effective length) were employed, and the background
electrolyte (BGE) solution was a 300 mmol/L epsilon-aminocaproic acid (EACA) and 2 mmol/L
triethylenetetramine (TETA) buffer at pH 4.8 and 0.03% (v/v) Tween 20. DmAb samples were analyzed at
a concentration of 5 mg/mL, spiked with the internal standard. Equally, the sialic acids levels of DmAD
were determined by an reversed-phase liquid chromatography method with fluorescence detection (RP—
HPLC-F), with a Kinetex® EVO C18 column (5 um i.d., 100 A, 250 mm x 4.6 mm). The sialic acids were
released from DmAb biomolecules in a 0.5 mol/L sodium bisulfate solution (80 °C, 20 min), followed by
derivatization reaction with the 40 mg/mL O-phenylenediamine (OPD) reagent (80 °C, 40 min). Besides,
the in vitro bioassay was validated using RAW 264.7 macrophage cells (ATCC® TIB-71™) that
differentiated into osteoclasts. The DmAD potency were evaluated by its capacity of inhibits osteoclast cells
proliferation induced in vitro. The CZE separation was obtained with a migration time approximately 11.3
min for DmAb. The CZE method demonstrated to be specific, accurate (101.61%) and robust, and were
applied in conjunction with the size exclusion and reversed-phase liquid chromatographic (SE-HPLC and
RP-HPLC) methods, previously validated, and with in vitro bioassay to quantitate DmADb in seven batches
of Prolia®, giving mean values of content/potencies between 98.44% and 101.52%. These results were
compared, demonstrating significant correlation (r > 0.98). The analytical methods enabled also to monitor
charge variants, high-molecular-weight (HMW) proteins and fragments from DmAb. The RP—HPLC-F
method showed three separated peaks related to sialic acids of the DmADb biomolecule, with retention times
of 9.2, 10.9, e 12.0 min. Pharmaceutical products Prolia® and Xgeva® showed 0.16 and 0.17 pg sialic
acids/mg DmADb, respectively. Finally, after validation studies, the in vitro bioassay demonstrated to be
specific, accurate (102.33%) and robust to evaluation of DmAb potency and were applied in conjunction
with the SE-HPLC method to quantitate DmAb in six batches of Prolia®, giving mean values of
content/potencies of 100.80% e 100.87%, respectively. Therefore, it is suggested that the analytical
methods and the in vitro bioassay can be applied in conjunction to analyze DmAb biotechnology-derived
products, establishing analytical tools that will assure the quality of the products and basis for future studies
of biosimilarity of DmAb.

Keywords: Denosumab. Monoclonal Antibody. Capillary Electrophoresis. RAW 264.7 Cells Culture. Liquid
Chromatography.
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APRESENTACAO

Esta Tese de Doutorado apresenta-se de acordo com as orientacdes do Manual de
Dissertacdes e Teses (MDT) da Universidade Federal de Santa Maria (UFSM) do ano de
2015. O estudo compreende o desenvolvimento e validacdo de métodos fisico-quimicos por
eletroforese capilar de zona (ECZ) e cromatografia liquida (CL) para a quantificacdo do
anticorpo monoclonal Denosumabe (DmAb) em formulagdes biofarmacéuticas, bem como a
validacao de ensaio por cultura de células in vitro para avaliacdo da atividade bioldgica. Os
resultados obtidos geraram dois artigos cientificos, um dos quais (Artigo 1) ja foi submetido
para publicagdo e esta sob revisdo. As seces MATERIAL E METODOS, RESULTADOS
e DISCUSSAO encontram-se nos ARTIGOS CIENTIFICOS, que apresentam na integra as
pesquisas realizadas. As REFERENCIAS referem-se somente as citagbes nas secoes
INTRODUCAO, REVISAO BIBLIOGRAFICA e DISCUSSAO da Tese de Doutorado,

pois as referéncias utilizadas para a elaboragdo dos artigos estdo mencionadas nos mesmos.



INTRODUCAO
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1 INTRODUCAO

Os anticorpos monoclonais (mAbs) sdo biofarmacos recombinantes e constituem uma
classe de produtos com destaque no mercado farmacéutico, pois viabilizam terapias com acéo
em alvos especificos. O uso terapéutico de mAbs representa inovagdo para a industria
biotecnoldgica pois esses produtos tém ampliado os tratamentos de doencgas cancerigenas,
0sseas e autoimunes que ja ndo respondiam aos tratamentos convencionais. Além disso, estdo
entre as opg¢des sob estudo até 0 momento para tratamento da COVID-19 (LAI; DONG, 2015;
TAYLOR et al., 2021; THOMAS et al., 2016; WATIER; REICHERT, 2017; WINZER et al.,
2016).

O denosumabe (DmADb) é um anticorpo monoclonal produzido pela tecnologia do
DNA recombinante em linhagem celular de ovario de hamster chinés (CHO), que foi
desenvolvido especificamente para ligar-se ao ligante do receptor do fator nuclear kappa P
(RANKL) humano. E uma glicoproteina construida de 1326 aminoacidos e massa molecular
de 147 kDa. O DmADb encontra-se disponivel comercialmente no Brasil como Prolia® e
Xgeva®, os quais sdo utilizados principalmente para o tratamento da osteoporose pos-
menopausica e da metastase 6ssea de tumores solidos, respectivamente. O mecanismo de acao
estd direcionado a inibir a formacdo, funcdo e sobrevivéncia das células osteoclasticas
(FAIENZA et al., 2018; HANLEY et al., 2012; SINGH et al., 2015).

A estrutura dos mAbs é mais complexa quando comparada as substancias quimicas
dos produtos farmacéuticos convencionais e para que estes possam interagir com o sitio de
acao alvo, requerem alto grau de especificidade estrutural. Por esta razdo, os guias
internacionais e as farmacopeias ressaltam, nos métodos analiticos gerais, a necessidade da
completa caracterizagdo destas biomoléculas, através da combinacdo de métodos fisico-
guimicos, imunoldgicos e ensaios bioldgicos (EP, 2021; USP 43, 2021).

Os métodos analiticos devem assegurar a avaliacdo das propriedades fisico-quimicas
dos mAbs, bem como a quantificacdo, presenca de formas alteradas e a determinagdo da
pureza e de residuos de &cidos sidlicos. AlteracBes de qualidade nas biomoléculas podem
afetar a conformacéo proteica, direcionamento, reconhecimento e ligacao ao sitio alvo. Podem
também ter impactos na estabilidade, atividade bioldgica e imunogenicidade e comprometer a
seguranca e eficécia terapéutica, inviabilizando o uso clinico. Tecnologias analiticas como a
eletroforese capilar de zona (ECZ), a cromatografia liquida por exclusdo molecular (CL-EM)
e a cromatografia liquida em fase reversa (CL-FR) possibilitam quantificar os mAbs e

monitorar seus agregados e formas relacionadas. Ainda assim, a combinacdo com 0s ensaios
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bioldgicos in vitro, que avaliam a atividade bioldgica, é importante para uma anélise completa
dos atributos de qualidade (EMA, 2016).

As farmacopeias descrevem os métodos analiticos gerais necessarios para controle de
qualidade dos biofarmacos. Especialmente sobre 0 DmAD, até o presente momento, ndo existe
monografia e sdo poucas as publicacdes sobre procedimentos analiticos. Por sua vez, as
empresas detentoras da patente de registro sdo também detentoras dos processos de producgao
e das metodologias analiticas para controle da qualidade lote a lote de seus produtos. O
desenvolvimento de métodos analiticos especificos para os mAbs e os estudos de validacéo
s80 necessarios para garantir a reprodutibilidade e confiabilidade das analises, possibilitando a
aplicacdo no controle de qualidade do biofarmaco. O uso de métodos eficientes e validados é
fundamental para assegurar que os lotes sucessivos de producdo apresentem qualidade igual
ou superior ao submetido aos estudos pré-clinicos e clinicos, durante o processo de registro
(FDA, 2015; ICH, 2005).

O DmAD, objeto deste estudo, encontra-se em uso clinico, e o registro de sua patente
estd previsto para expirar no ano de 2022 em paises da Unido Europeia e 2025 nos Estados
Unidos, o que tornard possivel o estudo de biossimilares (BUSSE; LUFTNER, 2019).
Considerando a efetividade na melhora dos resultados de saude e a extensdo de usos clinicos
desde que o DmADb foi registrado, é provavel um movimento crescente em torno dos
biossimilares da biomolécula. Neste contexto, o estudo de métodos para avaliar sua
identidade, pureza, teor/poténcia e estabilidade representa inovacdo cientifica e tecnologica
para a area biofarmacéutica, uma vez que contribuird para o desenvolvimento de ferramentas
analiticas necessarias para assegurar a qualidade destes produtos, garantindo sua eficacia e
seguranca clinica. No contexto atual, € oportuno acrescentar que o presente estudo servira de

base para viabilizar futuros estudos de comparabilidade do produto biotecnoldgico.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Estudar métodos fisico-quimicos e biolégicos para caracterizacdo, identificacdo,

avaliagdo de teor/poténcia e pureza do anticorpo monoclonal DmADb, demonstrando 0s

atributos de qualidade, que garantem a seguranca e eficacia clinica.

2.2 OBJETIVOS ESPECIFICOS

a)

b)

d)

f)

Desenvolver e validar método por eletroforese capilar de zona (ECZ) com deteccdo por
detector de arranjo de diodos (DAD) para identificacdo, quantificacdo e determinacédo de
variantes de carga de DmAb em produtos biofarmacéuticos.

Estudar e aplicar método por cromatografia liquida em fase reversa com deteccdo por
fluorescéncia (CL-FR-F) para determinar o contetido de acidos sialicos em produtos
biofarmacéuticos de DmAD.

Estudar e validar bioensaio por cultura de linhagem de células de macréfagos RAW
264,7 in vitro para avaliagdo de poténcia de DmADb e suas formas modificadas.

Otimizar e executar método previamente validado por cromatografia liquida por excluséo
molecular (CL-EM) com detec¢do por detector de arranjo de diodos (DAD) para
identificacdo e quantificacdo do mondmero e proteinas de alta massa molecular de DmAb
em produtos biofarmacéuticos.

Otimizar e executar método previamente validado por cromatografia liquida em fase
reversa (CL-FR) com deteccdo por detector de arranjo de diodos (DAD) para
identificacdo e quantificacdo da forma néo alterada e fragmentos de DmAb em produtos
biofarmacéuticos.

Executar os métodos em conjunto, para analise de produtos biofarmacéuticos e avaliar

correlagéo de resultados.
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3 REVISAOBIBLIOGRAFICA

Esta secdo aborda o embasamento teodrico utilizado para a sustentacdo do presente
estudo, no que diz respeito a estrutura e composi¢do do tecido 6sseo, doencas dsseas € seus
tratamentos, com foco no uso clinico do anticorpo monoclonal DmAb. Além disso, explora
sua estrutura quimica, propriedades farmacodindmicas e farmacocinéticas, bem como as
técnicas e meétodos analiticos para seu controle de qualidade. Por fim, descreve as
metodologias analiticas gerais que tém sido empregadas para caracterizacdo de produtos

biofarmacéuticos que contém mADbs.

3.1 COMPOSICAO OSSEA E CELULAS ESPECIALIZADAS

Os ossos sdo formados por tecido conjuntivo rigido e resistente. O esqueleto adulto é
composto por dois tipos de ossos: trabecular (20%) e cortical (80%). O o0sso trabecular
fornece suprimento inicial nos estados de deficiéncia mineral, enquanto o 0sso cortical
fornece forca mecénica e protecdo, podendo participar de respostas metabdlicas quando
ocorre déficit mineral (WALSH, 2017). A matriz dssea € composta por fracdes inorganica e
organica. A fracdo organica é formada por colageno do tipo | e proteoglicanos e a inorgéanica
por cristal de fosfato de calcio (hidroxiapatita). O colageno fornece forca flexivel a matriz,
enguanto os componentes minerais (ions calcio e fosfato) dao resisténcia (VANPUTTE et al.,
2016).

As celulas 6sseas sdo subdivididas em osteoclastos, osteoblastos e ostedcitos. Os
osteoclastos sdo células multinucleadas formadas pela diferenciacdo de pro-mondcitos,
originados na medula 6ssea, e reabsorvem a matriz 6ssea liberando calcio para o sangue. Os
osteoblastos sdo células mononucleares formadas a partir da diferenciacdo de células
progenitoras mesenquimais da medula 0ssea, responsaveis pela producdo do componente
organico da matriz 0ssea (mineralizacdo) e desempenham papel chave na secrecdo do
mediador para a osteoclastogénese. Os ostedcitos sdo as células mais numerosas, que se
formam a partir dos osteoblastos, apds completarem sua fungdo (FLORENCIO-SILVA et al.,
2015; KATSIMBRI, 2017).

3.2 REMODELACAO OSSEA
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Em condic@es fisiologicas normais, o tecido dsseo é destruido e outro é formado em
seu lugar, em um processo continuo e dindmico, conhecido como remodela¢do déssea. Esta
envolve a atividade dos osteoblastos, que secretam nova matriz 0ssea atraves da adicdo de
minerais e fibras colagenas ao 0sso, dos osteoclastos, que removem minerais e fibras
coldgenas (reabsorcdo), e, também, do hormonio da paratireoide humano (hPTH), vitamina D,
estrogénio e a calcitonina (KATCHBURIAN; ARANA, 2017).

Entre os reguladores da formacdo 0ssea, destacam-se o receptor do ativador do fator
nuclear kappa p (RANK), seu ligante (RANKL) e a osteoprotegerina (OPG). O RANK é um
receptor de membrana encontrado em células precursoras de osteoclastos e 0 RANKL é uma
citocina pertencente a familia dos fatores de necrose tumoral, expressa na superficie dos
osteoblastos. A membrana celular dos osteoblastos contém receptores para o hPTH, o qual é
secretado em resposta a queda dos niveis sanguineos de célcio. Com a ligacdo do hPTH, os
osteoblastos deixam de produzir a matriz 6ssea e secretam fator estimulador de coldnias de
macrdéfagos (M—CSF), interleucinas e ligante da OPG. O M-CSF liga-se a receptores de
células precursoras osteoclasticas e induz a expressdo do RANK na superficie celular. O
RANKL liga-se ao seu receptor RANK e estimula a diferenciacdo celular para osteoclastos
maduros e ativados, que expressam, principalmente, metaloproteinases, fosfatase acida
resistente ao tartarato (TRAP) e receptores para calcitonina. Os osteoclastos ativados
aproximam-se da superficie Ossea e secretam &cidos e enzimas hidroliticas que dissolvem o
componente inorganico e digerem parte organica da matriz, liberando célcio, fdsforo
inorganico e fragmentos de colageno, levando a hipercalcemia. Por sua vez, o aumento do
fluxo de ions célcio para o sangue inibe a secrecdo do hPTH e estimula a secre¢do de
calcitonina, que reduz a atividade dos osteoclastos, aumenta a atividade osteoblastica e a
deposicdo de célcio nos o0ssos, acarretando maior sintese 0ssea (MARTIN; SIMS, 2015;
SIDDIQUI; PARTRIDGE, 2016).

O estudo do mecanismo de formacdo e de atividade das células osteoclasticas
viabilizou explorar a supressdo da reabsorcdo 0ssea como estratégia terapéutica. A descoberta
de que o RANKL ¢ essencial na diferenciacdo, atividade e sobrevivéncia dos osteoclastos

levou ao desenvolvimento do anticorpo monoclonal DmAb (LACEY et al., 2012).

3.3 DOENCAS OSTEOMETABOLICAS

A remodelacdo dssea é fundamental para renovar a microarquitetura 6ssea e conservar

0 conteudo mineral. Desequilibrios favorecendo o predominio da reabsorcdo sobre a
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formacdo, caracterizam doengas como a osteoporose e sdo comuns também em metastases
Osseas (JIN et al., 2015). Cirurgias ou medicamentos que interrompem a producdo de
estrogénio ou testosterona, utilizados para tratar pacientes com cancer de mama ou de
préstata, também podem levar a perda Ossea. ConcentracGes farmacoldgicas excessivas de
glicocorticoides podem impedir a diferenciacdo e atividade dos osteoblastos e estimular a
acdo dos osteoclastos, levando a perda 6ssea ou osteoporose. Este ultimo, também é evidente
quando concentracdes patologicas de glicocorticoides enddgenos estdo presentes, como na
sindrome de Cushing (PROLIA, 2019; XGEVA, 2019).

3.3.1 Osteoporose

A osteoporose € uma doenca sistémica, crénica e assintomatica. A doenca envolve a
destruicdo da microarquitetura 6ssea, que resulta em baixa densidade mineral 6ssea (DMO),
com consequente fragilidade 6ssea, aumentando o risco de fraturas. A prevaléncia da doenca
em mulheres associa-se a pdés-menopausa, devido a diminuicdo do horménio estrogénio e em
homens, é observada a partir dos 65 anos, podendo estar relacionada a idade ou ser idiopatica.
Com o0 aumento da expectativa de vida, a doenca é, atualmente, de proporcdes epidémicas e
tornou-se um problema de salde publica (EASTELL et al., 2016; WATTS; MANSON, 2017;
WILLSON et al., 2015).

O tratamento com intervencGes farmacoldgicas estad direcionado a pacientes com alto
risco de fraturas e consiste no uso de agentes anabdlicos ou antirreabsortivos. Os agentes
anabdlicos restauram a massa 0ssea atraves do estimulo da atividade osteobléstica e 0s
antirreabsortivos, que sdo 0s mais prescritos, visam inibir a reabsor¢do 0ssea osteoclastica
(GRAHAM; RUSSEL, 2015). A suplementagdo de célcio e vitamina D € o tratamento padréo
na prevencdo de fraturas e os bisfosfonatos orais sdo a primeira escolha no tratamento de
osteoporose confirmada (BRASIL, 2014; COMPSTON et al., 2017). Dois mAbs estéo
disponiveis para tratamento da doencga no Brasil, 0 DmADb e o romosozumabe (CHANG et al.,
2018; FAIENZA et al., 2018; SHAKERI et al., 2020).

O DmADb foi o primeiro anticorpo monoclonal totalmente humano desenvolvido
especificamente para tratar a osteoporose. Em pacientes com perda éssea ou osteoporose, 0
objetivo terapéutico é reduzir a reabsorcao e a destrui¢do dssea, tornando 0s 0ssos mais fortes
e menos suscetiveis a fraturas. De acordo com as diretrizes brasileiras para tratamento da
osteoporose em mulheres na pos-menopausa, a escolha do DmADb esta associada a falha,

intolerancia ou contraindicacdo aos bisfosfonatos orais e, em situac@es especiais, em primeira



23

linha de tratamento, como em pacientes com disfuncéo renal, pois ndo apresenta eliminagédo
glomerular (RADOMINSKI et al., 2017). O Colégio Americano de Médicos recomenda o
tratamento farmacoldgico com os bisfosfonatos orais alendronato, risedronato, &cido
zoledrdnico ou DmADb, para reduzir o risco de fraturas em mulheres com osteoporose (KANIS
etal., 2018).

3.3.2 Metastases 6sseas

A metéstase 6ssea é uma complicacdo frequente em pacientes com cancer em estagio
avancado. Na maior parte dos casos, € do tipo osteolitica, mediada por fatores das células
tumorais que atuam direta e indiretamente na diferenciacdo e ativacdo dos osteoclastos. O
estimulo da reabsorcdo aumenta a proliferacdo de células Gsseas tumorais, que promove a
formagdo e atividade de osteoclastos, num ciclo que atrai e estimula mais células tumorais.
Em consequéncia, ocasionam elevada absorcdo Ossea nas areas afetadas, provocando dor
intensa, elevado risco de compressdo medular e de fraturas (ESPOSITO et al., 2018).

Uma vez que o cancer se dissemine para 0s 0ssos, raramente é curavel. O objetivo do
tratamento é reduzir, bloquear ou retardar o crescimento dos tumores e melhorar a qualidade
de vida (SINGH et al., 2015; WEIDLE et al., 2016). O tratamento envolve abordagem
multidisciplinar, podendo incluir radiofarmacos, quimioterapicos, terapia hormonal, bem
como 0 uso de agentes capazes de inibir a reabsorcdo Ossea osteoclastica, como 0s
bisfosfonatos injetaveis (pamidronato, acido zoledrénico) ou o anticorpo monoclonal DmAD,
podendo incluir também procedimentos cirtrgicos. A escolha do tratamento com DmADb tem
por objetivo reduzir ou retardar o crescimento celular e amenizar os sintomas relacionados a
doenca, onde o alivio da dor é o maior beneficio obtido (LUENGO-ALONSO et al., 2019;
MACEDO et al., 2017).

3.4 ANTICORPO MONOCLONAL DENOSUMABE

Os mAbs sdo imunoglobulinas produzidas pelo clone de um Unico linfocito secretor do
anticorpo para um antigeno correspondente, geradas em laboratorio para reconhecer e se ligar
a um alvo celular de interesse, blogueando interagdes com receptores celulares ou matando
células alvo (JIANG et al., 2011; KENNEDY et al., 2018). Produtos biofarmacéuticos que
contém mADbs tém sido empregados para o tratamento de diversos tipos de cancer, doengas

inflamatdrias, autoimunes e infecciosas e tém se mostrado promissores também para
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tratamento da COVID-19 (BRASIL, 2021; HURT; WHEATLEY, 2021; KAPLON;
REICHERT, 2021; TAYLOR et al., 2021; WATTS; MANSON, 2017).

O DmAD foi o primeiro anticorpo monoclonal para tratamento de doencas 6sseas no
Brasil. Esta registrado como produtos Prolia® e Xgeva®, produzidos pelo laboratério Amgen,
com venda sob prescricdo médica. O Prolia® apresenta DmAb na concentragdo de 60 mg, em
seringa preenchida de 1 mL e a posologia é de uma seringa a cada 6 meses, para adultos
acima de 18 anos. O Xgeva® contém DmAD na concentragdo de 120 mg em frasco-ampola
com volume de 1,7 mL e a posologia é de um frasco-ampola a cada 4 semanas, para uso
adulto e pediatrico a partir de 12 anos (AMGEN, 2019a; AMGEN, 2019b). A administracdo
dos produtos é por via subcutdnea. A Relacdo Nacional de Medicamentos Essenciais
(RENAME), que estabelece os medicamentos disponibilizados por meio de politicas publicas
para tratamento de doencas que acometem a populacdo brasileira, ainda ndo inclui o DmAb
para tratamento de doencas 0sseas (BRASIL, 2020).

No ano de 2010, o Prolia® foi aprovado pela Agéncia Reguladora de Medicamentos
dos Estados Unidos, Food and Drug Administration (FDA), para tratamento de osteoporose
em homens e mulheres na fase de pOs-menopausa e para tratamento da perda 6ssea em
homens sob terapia de supressdo androgénica e mulheres que fazem uso de inibidores de
aromatase, para terapia de canceres de prdstata ndo-metastatico e mama, respectivamente.
Paralelamente, o Xgeva® foi aprovado para uso em pacientes com metastases Osseas de
tumores solidos (PROLIA, 2019; XGEVA, 2019).

Logo apo6s, no ano de 2011, o DmADb foi registrado no Brasil, pela Agéncia Nacional
de Vigilancia Sanitaria (ANVISA), como medicamento biolégico novo, com 0S mesmos
nomes comerciais e as mesmas indicacdes clinicas. Recentemente, no ano de 2018, a
ANVISA aprovou o uso do Prolia® para tratamento de osteoporose associada a terapia
sistémica com glicocorticoides recém iniciada ou sustentada, em homens e mulheres sob risco
aumentado de fratura. No mesmo periodo, o Xgeva® foi aprovado para uso em pacientes com
mieloma mdaltiplo e hipercalcemia associada & malignidade refrataria a bisfosfonatos
intravenosos, e no ano de 2019, para tratamento de tumor de células gigantes do 0sso, que nao
pode ser tratado através de cirurgia ou quando a cirurgia ndo é a melhor opcéo, em adultos e
adolescentes cujos 0ssos ja pararam de crescer (PROLIA, 2019; XGEVA, 2019).

3.4.1 Estrutura, propriedades fisico-quimicas, farmacodinamicas e farmacocinéticas
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O DmADb é um anticorpo monoclonal completamente humano (IgG2), produzido
através da clonagem e expressdo em células CHO, pela tecnologia do DNA recombinante. E
uma glicoproteina relativamente hidrofilica, com 1326 aminoacidos, ponto isoelétrico de 8,9,
massa molecular de aproximadamente 147 kDa e férmula quimica Cea04Hg912N172402004Ss0.
Estruturalmente, apresenta duas cadeias leves, compostas por 215 aminoécidos cada, e duas
cadeias pesadas, compostas por 448 aminodcidos, cada. A regido Fc das cadeias pesadas
apresenta sitios de N-glicosilagdo na Asparagina 298, onde se ligam estruturas com residuos
de &cidos sialicos e galactose (Figura 1) (AMGEN, 2019a; AMGEN, 2019b; BOBALY et al.,
2017; GOYON et al., 2017).

Figura 1 — Representacédo da estrutura do DmADb.

'3 Cadeia

Pesada

Cadeia

Fab Leve
\
\
‘@
Fc
iﬁf’GﬁcosHagéo
J

Fonte: Adaptacdo de Amgen (2015, p. 1).
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O DmAD é anticorpo monoclonal anti—-RANKL, com ac¢do analoga a OPG, porém
mais especifico. Conforme ilustrado na Figura 2, o DmAb atua no processo de remodelacéo
0ssea, de modo que seu mecanismo de acdo baseia-se na capacidade de se ligar ao RANKL
humano, impedindo sua ligacdo ao RANK na superficie das células osteoclasticas. A
consequéncia desta ligacdo € a inibicdo da formacdo de osteoclastos multinucleados, bem
como sua ativacdo e sobrevivéncia, com redugdo da sua fungdo, que é a reabsorcdo Ossea
(HANLEY et al., 2012).

Figura 2 — Ilustracdo do mecanismo de acdo do DmADb.
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Fonte: Adaptagdo de Hanley et al. (2012, p. 1141).

Os produtos Prolia® e Xgeva® apresentam-se na forma farmacéutica de solucio
transparente, incolor a ligeiramente amarelada, formulada com pH 5,2, e devem ser
armazenados sob refrigeracdo (entre 2 e 8 °C). Os excipientes presentes nas formulacdes
incluem &gua para injetaveis, acido acetico glacial, hidréxido de sddio e sorbitol, com excecéo
do polissorbato 20, que esta presente somente no Prolia® (AMGEN, 2019a; AMGEN, 2019b).
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Estudos de farmacocinética foram realizados em individuos saudaveis e mulheres na
pOs-menopausa com osteopenia ou osteoporose por injecdo intravenosa e subcutanea de
DmAD (Prolia®), com doses que variaram entre 0,01 e 3 mg/kg, administradas de 3 a 6 meses,
por até 4 anos. Os resultados demonstraram que o DmAb exibiu farmacocinética nédo linear
com as doses (SUTJANDRA et al., 2011). Em relacdo a distribuicdo, nem acumulo nem
alteracdo da farmacocinética do DmADb foram observados com o passar do tempo apds doses
multiplas de 60 mg por via subcutanea 1 vez a cada 6 meses. O DmAb é composto por
carboidratos e aminoacidos e ndo se prevé que seja eliminado por meio de mecanismos
metabdlicos hepaticos. Baseado em dados ndo clinicos, prevé-se que sua eliminagdo siga as
vias de eliminacdo de imunoglobulinas nativas, resultando em degradacdo a pequenos
peptideos e aminoacidos (PROLIA, 2019; XGEVA, 2019).

3.4.2 Ensaios bioldgicos e métodos fisico-quimicos para o Denosumabe

Kostenuik e colaboradores (2009) avaliaram a atividade biolégica do DmAb e da OPG
por ensaios bioldgicos in vitro e in vivo. Células murinas de macrofagos (RAW 264,7) foram
mantidas em cultivo e estimuladas a diferenciar-se em osteoclastos pela adicdo de M—CSF e
RANKL humano (30 ng/mL). Posteriormente, foram tratadas com DmAb ou OPG e a
resposta foi determinada pela quantificacdo do biomarcador de reabsorcdo éssea TRAP, por
leitura espectrofotométrica. O DmADb apresentou maior capacidade em inibir a proliferacdo
celular em relacdo a OPG. Paralelamente, camundongos com 4 semanas de idade foram
tratados com duas injecdes diarias de RANKL durante 4 dias, para inducdo de hipercalcemia.
Observou-se aumento nas concentracdes sanguineas de célcio ionizado, que foram reduzidas
pelas injectes de DmADb ou OPG.

Helas e colaboradores (2009) utilizaram camundongos geneticamente modificados
pela insercdo do RANKL humano para avaliar o efeito do DmAb (10 mg/kg), administrado
duas vezes por semana, sobre a calcificacdo vascular da aorta. A prednisolona (2,1 mg/kg/dia)
induziu aumento da reabsorcdo 6ssea, que elevou os teores de fosfato e célcio na aorta,
reduzidos pelo tratamento com DmADb durante 4 semanas.

Hofbauer e colaboradores (2009) avaliaram a eficacia do DmAb em camundongos
geneticamente modificados pela insercdo do RANKL humano com osteoporose induzida por
glicocorticoide. A perda 6ssea foi associada com aumento da reabsor¢cdo 6ssea e supressdo da
formacdo de ossos vertebrais, confirmada pelo aumento de células osteoclésticas, através do
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biomarcador TRAP. O DmAb preveniu a perda 0Ossea induzida pela administracdo de
prednisolona durante 4 semanas, em relacdo ao placebo.

Arthur e colaboradores (2012), simulando condigdes fisiologicas in vitro,
determinaram a ligacdo estequiométrica do DmAb ao RANKL, por espectrometria de massas
por ionizagdo por eletrospray com analisador do tipo tempo de voo (EM—ESI-TOF) e por
técnicas de separag¢ao por tamanho molecular (CL—EM com detector de espalhamento de luz
estatica e velocidade de sedimentagdo com ultracentrifugacdo). Foram testadas diferentes
concentracdes, demonstrando que a ligacdo de 3 moléculas de DmAb com 2 trimeros do
RANKL é a mais estavel.

Chen e colaboradores (2018) realizaram estudo randomizado em voluntarios humanos
para avaliar a farmacocinética, farmacodindmica, seguranca e tolerancia de dose Unica de
DmADb. Os resultados demonstraram que o produto foi bem tolerado e ndo houve registro de
novos efeitos de toxicidade. Os pardmetros farmacocinéticos foram determinados no soro por
enzimaimunoensaio (ELISA) com limite de quantificagdo de 20 ng/mL.

Método de imunoafinidade com adicdo de proteina de ligacdo foi desenvolvido e
aplicado em conjunto com cromatografia liquida acoplada a espectrometria de massas no
modo tandem (CL-EM/EM) com analisador hibrido triplo quadrupolo ion trap linear para
quantificacdo de DmAb em soro de macacos, apés reacGes de desnaturacdo e digestdo. A
regido linear foi determinada entre 0,1 e 30 pL. Os resultados foram comparados
demonstrando haver correlagdo com os fornecidos por método de ELISA (WANG et al.,
2017).

Shida e colaboradores (2018) desenvolveram e validaram método utilizando proteina
G imobilizada para extracdo de DmAb do soro de pacientes em tratamento de cancer, seguida
de digestdo com tripsina. As analises foram realizadas por CL-EM/EM com analisador
hibrido triplo quadrupolo ion trap linear, com tempo de corrida de 8 min. A concentracéo
média de DmAb no soro foi de 27,2 pg/mL, comparada por ELISA. O metodo estudado
apresentou limitacdo para analisar DmADb em soro de pacientes em tratamento para
osteoporose.

Método por CL—FR para anéalise de DmAb em formulacdo biofarmacéutica foi
desenvolvido e validado, utilizando coluna C18 (250 x 4,6 mm d.i., 5 pm) mantida a
temperatura ambiente, fase movel composta de metanol, agua e OPA (90:10:01, v/v) e eluicédo
isocratica, com detec¢do no comprimento de onda de 233 nm. O tempo de retencdo do DmADb
foi de 3,64 min (SWAMULU et al., 2012).
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Onami e colaboradores (2014) desenvolveram e validaram método por CL-EM/EM,
na regido linear de 3,13-200 ng/mL. Camadas magnéticas foram ligadas em placa com o
anticorpo comercial e a regido Fc anti-humana, para capturar o complexo imune antigeno-
anticorpo (RANKL-DmADb) em plasma de camundongo, com subsequente quantificacdo do
antigeno derivado da digestdo triptica. O método foi adotado para quantificar o RANKL total
na presenca de DmAb em estudo de farmacocinética em camundongos.

Métodos por CL-EM e CL—-FR foram desenvolvidos e validados para quantificacéo
do DmADb e para determinacdo de proteinas de alta massa molecular e fragmentos em
produtos biofarmacéuticos. No método por CL—EM utilizou-se coluna TSKGel G2000SWx.
(300 mm x 7,8 mm d.i.), mantida a 25 °C e fase mével composta de solucdo tampéo fosfato
de potassio monobésico 1 mM, fosfato de potassio dibasico 8 mM e cloreto de sédio 200 mM,
pH 7,4. No método por CL-FR, foi utilizada coluna Vydac 214TP C4 (250 mm x 4,6 mm
d.i.) mantida a 60 °C e fase movel constituida de &cido trifluoroacético (TFA) 0,1% (v/v) em
agua e TFA 0,1% (v/v) em acetonitrila, com eluicdo por gradiente. Paralelamente, foi
desenvolvido bioensaio por cultura de células RAW 264,7 in vitro, que foi adotado para a
avaliacdo da atividade bioldégica do DmAb. Os métodos por cromatografia liquida (CL)
desenvolvidos cumpriram os requisitos de validacdo preconizados pelos compéndios oficiais,
e foram empregados em conjunto com o bioensaio in vitro para quantificacdo de DmAb em
produtos biofarmacéuticos. As poténcias foram comparadas, demonstrando correlagdo
significativa (PEROBELLI et al., 2018).

3.4.3 Tecnologias analiticas e bioensaios para caracterizacao de anticorpos monoclonais

Durante as fases de desenvolvimento, producgéo e controle de qualidade lote a lote
dos mAbs, sejam eles inovadores ou biossimilares, é necessario dispor de ferramentas
analiticas desenvolvidas e validadas para a determinagdo da concentracdo e atividade
bioldgica/poténcia, bem como para caracterizacdo fisico-quimica, avaliando propriedades
como estrutura proteica, pureza, padrdo de glicosilacdo e estabilidade (XU et al., 2018;
EBBERS et al., 2020).

As cadeias polipeptidicas dos mAbs estdo suscetiveis a modificagdes quimicas e
degradacdo em todos os estagios de producdo dos produtos farmacéuticos, e também durante
0 transporte e armazenamento. As degradaces dependem das propriedades intrinsecas de
cada biomolécula e podem ocorrer por vias quimicas e fisicas, incluindo: agregacao, oxidagdo

e formacdo de variantes de carga, entre outras. As moléculas devem ser bem caracterizadas
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pois estas modificacbes podem inviabilizar o uso clinico, uma vez que podem afetar as
funcbes efetoras, a conformacgdo proteica, o transporte, assim como o direcionamento,
reconhecimento e ligacdo ao sitio alvo, além de induzir imunogenicidade (CHIRINO; MIRE-
SLUIS, 2004).

A glicosilacdo com &cidos siélicos terminais destaca-se entre as modificacOes
quimicas. O representante mais abundante em mAbs expressos em células CHO € o &cido N-
acetilneuraminico (NANA), presente em niveis raramente excedendo 5% (AMBROGELLY et
al., 2018; STADLMANN et al., 2010; WEI et al., 2017). A oxidacdo da metionina € uma
reacdo comum em moléculas proteicas e pode ser induzida sob condigdes térmicas, de
oxidagdo ou de estresse leve, levando a formagéo de formas alteradas com hidrofobicidade
reduzida. A presenca de variantes de carga € também observada em mAbs de uso terapéutico.
Muitas modificacGes podem levar a sua formacdo, por alterar a carga liquida da biomolécula
ou por modificar a estrutura proteica e 0 pKa dos residuos carregados. A desamidacdo é uma
das modificagdes que conferem heterogeneidade de carga aos mAbs (AN et al., 2014).

A agregacdo é uma alteracdo comum e geralmente irreversivel, e pode ser exacerbada
em mAbs formulados em altas concentracdes, como para administracdo subcutdnea. A
formacéo de agregados pode ser influenciada por fatores como pH, temperatura e agitacdo. As
imunoglobulinas produzidas para administracdo via intravenosa podem apresentar nivel de
agregados limitado a 5% (RATANJI et al., 2014; WANG et al, 2007; WANG et al., 2009;
WU et al., 2014).

Entre as técnicas analiticas de separacdo, a CL destaca-se devido aos diferentes
principios fisico-quimicos de separagcdo que podem ser empregados. A CL-EM ¢é utilizada
para avaliacdo qualitativa e quantitativa dos mAbs intactos e das proteinas de alta e baixa
massa molecular. A separacdo depende da auséncia de qualquer interacdo entre o analito e a
fase estacionéria integrada na coluna e estd baseada no tamanho molecular em solucéo.
Convém destacar o estudo de métodos por CL—EM para avaliagdo de mAb em formulacéo
biofarmacéutica, bem como para avaliar os efeitos da degradacéo fotolitica sobre a agregacao
de cinco mAbs em uso clinico e também para estudo de estabilidade de solucdes diluidas de
formulacio para administracdo por via intravenosa (FARJAMI et al., 2019; HERNANDEZ-
JIMENEZ et al., 2016; HERNANDEZ-JIMENEZ et al., 2018; PAUL et al., 2012).

A CL-FR ¢é usada para confirmar a identidade da proteina, determinar o perfil da
impureza e quantificar modificacbes pds-translacionais. A técnica explora as propriedades
hidrofébicas das moléculas e permite a separacao de formas oxidadas e desamidadas da forma
ndo alterada (AN et al., 2014; FEKETE et al., 2013a). Quando utilizada para analise de mAbs,
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apresenta peculiaridades nas condic¢fes analiticas dos métodos, que sdo fundamentais para
eficiéncia da separacdo. A composigdo da fase movel geralmente inclui TFA, com elui¢do no
modo gradiente e colunas cromatograficas que possam ser mantidas sob alta temperatura (60—
90 °C) (FEKETE et al., 2012; FEKETE et al., 2013b). Métodos por CL-FR com DAD foram
validados para quantificagdo de mAbs em formulagdes biofarmacéuticas sob uso em
condigdes hospitalares e posteriormente utilizados em estudos de estabilidade de longa
duracio (MARTINEZ-ORTEGA et al., 2016; NAVAS et al., 2013). Adicionalmente, método
com deteccdo por fluorescéncia foi desenvolvido e validado para determinacdo de anticorpo
monoclonal em sistema nanoparticulado (SOUSA et al., 2017). Métodos analiticos por CL—
FR-F, EC com deteccdo de fluorescéncia induzida por laser e CL—EM/EM tem sido
utilizados para avaliacdo da glicosilacdo, uma vez que os glicanos nao sdo bem detectados por
absorcdo UV (PARR et al., 2016; VREEKER; WUHRER, 2017; ZHANG et al., 2016).

Em comparacdo com os métodos por CL, a eletroforese capilar (EC) tem se tornando
uma das principais técnicas de separacdo nos conceitos de quimica analitica verde. Entre suas
vantagens, destaca-se: alta eficiéncia e resolucdo e 0 consumo minimo de amostra e solventes
organicos (nanolitros). A ECZ tem sido utilizada para a identificacdo e determinacdo de
variantes de carga de proteinas, uma vez que apresenta capacidade para separar
macromoléculas carregadas eletricamente (VOETEN et al., 2018). Métodos analiticos por
cromatografia eletrocinética capilar micelar (MEKC) e ECZ tem sido desenvolvidos para
analise de impurezas e para avaliacdo de variantes de carga de mAbs (ANDRASI et al., 2014;
ESPINOSA-DE LA GARZA et al., 2013; HE et al., 2010; HE et al., 2011; MORITZ et al.,
2015; MORITZ et al., 2017; SHI et al., 2012; SUBA et al., 2016; TURNER; SCHIEL, 2018;
ZHANG et al., 2010).

Para aplicar ECZ para analise de variantes de carga de mAbs, algumas peculiaridades
devem ser observadas durante a escolha das condic¢des analiticas, pois os mAbs tendem a se
adsorverem na superficie de capilares convencionais de silica fundida. A composicéo e o pH
da solucéo eletrolitica sdo fundamentais para assegurar a separac¢do, sendo comumente uma
combinacdo de &cido épsilon-aminocaproico (EACA) em pH 5,7, podendo variar de acordo
com o anticorpo monoclonal em estudo. Se for utilizado capilar de silica fundida néo
revestido, € essencial criar um revestimento dinamico em sua superficie atraves do uso de
aditivos na solucdo eletrolitica. A combinacdo de um modificador organico, comumente
trietilenotetramina (TETA), e de agentes para aumentar a viscosidade da solugdo, Tween 20
ou hidroxipolimetilcelulose, é recomendada para reduzir interagfes do analito com a parede
do capilar (KAHLE; WATZIG, 2018).
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Os bioensaios in vivo ou in vitro, utilizando linhagem celular especifica, tém sido
utilizados para avaliacdo da atividade bioldgica (que € expressa pela poténcia), e devem ser
desenvolvidos de acordo com o mecanismo de acdo de cada produto (EMA, 2016). Os
bioensaios também devem ser sensiveis para detectar o impacto de modificacGes fisicas e
quimicas sobre a bioatividade da molécula, que pode ou ndo ser correlacionada com a
poténcia, dependendo dos sitios de modificacdo (WANG et al., 2018).

Os guias internacionais e as farmacopeias, nos metodos gerais, recomendam a
quantificacdo e caracterizacdo dos mAbs através da combinacdo de ensaios fisico-quimicos,
imunolégicos e bioldgicos. A quantificacdo das formas degradadas nos produtos também é
importante para avaliar os atributos de qualidade da biomolécula (CERUTTI et al., 2019; EP,
2021; USP 43, 2021).

Assim como acontece para 0 DmADb, as empresas detentoras da patente de registro dos
biofarmacos, em geral multinacionais, sdo também detentoras dos processos de producdo e
das metodologias analiticas para controle da qualidade lote a lote de seus produtos (BRASIL,
2011; EMA, 2017). Para que um método analitico seja recomendado para esta finalidade €
fundamental demonstrar, por meio de ensaios experimentais validados, que apresenta
capacidade de separar, detectar e quantificar a biomolécula, bem como impurezas e
degradacGes garantindo a execu¢do de ensaios reprodutiveis e a obtencdo de resultados
confidveis. Os pardmetros de validacdo e os critérios de aceitacdo preconizados estdo
disponiveis em guias oficiais e em teses e disserta¢fes ja desenvolvidas no Laboratorio de
Produtos Bioldgicos da Universidade Federal de Santa Maria (UFSM), bem como nos artigos
cientificos desta Tese de doutorado, disponiveis a seguir. Acrescenta-se também que a
avaliagdo comparativa dos resultados fornecidos por diferentes métodos analiticos constitui-se
em avanco para aprimorar a determinacdo de identidade, formas degradadas e estabilidade dos
produtos farmacéuticos, aplicaveis ao controle de qualidade para garantir a eficacia
terapéutica (BRASIL, 2017; FDA, 2015; ICH 2005; MALDANER, 2017; PEROBELLI,
2017; ROZET, et al., 2007; SHABIR, 2003; SOUTO, 2015).
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Abstract: A capillary zone electrophoresis (CZE) method was developed and validated to
quantitate the monoclonal antibody denosumab (DmAb) and its charge variants in
pharmaceutical products, demonstrating excellent precision, linearity and accuracy.
Separations were obtained with migration times of 11.3 min for DmAb and the calibration
curve was linear in the range of 0.95-20 mg/mL. The analytical comparability of seven
batches of Prolia® showed mean differences of the estimated content/potencies of 1.87%
lower, and 0.84% and 1.21% higher compared to the size exclusion and reversed-phase
liquid chromatography (SE-HPLC and RP-HPLC) methods and the osteoclast
antiproliferative bioassay, respectively, with non-significant differences (p > 0.05). An RP-
HPLC method with fluorescence detection (RP-HPLC—F), performed on a Kinetex® EVO
Cis column (5 pum, 100 A, 250 mm x 4.6 mm), was optimized to determine the levels of
sialic acids of DmAb biomolecules, giving mean concentrations of 0.16 and 0.17 pg N-
acetylneuraminic acid (NANA)/mg DmADb for Prolia® and Xgeva® pharmaceutical products,
respectively. The results demonstrated the capability of each one of the methods, and their
use in combination constitutes a strategy to monitor instability, thereby assuring the quality

and the batch-to-batch consistency of the biotechnology-derived medicine.

Keywords: denosumab; charge variants; capillary electrophoresis; sialic acids; liquid
chromatography; bioassay; monoclonal antibody.
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1 Introduction

Monoclonal antibodies (mAbs) are immunoglobulins produced by a single B cell clone.
Recombinant technology enabled the construction of fully human products that play a
significant role as therapeutic medicines, and their applications have advanced for the therapy
of chronic inflammatory diseases, cancer and bone diseases [1].

Denosumab (DmAD) is a fully human monoclonal therapeutic antibody heterotetramer of
the 1gG2 subclass structurally composed of 2 identical heavy chains (447 amino acids per
chain) and 2 identical light chains (215 amino acids per chain), connected through several
interchain and intrachain disulfide bonds at their hinge region. It is considered relatively
hydrophilic, and has an approximate molecular weight of 147 kDa with an isoelectric point
(pl) of 8.9. Each heavy chain contains an N-linked glycan at the asparagine 298. DmAD is
genetically engineered in Chinese hamster ovary (CHO) cells by a biotechnology process
[2-4].

Clinically, DmADb is a targeted therapeutic agent indicated for treatment and prevention of
diseases of bone loss and cancer-induced bone destruction. Functionally it targets and
selectively binds with high affinity and specificity to the receptor activator of nuclear
factor—«p (RANK) ligand (RANKL), thereby mimicking the natural action of osteoprotegerin,
which is an endogenous RANKL inhibitor. RANK is a member of the tumour necrosis factor
receptor superfamily, and its activation by the RANKL promotes the maturation of
preosteoclasts into osteoclasts. DmAb prevents the RANK/RANKL interaction from
occurring, which inhibits the formation, function and survival of activated osteoclasts, thereby
inducing a rapid suppression of bone resorption and increasing bone strength and mass [5-7].

Bioactivity was assessed using an in vivo assay evaluating the ability of human RANKL
(hRANKL) to bind murine RANK and to stimulate bone resorption in mice, expressing an
extracellular fragment of hRANKL in a way that could be inhibited by DmADb. In vitro
bioassays, based on the DmAb capability to inhibit the effect of hRANKL to stimulate the
formation of osteoclasts derived from murine RAW 264.7, by the addition of hRANKL and
macrophage colony stimulating factor (M—CSF), were developed. The results were assessed
by quantification of tartrate-resistant acid phosphatase (TRACTP) or viable cells using
absorbance measurements [8,9].

Therapeutic mAbs are a class of glycoproteins, and their overall characterization poses
many challenges due to their inherent molecular complexity; separation techniques based on
diverse principles are required [10,11]. However, they may be quite sensitive to changes in

the manufacturing processes, and the N-glycosylation is an important parameter to monitor
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and represents one of the main sources of micro-heterogeneity in each individual chain, which
is critical to the patient’s safety. Glycosylation variants arising from different levels of
sialylation can impact pharmacodynamic and pharmacokinetic behaviour [12—16]. Reversed-
phase high-performance liquid chromatography (RP-HPLC) with detection by diode array
detector (DAD) is a highly accurate technique and was used for the analysis of fragments and
quantitation of mAbs [17]. The RP-HPLC with fluorescence detection (RP-HPLC-F)
showed selectivity and sensitivity for the quantification of mAb in human serum and in
nanoparticles, as well as the ability to determine sialic acids in glycoproteins [18—-20]. Size-
exclusion high-performance liquid chromatography (SE-HPLC) was applied to assess the
stability of diluted solutions and to monitor the aggregation induced by photodegradation in
commercial therapeutic mAbs [21,22]. A combination of RP—HPLC and SE-HPLC validated
methods was applied for the quantitation of DmADb in biotechnology-derived medicine, and
the results were correlated with those of the in vitro bioassay [9].

In addition to high-performance liquid chromatography (HPLC), capillary electrophoresis
(CE) has proven its effectiveness for monitoring critical quality attributes of biologicals with
major advantages, including the ability to obtain separations within minutes while
maintaining suitable separation efficiency resolving the main isoforms, demonstrating the
applicability as alternatives for the pharmaceutical Industry [23-27]. A capillary sodium
dodecyl sulfate electrophoresis method was qualified to evaluate a mAb under reduced and
non-reduced conditions, showing potential use for quality control analysis [28]. Besides, a
capillary zone electrophoresis (CZE) method was developed as a two-phase-four-step
approach to investigate intact and digested mAb as a protein model [29]. Moreover, CZE
methods were studied to evaluate charge variants of mAbs and antibody-drug conjugates
demonstrating the potential to be used in manufacturing process development, formulation,
and characterization of biopharmaceuticals [30-36].

The purpose of the present work was to develop and validate a specific CZE method for
the quantitative analysis of DmADb and its charge variants in biotechnology-derived
medicines, to correlate the results with validated SE-HPLC and RP—HPLC methods and an in
vitro bioassay; and to analyse the sialic acid residues by RP—HPLC-F. Thus, this research will
enable the establishment of procedures to improve the characterization of therapeutic DmAD,

thus helping to ensure quality and efficacy.

2 Experimental

2.1 Reagents and instrumentation
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2.1.1 Chemicals and reagents

Pharmaceutical lots of Xgeva® and Prolia® from Amgen (S&o Paulo, Brazil), with a label
claiming 120 mg/1.7 mL and 60 mg/mL of DmADb, respectively, within the expiry date, were
obtained from commercial sources. Triethylenetetramine (TETA), Tween 20, potassium
phosphates, sodium chloride, sodium hydroxide (NaOH), sodium acetate, sorbitol,
hydrochloric acid (HCI), acetic acid, 30% (v/v) hydrogen peroxide (H.O2) and HPLC grade
solvents trifluoroacetic acid (TFA), acetonitrile, tetrahydrofuran (inhibited with BHT) and 1-
butylamine were supplied by Merck (Darmstadt, Germany). Epsilon-aminocaproic acid
(EACA), aprotinin (APT), O-phenylenediamine (OPD), sodium bisulfate (NaHSOs4), N-
acetylneuraminic acid (NANA), neuraminidase, foetal bovine serum (FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were acquired from Sigma-Aldrich (St. Louis, MO,
USA). AlamarBlue™ cell viability reagent was obtained from Thermo Scientific (Vantaa,
Finland), hRANKL was obtained from ABCAM (San Francisco, CA, USA) and GM-CSF
was obtained from the National Institute for Biological Standards and Control (NIBSC)
(Herts, UK). Purified water was obtained using Milli—Q A10 system from Millipore (Bedford,
MA, USA).

2.1.2 Instrumentation

CZE experiments were performed using an Agilent Technologies (Waldbronn, Germany)
3DCE System equipped with a temperature-controlling system, a power supply, a DAD and
CE ChemStation data acquisition software. Chromatographic separations were accomplished
using an HPLC system from Shimadzu (Kyoto, Japan) equipped with a system controller,
quaternary pump, degasser, autosampler, column oven, DAD and fluorescence detector. The
LC Solution Version 1.22 SP1 software was used for instrument operation control, data
collection and analysis. In vitro bioassays were accomplished using a Thermo Scientific
(Waltham, MA, EUA) Water Jacketed CO- incubator and Thermo Scientific Varioskan®
Flash microplate reader.

2.2 CZE procedure

Uncoated fused-silica capillaries (Agilent Technologies) with an effective length of 56
cm (total length of 64.5 cm x 50 um) were employed and were thermostated at 25 °C. The
background electrolyte (BGE) solution was a 300 mmol/L EACA and 2 mmol/L TETA buffer
at pH 4.8 (adjusted with 20% (v/v) acetic acid) and 0.03% (v/v) Tween 20. Prior to its first

use, the capillary was conditioned with the following sequence of rinses: 0.1 mol/L HCI for
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10 min and BGE for 10 min; and applying a voltage 30 kV for 5 min. Sample solutions were
injected by pressure (50 mbar) for 5 s. A voltage of 30 kV (approximately 40 (A current) was
applied during the electrophoretic separations, and UV absorbance at 200 nm was employed
for detection. To improve the efficiency, selectivity and reproducibility between injections
and to remove possible adsorbed substances, the capillary was rinsed with 0.1 mol/L HCI for
2 min and BGE for 2 min and applying a voltage 30 kV for 2 min and the BGE was replaced

with fresh solution after every three injections.

2.2.1 Reference and sample preparations

Aliquots of three vials of Xgeva® were daily pooled and used as the representative DmAb
biological reference substance (BS-DmADb). Samples were prepared by diluting the BS—
DmADb and pharmaceutical products (Prolia®) in purified water to obtain concentrations of 5
mg/mL. The stock solution of APT internal standard (IS) was prepared to a concentration of
10 mg/mL in purified water, and then diluted with purified water to contain 5 mg/mL.

2.2.2 CZE method validation

The analytical performance of the developed CZE method was evaluated using
pharmaceutical products with a label claiming 60 mg/mL. The following validation
parameters were determined following specific guidelines: system suitability test, specificity,
linearity, detection limit (DL), quantitation limit (QL), robustness, accuracy, and precision
[37,38].

2.2.2.1 Specificity

Specificity was evaluated by analysing a BS-DmAb solution and a pharmaceutical
product (10 mg/mL) stressed at low and high pH and under thermal, photodegradation, and
oxidation conditions [11]. Solutions prepared in 0.1 mol/L HCI and in 0.1 mol/L NaOH were
used for low and high pH degradation, respectively, by incubating them at room temperature
for 15 min. For the thermal condition, solutions were heated at 45 °C for 3 h followed by
agitation for 1 h. Photodegradation was induced by exposing the solutions to 200 W h/m?
near—UYV light for 20 h in a photostability chamber, and oxidation was induced by treating the
solutions with 3% (v/v) H20. for 45 min at ambient temperature and protected from light.
Then, the solutions were diluted with purified water to final concentrations of 5 mg/mL and

spiked with the 1S. Moreover, possible interference from formulation excipients and matrix
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was determined by analysing a placebo (in-house mixture of sorbitol, acetate, polysorbate 20,
and NaOH to adjust to pH 5.2) and purified water samples [3,4].

2.3 RP—-HPLC-F determination of sialic acids in DmAb samples
2.3.1 Standard and sample preparations

An analytical curve with seven concentrations of the sialic acids reference substance
(NANA) solution, ranging from 1.0 to 15.0 pg/mL, was constructed and diluted to volume
with purified water. Sample solutions of DmAb were prepared by mixing 125 uL of Prolia®
or Xgeva® with 125 pL purified water. A DmAb sample solution (Xgeva®) was also
incubated with 1 U/mL neuraminidase in 0.1 mol/L acetate buffer pH 5 at 37 °C for 6 h, to
cleave terminal NANA. Hydrolysis was accomplished by mixing 250 pyL of the respective
solutions with 100 pL 0.5 mol/L NaHSO4 in 1.8 mL cryogenic vials, then heating at 80 °C for
20 min. For derivatization, 300 pL OPD reagent (40 mg/mL in 0.25 mol/L NaHSO4) was
added, then solutions were heated again at 80 °C for 40 min. After cooling, the samples were
microcentrifuged at 7000 rpm for 5 min, and the supernatants were transferred to injection

vials.

2.3.2 RP—-HPLC-F procedure

Analyses were carried out by adjusting previously published methods [19,39]. The
analytical method was performed on a Kinetex® EVO Cig column (5 pm, 100 A, 250 mm x
4.6 mm) from Phenomenex (Torrance, CA, USA), which was held at 45 °C. Mobile phase A
was a mixture of 0.15% (v/v) 1-butylamine, 0.5% (v/v) H3POas, and 1% (v/v) tetrahydrofuran
in water and mobile phase B consisted of mobile phase A in acetonitrile (50:50, v/v). Sialic
acids were isocratically eluted with 5% mobile phase B for 15 min. The sample volume
injected was 75 pL. The following gradient flow rate was used: from 0.01-4.00 min: 1.8
mL/min; from 4.01-5.00 min: 1.8 to 0.8 mL/min; from 5.00-12.00 min: 0.8 mL/min and from
12.01-15 min: 1.8 mL/min. The wavelengths were set to 230 nm (excitation) and 425 nm
(emission). To ensure reproducibility between runs, the column was rinsed with 100% mobile
phase B for 9 min, and then equilibrated by subjecting it to the optimized conditions over 8

min.

2.4 SE-HPLC and RP-HPLC procedures
The methods were performed as described elsewhere [9]. The SE-HPLC method was
accomplished on a TSKGel G2000SWx. column (5 um, 125 A, 300 mm x 7.8 mm) held at 25
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°C. The mobile phase was a mixture of 1 mmol/L potassium phosphate monobasic, 8 mmol/L
potassium phosphate dibasic and 200 mmol/L sodium chloride, pH 7.4, run isocratically at a
flow rate 1.0 mL/min with DAD set at 214 nm. The sample injection volume was 50 uL of a
solution containing 50 pg/mL, and the retention time for DmAb was 7.6 min.

The RP—HPLC experiments were performed on a Vydac 214TP C4 column (5 pm, 300 A,
250 mm x 4.6 mm), and the column oven was kept at 60 °C. The mobile phase was a
combination of 0.1% (v/v) TFA in water and 0.1% (v/v) TFA in acetonitrile. The elution was
performed at a flow rate 1.0 mL/min with DAD set at 214 nm. The following gradient
program was used: 0—0.1 min, 0% B; 0.1-10 min linear gradient to 40% B; 10-20 min hold at
40% B; 20-25 min re-equilibrate at 0% B. The sample injection volume was 50 pL of a

solution containing 100 pg/mL, and the retention time for DmAb was 18.1 min.

2.5 Osteoclast antiproliferative bioassay

The in vitro bioassay was carried out in triplicate by adjusting the procedure described
elsewhere [9], based on the ability of DmADb to inhibit the effect of hRANKL to stimulate the
formation of osteoclasts which were derived from murine macrophage cells. The RAW 264.7
cells (ATCC® TIB-71™) were used between passages 4 and 20 after reaching 65%—75%
confluency. Then, 2-5 days post-passage, they were seeded in 96-well flat-bottom plates at an
initial density of 6 x 10° viable cells/mL and were incubated with hRANKL peptide and
M-CSF (30 ng/mL) for 4 days to stimulate the formation of osteoclasts cells. Following the
incubation, five concentration ranges starting with 10 pg/mL of DmAb and BS-DmAb were
added in triplicate and incubated again for 2 days. Then, 20 pL alamarBlue™ reagent was
added, followed by a further 4 h incubation period. All cultures were incubated at 37 °C in an
atmosphere of 5% (v/v) CO2 and 95% air throughout this study. The bioassay responses of the
96 wells were quantified in absorbance mode with a microplate reader. The CombiStats™
software developed by the EDQM was used to calculate the biological activity by the parallel-
line statistical method.

2.6 Analysis of DmAD in pharmaceutical products

To quantitate DmADb in pharmaceutical products, seven batches of Prolia®, available for
clinical use, were labelled from 1 to 7 and evaluated. In addition, batch 2 was randomly
selected and subjected to the described forced degradation conditions. The analyses were
performed by CZE, SE-HPLC and RP—HPLC methods, in addition to the in vitro bioassay,
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calculating the results as percentage recoveries against BS—-DmADb and executing analytical
comparability of the obtained data.

3 Results
3.1 Optimization of the electrophoretic conditions

Initially, this CZE method was studied on an uncoated fused-silica capillary with 50 pm
i.d. and a total length of 64.5 cm (effective length of 56 cm), maintained at 25 °C and detected
by DAD at 200 nm, using a pharmaceutical product of DmAb at 5 mg/mL. Sample solutions
were injected by pressure (50 mbar) for 5 s. Migration times and peaks areas were chosen as
output parameters to evaluate CZE performance accepting relative standard deviation
(%RSD) values < 2%. BGE solution composed of 400 mmol/L EACA pH 5.7 and 0.03%
(v/v) Tween 20 was tested. Parameters like EACA pH and concentration and capillary length
were evaluated to optimize DmADb separation. Then, the concentration of the BGE solution
with 2 mmol/L TETA and 0.03% (v/v) Tween 20 was evaluated at 100, 200, 300, 400, 500,
600, 700, and 800 mmol/L, and the 300 mmol/L solution was chosen due to a non-significant
increase of the migration time and higher sensitivity and optimal ionic strength. Then, 300
mmol/L EACA and 2 mmol/L TETA solutions at pH values between 4.8 and 5.7 were
assayed, and selecting the pH value of 4.8 due to acceptable peaks resolution. The pH value of
the BGE was chose carefully since the charge isoforms are separated by their charge
differences. In addition, ribonuclease, ovalbumin, APT, conalbumin, and gamma globulin
were tested as IS; APT, with a migration time approximately 11.3 min, was selected and used
in order to compensate for shifts in the retention/migration times. Capillary length was tested
as 40, 56 and 72 cm, and the 56 cm was selected due to resolution between internal standard
and DmADb, with run time of 20 min. Finally, the detection wavelength was examined from
190 to 400 nm, with the observations that the buffers usually exhibit a minimum background
throughout the entire ultraviolet (UV) region and that a wavelength of 200 nm allowed better
sensitivity. Characteristic electropherograms of BS-DmADb solution and pharmaceutical
product, with a migration time of approximately 18.1 min for DmAD, are illustrated in Figures

1(a) and 1(b), respectively.

3.2 CZE method validation
Prior to the main validation approach, the suitability test was performed with the final
electrophoretic conditions by six replicates injections of a BS—DmADb solution (5 mg/mL).

The %RSD calculated with respect to repeatability of migration time and peak area were



43

0.16%, and 0.22%, respectively. The number of theoretical plates was calculated as
104923.33. All the limits were according to the recommendations [40].

Specificity of the CZE method for DmAb was demonstrated by analysis of non-degraded
and degraded samples of DmAb formulations, placebo and purified water. The profiles
obtained for BS-DmADb and the pharmaceutical product showed similarity with respect to the
content and distribution of charge variants, with a main isoform and minor amounts of basic
and acidic variants, Figures 1 (a) and (b). The low pH condition and the high pH condition
caused a decrease of 17% and 40% in the DmADb peak areas, respectively, as shown in Figures
1(c) and 1(d). The photodegradation and the oxidation exhibited 23% and 30% decrease of the
DmAb areas, as illustrated in Figures 1(f) and 1(g). These stress conditions resulted in
changes in charge variants profiles of DmAb and generated the additional peaks in the
electropherograms. Furthermore, no detectable peaks were found for the placebo or the
purified water, indicating that no detectable interferents were present in the sample matrix
(Figures 1(h) and 1(i)). The total carryover of the method was confirmed to be negligible
based on no detectable signal for a blank injection immediately following a sample injection.
Therefore, this CZE method is stability indicating and may be used to quantify changes in
charge variant distribution of the DmAD.

The linearity was tested by analysing BS—DmAb concentrations (n = 8) spiked with IS at
5 mg/mL in triplicate and three calibration curves were drawn, taking the analytes DmADb
concentrations on X-axis and their peak areas on Y-axis. The least-squares linear regression
method was used for the statistical evaluation using the STATGRAPHICS Centurion
Software Version 18.1.12 (Warrenton, VA, USA). The linear range was verified to be from
0.95-20 mg/mL, calculated from the equation y = (843.681 + 44.99) x — (411.517 + 80.43),
and the determination coefficient (r?) was 0.999. The y-intercept was significantly different
from zero (p < 0.05), and could affect the method accuracy due to possible matrix effect. This
was investigated, showing that there was no interference of other substances in the response.
Besides, the slope also differed significantly from zero (p < 0.05).

The DL and the QL were estimated based on the slope and the standard deviation of the
y-intercept of analytical curves described above, giving values of 0.31 and 0.95 mg/mL,
respectively. The QL was also experimentally determined as 0.62 mg/mL, with an accuracy
within £ 5% [37,38].

The robustness was examined by analysing samples of 5 mg/mL BS—-DmADb solution with
the multi-variable-at-a-time (MVAT) approach. The chosen procedure was a fractional

factorial design at 2 levels (eight experiments) carried out with the selection of four factors, as



44

presented in Table |. The data thus obtained were analysed using the Minitab 14 Software
(State College, PA, USA) to evaluate the significance of the effects, as depicted by the Pareto
charts, Figure 2, which shows the variables tested, demonstrating that they were not
statistically significant (o > 0.05), confirming the robustness of the method. The DmAD
solution stability was tested and shown to be stable for 24 h with 99.08% recovery in the
autosampler at room temperature (%RSD 0.25), and for 48 h at 2-8 °C (99.49%, %RSD
0.54), with non-significant differences comparative to the freshly prepared samples.

Accuracy was determined by spiking the placebo with known amounts of BS-DmAD to
obtain solutions at concentrations ranging from 4 to 6 mg/mL, which corresponded to
80—120% of the working concentration (5 mg/mL). Precision was studied in terms of
repeatability and intermediate precision. Repeatability was demonstrated as intraday precision
by evaluating DmADb solutions at three different concentrations, as described above.
Intermediate precision study was carried out by evaluating two samples by two independent
analysts (between-analysts) and on three consecutive days (inter-days). The data for accuracy

and precision studies were presented in Table 1I.

3.3 RP—-HPLC-F determination of sialic acids in DmAb samples

To optimize the RP—HPLC—F method for DmAb samples, tests were carried out to
determine which chromatographic conditions would lead to satisfactory selectivity, sensitivity
and resolution for sialic acids peaks. As can be seen, in almost all methods a Cis reversed-
phase column is used for separation [41]. Then, two different Cyg stationary phases (internal
diameter and pore size) Zorbax® 300—SB Cis (5 pm, 300 A, 150 mm x 4.6 mm) and a
Kinetex® EVO Cis (5 pm, 100 A, 250 mm x 4.6 mm) columns were tested. The Kinetex®
EVO Cis column was selected, due to better separation. As the column temperature strongly
and positively affects the peak elution, resolution and symmetry, it was tested at 25, 40 and 45
°C, and then maintained at 45 °C. The separation time or speed of analysis was evaluated and
the run time was adjusted to 15 min with no clustering of peaks.

Samples of DmADb (expressed in CHO cell lines), which contain NANA, and the
reference substance were analysed by the RP-HPLC-F method showing typical
chromatograms (Figures 3(a), (b) and (c)), and demonstrating three resolved and symmetrical
peaks with retention times of 9.2, 10.9, and 12.0 min. In addition, a sample incubated with
neuraminidase showed 57% decrease in total area of the peaks, as shown in Figure 3(d),
indicating cleavage of terminal NANA. The degraded sample was also subjected to in vitro

bioassay on the RAW 264.7 cell line, giving non-significant difference in biological activity
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(data not shown). In addition, possible interference from formulation excipients was
determined by analysing a sample that contained only placebo, and no peak was detected
(Figure 3(e)). The analytical curve generated for NANA was found to be linear over the range
of 1-15 pg/mL, calculated from y = (2506906) x — (1444863), and the r? was 0.999. Then, the
RP-HPLC-F method was applied to assess the levels of sialic acids in Prolia® (11.54 mg/mL)
and Xgeva® (13.57 mg/mL) DmAb formulations, giving concentrations of 0.16 and 0.17 pg
NANA/mg DmAD, respectively.

3.4 Application of the methods to pharmaceutical samples

Initially, DmAb was analysed by the CZE method, using seven manufacturing lots of
pharmaceutical product (Prolia®). The mean estimated content/potency was compared to
those obtained using validated SE-HPLC and RP-HPLC methods, as well as the in vitro
bioassay, giving mean differences of 1.87% lower, and 0.84% and 1.21% higher, respectively
(Table 111, 1-7). The experimental results were statistically compared by analysis of variance
(ANOVA), which showed non-significant differences (p > 0.05). In this context, since a
single method is not sufficient to resolve and characterize a protein, the multi-method strategy
enabled the exhibition of similarity/quality between production batches of DmADb, as also
demonstrated by Pearson's correlation coefficient (r) > 0.98, which was calculated
independently for each method described and combined to the CZE method. Besides, forced
degradation studies, that allow a side-by-side comparison of process production batches
within a short time period, were performed generating relatively high levels of degradations
for better comparison of charge variants, high-molecular-weight (HMW) proteins and
fragments from DmAb. Pharmaceutical samples were degraded as described, and were
analysed by the CZE and HPLC methods and subjected to in vitro bioassay, which revealed
significant (p < 0.05) effects on the potencies (Table 11, 2° — 29).

4 Discussion

The number of approved mAbs in the pharmaceutical area and the biosimilars potentially
entering the market are increasing nowadays, and the need of analytical techniques for
detailed characterization has also increased. Intrinsic micro-heterogeneity is a major concern
with mAbs and should be critically evaluated, because differences in the process or product-
related impurities and types of chemical modifications, could lead to serious health
implications and influence the bioactivity. If the potential impact on efficacy and safety

cannot be inferred only from the physicochemical methods, additional studies are
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recommended. Thus, a wide range of analytical methods was carried out to achieve this
examination for DmADb, including the CZE often classified as a “green” separation method.

MADbs have a tendency to adsorb onto the negatively charged surface of conventional
fused-silica capillaries, and many approaches were described to reduce protein adsorption,
including permanent or dynamic capillary coatings, use of extreme pH and high ionic strength
[10]. However, no coatings totally eliminate protein adsorption, and the separation
performances are also dependent of BGE composition and BGE pH [42]. Then, as no
permanently coated capillary was used, the additives EACA, TETA and Tween 20 were
added to the BGE to form a dynamic coating, which were essential to avoid interactions with
the capillary wall. The uncoated capillary provided good selectivity, without changes in the
electrophoretic resolution and no peak broadening was observed. It is worth to mention that
the research was performed including the use of a IS, which improves the precision of the
results, procedure not always followed in some publications [29,30]. Moreover, the CZE
method was validated, demonstrating excellent precision, linearity and accuracy to quantitate
DmADb and its charge variants in pharmaceutical products.

Moreover, from the perspectives of product quality, glycosylation is a relevant structure
to maintain mAb stability and N-glycosylation is one of the main contributors to the
heterogeneity of mAbs, mentioned at levels rarely exceeding 5% on the conserved Fc-glycans
[11]. Because N-linked glycans are not well detected by UV/Vis absorption detectors, they
were separated by RP—-HPLC-F and detected by fluorescence, which is a robust and sensitive
method for their analysis, necessary to select and monitor any variation in expression cells
during the manufacturing and to ensure consistency in quality, safety, and effectiveness. The
analysis of sialic acids by the proposed method can be useful in monitoring batch-to-batch
variation, which could be critical for the bioactivity, and it is also of particular interest for
comparability studies.

The analytical comparability of seven batches of Prolia® showed non-significant
differences of the estimated content/potencies compared to the SE-HPLC and RP-HPLC
methods and the osteoclast antiproliferative bioassay. In this context, for the first time a CZE
method was validated for the analysis of DmAb formulations, and applied in conjunction with
HPLC methods and bioassay, evaluating correlations of the results. This strategy constitutes
an important advance to improve the characterization of DmADb, which could be also used for

the evaluation of future biosimilar product.

5 Conclusion
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The potential demonstrated by the proposed CZE method will be useful to quantify
DmAb and its charge variants without prior separation of the excipients of the
formulation, with the added advantages of small sample volumes, no consumption of
organic solvents, and a shortened analysis time. Moreover, the analysis of the levels of
sialic acids constitutes an important advance to improve the characterization of the
DmADb because of the possible impact on the biological activity. In this context, the
capability demonstrated for each one of the methods in the correlation studies
represents an advance in terms of the quality, safety and efficacy of bulk and finished
biotechnology-derived medicine, contributing to ensure batch-to-batch consistency and

to support future biosimilarity studies.
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Table 1
Variables selected as factors and levels investigated during the robustness testing using the

multi-variable-at-a-time (MVAT) procedure with the capillary zone electrophoresis (CZE)

method.

Factor Optimal Low level High level
EACA solution pH 4.8 4.7 4.9
EACA concentration (mmol/L) 300 290 310

Time injection (S) 5 4 6

Tween 20 concentration (%) 0.03 0.02 0.04




Table 2

Accuracy and precision of CZE method for determining denosumab (DmADb) in pharmaceutical products.

Accuracy Precision
Repeatability? Between-analysts? Inter-days®
Nominal concentration Accuracy® Bias® RSDP RSDP RSDP
(mg/mL) (%) (%) (%) Sample (%) (%)
4 100.73 0.73 0.12 1 1.90 0.89
5 102.59 2.59 0.17 2 0.86 1.81
6 101.51 151 1.60

2= Mean of three replicates.

b= RSD, Relative standard deviation.

¢= Bias = [(Measured concentration — Nominal concentration)/Nominal concentration] x 100.
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Table 3
Analysis of DmADb in pharmaceutical products by CZE, size exclusion high-performance liquid chromatography (SE-HPLC) and reversed-phase
high-performance liquid chromatography (RP-HPLC) methods and bioassay.

CZE? SE-HPLC? RP-HPLC? In vitro bioassay?
Theoretical Charge High-molecular-weight Main Confidence
amount Found variants Monomer proteins peak Fragments Potency intervals
Sample (mg/mL) (%) (%) (%) (%) (%) (%) (%) (P=0.95)
1 60 100.57 6.19 102.49 0.69 99.98 0.05 99.50  91.40-108.80
2 60 98.98 5.04 101.10 0.84 97.87 0.04 97.20  89.80-108.10
3 60 94.23 6.10 95.98 0.36 93.90 0.12 92.80  85.20-101.00
4 60 106.06 8.44 108.12 0.74 105.33 0.11 104.40 97.60-111.70
5 60 100.08 6.52 101.97 0.27 99.54 0.12 99.90  93.20-107.10
6 60 101.79 7.84 102.90 0.92 100.96 0.06 99.80  93.50-106.60
7 60 95.84 5.11 98.11 0.68 94.12 0.18 95,50  88.50-103.00
Mean - 99.65 6.46 101.52 0.64 98.81 0.10 98.44 -
SDP - 3.90 1.28 3.85 0.24 4.00 0.05 3.71 -
ANOVA between methods: F calculated = 0.88
2¢ - 83.63 6.02 86.11 1.14 81.30 1.23 78.70 68.00-91.10
24 - 60.88 7.44 63.54 3.42 58.33 2.54 5790  49.00-68.20
2° - 85.92 6.01 86.13 2.14 83.95 0.94 81.00 70.70-92.90
2f - 76.73 591 79.10 1.97 73.98 1.57 70.90 61.30-81.80
2¢ - 69.85 4.62 71.99 2.63 64.22 2.37 Nt " -

a= Mean of three replicates. = SD, Standard deviation. = Low pH. %= High pH. = Thermal. = Photolytic condition 9= Oxidation. "= Nt, Not tested.
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Legends to Figures

Figure 1 Capillary zone electrophoresis (CZE) electropherograms showing peaks 1 =
aprotinin (APT); peaks 2 = basic variants; peak 3 = denosumab (DmADb); peaks 4 = acid
variants. (a) Representative DmADb biological reference substance (BS-DmADb). (b)
Pharmaceutical product. BS—DmAb following degradation under conditions of: (c) low pH,
(d) high pH, (e) thermal, (f) photo and (g) oxidation. (h) Placebo. (i) Purified water.

Figure 2 Pareto charts representing the effects of the variables and their interactions
investigated during robustness testing for the determination of DmAb by CZE method.

Figure 3 Reversed-phase high-performance liquid chromatography with fluorescence
detection (RP—HPLC—F) chromatograms showing peaks 1, 2 and 3 = sialic acids. (a) 5 pg/mL
N-acetylneuraminic acid (NANA). (b) Prolia® (11.54 mg/mL) and (c) Xgeva® (13.57 mg/mL)
DmADb formulations. (d) Incubation of Xgeva® (13.57 mg/mL) with neuraminidase. (e)
Placebo. (f). Blank.
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Abstract: Denosumab (DmAD) is a biotechnology-derived monoclonal antibody (mAb) that
inhibits the osteoclastogenesis, and it is clinically used to treat bone loss. An in vitro RAW
264.7 cell-based bioassay was validated for the potency assessment of DmAb, demonstrating
excellent linearity, precision, and accuracy. The assay was utilized to assess the bioactivity of
DmADb in manufactured formulations, giving mean estimated potency of 100.80%. These
results were compared with those obtained by the size-exclusion high-performance liquid
chromatography (SE-HPLC) method, which enabled mean potency 0.07% higher, related to
the bioassay. The validated in vitro bioassay offers a powerful tool for the potency assessment
of DmAD, and provides valuable information, to improve the quality control, and to assure the
efficacy and safety of the biotechnology-derived products.

Key-words: Denosumab; Monoclonal antibody; RAW 264.7 cell culture bioassay; validation;

Size-exclusion high-performance liquid chromatography.
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1. Introduction

Denosumab (DmADb) is a tetrameric glycoprotein having a molecular mass of
approximately 147 kDa, composed of two heavy chains and two light chains, inter-linked by
several disulfide bridges, and having N-linked-glycan located in the asparagine 298 [1,2].

DmADb is a fully human monoclonal antibody (mAb) against receptor activator of
nuclear factor—kappa B (RANK) ligand (RANKL). It prevents RANKL from binding to its
receptor, RANK, on the surface of osteoclasts, thereby blocking their maturation, function,
survival, and activity, resulting in a decrease of bone resorption [3]. In terms of therapeutic
applications, DmADb is approved for various indications, including multiple myeloma, giant
cell tumor of bone, osteoporosis, bone loss in men being treated for prostate cancer and
women being treated for breast cancer [4,5].

Therapeutic monoclonal antibodies (mAbs) are composed by complex structures and
due to the developing processes (cell culture, purification, formulation, and storage), an in-
depth analysis is necessary [6]. Such as DmAb, most of the mAbs are produced in
mammalian cells where the cellular machinery can conduct complex post-translational
modifications (PTMs), and they have many surface-exposed areas that are prone to
modifications. These events are the leading causes of structural heterogeneities.
Characterization and control of these PTMs are critical to ensure antibody quality and to
define any potential effects on the ultimate safety and potency of mAbs therapeutics. The
PTMs can affect biological function, efficient secretion, efficacy, and stability [7].

The biopharmaceutical industry currently uses different tools to analyze the quality
attributes individually, which requires substantial time and resources [8]. Basic cornerstones
are the analysis of charge-heterogeneity, the determination of the protein structure and
glycosylation profiling, the detection and characterization of aggregation, and oxidation of
amino acid residues [9,10]. In addition, bioactivity is another critical and relevant attribute
measured by the bioassay [11]. Then, analytical methods are of utmost importance during all
steps of the manufacturing process and a combination of various analytical techniques for
characterization needs to be applied [12,13]. An useful method to analyze aggregates is the
size-exclusion high-performance liquid chromatography (SE-HPLC) [14].

Therapeutic mAbs have been show a rapid development in the treatment of various
diseases [15,16]. Currently, there are two commercially available formulations of DmAD;
Xgeva® and Prolia® [1,2]. Considerable works have been performed to characterize mAbs in
order to ensure their quality [17—19]. Less information is available for DmADb proteins, and

individual method development and validation will usually be necessary, as a general
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standardized protocol for DmAb analysis is currently not available [20,21]. Moreover, as
some patents of mAbs products are expiring, the development of similar biotherapeutic
products is becoming more popular and the establishment of an efficient platform for quality
analysis is critical development [22].

In this context, the aim of this work was to validate an antiproliferative RAW 264.7
cell-based bioassay for the potency assessment of DmAb in pharmaceutical formulations, and
to correlate the results with those of the SE-HPLC method. Thus, contribute to the
establishment of methodologies to improve evaluation of quality attributes, during

formulation development and for quality control of marketed products.

2. Material and methods
2.1 Chemicals and reagents

Commercial samples of Prolia® and Xgeva® from Amgen (Sdo Paulo, Brazil), with a
label claiming 60 mg/mL and 120 mg/1.7 mL of DmAD, respectively, within the expiry date,
were acquired from commercial sources. AlamarBlue™ cell viability reagent was obtained
from Thermo Scientific (Vantaa, Finland), macrophage colony stimulating factor (M—CSF)
was obtained from the National Institute for Biological Standards and Control (NIBSC)
(Herts, UK) and human RANKL was obtained from ABCAM (San Francisco, CA, USA).
Foetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium chloride, sodium hydroxide
(NaOH), potassium phosphates and sorbitol were privided by Merck (Darmstadt, Germany).
Purified water was obtained using Merck Millipore (Bedford, MA, USA) Milli-Q A10
system.

2.2 Apparatus

In vitro bioassays were accomplished using a Thermo Scientific Water Jacketed CO>
incubator and Thermo Scientific Varioskan® Flash microplate reader. SE-HPLC experiments
were performed using a Shimadzu (Kyoto, Japan) HPLC system equipped with a photodiode

array detector and LC Solution Version 1.22 SP1 data acquisition software.

2.3 Reference and sample solutions
All reference solutions of DmAb were prepared from the medicine Xgeva®, that was

used as the representative DmAD biological reference substance (BS-DmADb). BS-DmADb and



65

samples of Prolia® were diluted in water for injection to 1 mg/mL for the in vitro bioassay,
and in purified water to a final concentration of 5 mg/mL for the SE-HPLC method.

2.4 Antiproliferative RAW 264.7 in vitro bioassay

The antiproliferative bioassay was accomplished in triplicate, in 96-plates, following
the procedure described elsewhere [21], to determine the bioactivity of DmAb on human
RANKL induced osteoclast differentiation. RAW 264.7 macrophage cells (ATCC®
TIB—71™) were seeded a density of 6 x 10° cells per well and were incubated with 30 ng/mL
human RANKL peptide and 30 ng/mL M—CSF for 4 days, to differentiate into functional
osteoclasts. Following the incubation, five concentration ranges of BS—-DmAb and DmAD,
starting with 10 pg/mL, were added and the bioassay plates were incubated for 2 days.
Finally, 20 pL per well alamarBlue™ reagent was added, followed by 4 h incubation. The
cells were kept in an atmosphere of 95% (v/v) air and 5% (v/v) CO,, at 37 °C, during this
study. The responses were quantified in absorbance mode with a microplate reader. The
CombiStats™ software developed by the EDQM was used to assess the potencies, by the
parallel-line statistical method. The assays were valid with respect to parameters required by

the software, i.e. regression, linearity and parallelism, and yielded highly consistent results.

2.4.1 Validation of the bioassay
The performance of the in vitro bioassay was investigated using pharmaceutical
products of Prolia® and Xgeva®. The validation parameters were determined following

specific guidelines: specificity, linearity, robustness, accuracy, and precision [23—25].

2.4.1.1 Specificity

To determine the bioassay specificity, the biopharmaceutical samples were
independently spiked with known amounts of ramucirumab (10 mg/mL), certozulimab pegol
(200 mg/mL), recombinant human growth hormone (4 1U/mL) and interleukin-11 (5 mg/mL).
Interference from the formulation excipients was determined by using a sample containing
only a placebo (in-house mixture of sorbitol, acetate, polysorbate 20, and NaOH to adjust to
pH 5.2) [1,2].

2.4.1.2 Linearity
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Linearity was determined by the dose-response curve, constructed over the 1.0-1,000 pg/mL
range. The results were subjected to regression analysis by the least squares method, to

calculate the calibration equation and determination coefficient.

2.4.1.3 Precision and accuracy

Bioassay precision was determined by means of repeatability (intra-days) and
intermediate precision. Repeatability was examined by six evaluations of the same DmADb
concentrations, on the same day, under the same experimental conditions. The intermediate
precision was assessed by analysis of two samples (1 and 2) on two different days (interday),
and also by two different analysts, in the same laboratory (between-analysts). The bioassay
accuracy was evaluated by recovering known amounts of BS-DmAD, that was added in an in-
house mixture of excipients, to obtain solutions at concentrations of 0.8-800 pg/mL, 1.0-
1,000 pg/mL and 1.2-1,200 pg/mL, equivalent to 80, 100, 120% of the nominal
concentrations, respectively. Accuracy was calculated as the percentage of the drug recovered
from the formulation; it was expressed as the percentage relative error (bias %) between the

measured mean concentrations and the added concentrations.

2.4.1.4 Robustness

The bioassay robustness was determined by analyzing a DmAb sample under a variety
of conditions of the bioassay parameters: FBS concentration, cell concentration, incubation
time with AlamarBlue, and time of exposure to DmAb. To assess the stability of DmADb
samples, analyses were performed after their storage at 2-8 °C for 24 and 48 h. The
experiments were performed, and any changes in potency assessment were registered, as

compared with freshly prepared solutions.

2.5 SE-HPLC procedure

Analyses were accomplished by adjusting previously published method [21]. The
method carried out on a TSKGel G3000SWx. column (300 mm x 7.8 mm, 5 um, 125 A) kept
at 25 °C. The mobile phase composition was 200 mmol/L sodium chloride, 8 mmol/L
potassium phosphate dibasic, and 1 mmol/L potassium phosphate monobasic, pH 7.4. The
flow rate was 1.0 mL/min and the detector operating at 214 nm. Injection volume was 1 pL of

a solution containing 5 mg/mL DmADb.

2.6 Analysis of pharmaceutical products
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Six batches of pharmaceutical products of DmAD, available for clinical use, were
selected and labelled from 1 to 6, and subjected to the validated in vitro bioassay and the
SE-HPLC method.

3. Results and discussion

3.1 Optimization of the RAW 264.7 cell line in vitro bioassay

As previously observed in an in vitro assay, treatment of the RAW 264.7 macrophage
cells (ATCC® number TIB—71™) with different concentrations of DmAb resulted in
reduction of the cell proliferation [20]. Then, the inhibition of osteoclast cells proliferation
and the bioactivity of DmADb were investigated on RAW 264.7 cells, showing high inhibition
of cells proliferation in a dose-dependent manner. Thus, the RAW 264.7 cell line of
macrophages, that serves as osteoclast precursors, was selected and the bioassay was
developed based on the mechanism of action associated with DmAb. The incubation with M—
CSF and human RANKL stimulates osteoclastogenesis and lead to formation of functional
osteoclasts [21]. The bioassay conditions were optimized under parameters described in the
robustness (Table 2), which include days of exposure to human RANKL peptide and M—CSF,
and time of exposure to DmAD.

3.2 Validation of the RAW 264.7 in vitro bioassay

The bioassay was validated with Xgeva® as a reference, and samples of
pharmaceutical product Prolia®. The assays were performed with the doses in triplicate. The
spiked pharmaceutical samples were evaluated showing non-significant differences between
the potencies, which confirmed the specificity of the bioassay (p > 0.05). The dose-response
curves of the bioassay were found to be linear over the range 10-1,000 pg/mL. The
determination coefficient (r?), calculated from y = —0.0874 x + 0.7479, was r? = 0.9996 and
confirmed the linearity.

The repeatability was studied from six assays and the obtained relative standard
deviation (RSD%) was 6.21%. The RSD% values for intermediate precision were found to be
0.82% and 0.43% for interday precision and 0.42% and 0.76%, for between-analysts
precision, as demonstrated in Table 2. The accuracy of the bioassay was assessed and the
absolute means obtained, with a value of 102.33% and with bias lower than 3.60% (Table 2),

confirmed that the bioassay will accurately capture the biological activity of DmAb products.
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The results of the robustness and the experimental range of the selected variables
evaluated are given in Table 2, together with the optimized values. There were no significant
changes in the potencies calculated, when modifications were introduced into the
experimental conditions, thus showing the bioassay to be robust. The stability of the DmADb
sample solutions was assessed and the data obtained showed non-significant changes (RSD <
2%), relative to freshly prepared samples, as recommended, after maintained at 2-8 °C for 48
h.

3.3 Potency assessment by SE-HPLC method and validated bioassay

The SE-HPLC method was optimized performing the experiments with higher
analytic concentration (5 mg/mL), as close as clinically used for DmAb, with less dilution
steps. The lower injection volume (1 pL) enabled these optimizations without effects in
detector saturation and with no clustering of peaks. The TSKGel 3000SWxL column
(separation range of 10 up to around 500 kDa) was selected due to the detection and
assessment of dimmers (300 kDa) and the monomer peak of DmADb (150 kDa). The retention
times of high molecular weight (HMW) proteins and monomer (DmAb) were 7.3 and 8.6
min, respectively, and run time of 15 min. Typical chromatograms obtained by the analyses of
DmADb by the new SE-HPLC method were demonstrated in Figure 1, showing the similarity
of the products tested, with comparable retention time, and percent of monomer area. Then,
six pharmaceutical samples of DmAb were subjected to the SE-HPLC analysis giving
estimated content potency of 100.87%, with differences of 8.34% between the lots
manufactured. HMW proteins were also evaluated showing mean values of 1.32%, with
differences of 1.56% between the batches, demonstrating comparable content of HMW
proteins (Table 3).

The validated RAW 264.7 in vitro bioassay was used to assess the potency of the same
batches of DmAb pharmaceutical products, giving the results demonstrated in Table 3, with
differences of 11.70% between the lots manufactured. Besides, the bioassay enabled
estimated potencies 0.07% lower related to the SE-HPLC method. The correlation between
the bioassay and SE-HPLC method were demonstrated by Pearson's correlation coefficient
(r), which showed value of 0.96.

It is convenient to mention that the bioassay measures the activity of the product,
which is an important quality attribute, and ensures the integrity of the mAb with respect to its
higher order structure, especially when the direct assessment of the structure is challenging.

The bioassay can also provide useful information when a drug substance has more than one
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form and a manufacturing change shifts the distribution of forms, determination of the
bioactivity of the various forms may be of value in assessing the impact of the change [7,11].
The advances enabled by the biotechnology resulted in new products available for
clinical use. Innovator’s product information remains proprietary and is not widely available.
Therefore, the biosimilar manufacturer begins with only the final product and must work to
develop a process to produce the biosimilar product [22]. Then, in general, the identity,
heterogeneity, impurity content, and activity of each new batch of mAb has to be investigated
before release, and the analytical technologies by biological, physicochemical and

immunological methods are necessary [8].

4. Conclusion

The RAW 264.7 cell culture bioassay was validated and demonstrated the accuracy,
precision and specificity for the potency assessment of DmAb pharmaceutical formulations.
Moreover, the reported methodologies and the results achieved, contribute to establish a series
of tools forming a favorable analysis platform, that can be used to define well-characterized
the biotechnology-derived medicine, monitoring the bioactivity, aggregation, oxidation,
charge variants and sialylation of DmAD. Besides, the combination of the methods would be
essential to analyze DmADb formulations and they may also be relevant for future biosimilarity

studies of the biomolecule.
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Table 1

Accuracy and precision of bioassay for determining denosumab (DmADb) in pharmaceutical products.

73

Accuracy Precision
Repeatability & Sample Between-analysts 2 Inter-days @
Nominal concentration Accuracy 2 Bias ® RSD °© RSD°¢ RSD°¢
(Hg/mL) (%) (%) (%) (%) (%)
0.8-800 102.88 2.87 6.21 1 0.42 0.82
1.0-1,000 103.60 3.60 2 0.76 0.43
1.2-1.200 100.50 0.50

&= Mean of three replicates.

b= Bias = [(Measured concentration — Nominal concentration)/Nominal concentration] x 100.

€= RSD, Relative standard deviation.



Table 2
Robustness of osteoclast antiproliferative bioassay for determining denosumab (DmADb) in pharmaceutical products.

Variable Range investigated DmADb potency Confidence interval Optimized value
(%) (p=0.95)
Cell number 55 97.40 83.40-113.90 6
(x10%) 6.0 103.00 86.60—122.40
6.5 102.40 94.20-111.30
Incubation time with AlamarBlue reagent 3.0 98.00 88.10-109.00 4
(h) 4.0 101.00 86.30-118.20
5.0 108.70 95.70-118.90
FBS 0 102.70 86.80—-121.40 2
(%) 2.0 97.80 85.30-112.10
4.0 105.80 90.20-124.10
Time of exposure to DmAD 46 108.00 95.20-122.60 48
(h) 48 100.30 85.10-118.20
50 104.60 93.50-117.00
Batches of FBS 1.0 96.50 85.00-109.60 -
2.0 103.40 88.80-120.30
3.0 105.00 89.60-122.90
Batches of AlamarBlue reagent 1.0 100.80 82.90-122.60 —

2.0 96.80 81.20-115.40
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DmAD solution stability

Room temperature, 24h
Room temperature, 48h
Refrigerator, 24h
Refrigerator, 48h

93.20
92.10
115.30
100.00

84.00-103.40 -
92.10-100.80
106.60-124.80
93.30-107.20

2= Mean of three replicates.

b= RSD, Relative standard deviation.



Table 3
Analysis of DmAD in pharmaceutical products by bioassay and size-exclusion high-performance liquid chromatography (SE-HPLC) method.

In vitro Bioassay @ SE-HPLC?

Sample Theoretical amount Potency Confidence intervals Monomer HMW?¢ proteins

(mg/mL) (%) (P =0.95) (%) (%)
1 60 97.50 87.90 —108.20 97.88 1.43
2 60 99.60 88.00 —112.70 98.83 0.47
3 60 107.40 97.80-117.80 105.21 1.98
4 60 95.70 86.70 — 105.60 96.87 2.03
5 60 101.50 94.40-109.10 102.15 1.46
6 60 103.10 92.80-114.60 104.28 0.57
Mean - 100.80 — 100.87 1.32
SDP - 4.19 - 3.50 0.67

2 Mean of three replicates; ® SD, Standard deviation; ¢ HMW, High molecular weight.
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Legend to Figure

Figure 1. SE-HPLC chromatograms of the medicines Xgeva® and Prolia® injecting 1 pL at
concentrations of 5 mg/mL, showing: peak 1 = high molecular weight (HMW) proteins; peak
2 = denosumab (DmADb). (a) Medicinal product Xgeva®, used as representative DmAb

biological reference substance (BS-DmADb). (b) Medicinal product Prolia®.
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6 DISCUSSAO

Os avancos cientificos na area de biotecnologia possibilitaram a producdo dos mAbs, e
seu uso clinico tem aumentado progressivamente. Os processos biotecnoldgicos séo
complexos, mas a eficacia e seguranca dos produtos, combinadas com resultados positivos no
tratamento de doengas que ndo respondiam a tratamentos convencionais, estdo impulsionando
as acOes das Industrias Farmacéuticas, observando-se neste momento, o inicio de uso de
mADbs no tratamento da COVID-19 (BRASIL, 2021).

Algumas empresas internacionais, e tambeém as nacionais, estdo envolvidas em
projetos biotecnolégicos em parceria com o0 Ministério da Saude, com foco
predominantemente, na producdo de biossimilares (SALERNO et al., 2018). Mas, para que
estes possam ser produzidos e aprovados para uso na area clinica, necessitam de tecnologias
analiticas que demonstrem estrutura, eficacia e seguranca semelhantes as do produto
biolégico novo (BRASIL, 2010, BRASIL, 2011). Os processos de producdo e as
metodologias analiticas para controle da qualidade lote a lote dos produtos sdo geralmente de
dominio das empresas detentoras da patente de registro, em geral multinacionais (EMA,
2017).

No Brasil, a area Farmacéutica ainda ¢ dominada por produtos importados, com
elevado custo de producdo e consequentemente de comercializacdo. A patente do DmAD esta
prevista para expirar no ano de 2022 em alguns paises da Unido Europeia e 2025 nos Estados
Unidos (BUSSE; LUFTNER, 2019). Considerando a efetividade dos produtos na melhora dos
resultados de saude, bem como a extensdo de seus usos clinicos desde que foi registrado, é
provavel um movimento crescente em torno dos biossimilares da biomolécula. As referéncias
cientificas descrevem trabalhos relacionados ao desenvolvimento de metodologias analiticas
para mADbs, utilizando métodos e equipamentos especificos, mas observa-se a auséncia de
trabalhos que apresentem modelos ou ferramentas de aplicacdo para controle de qualidade do
DmADb, imprescindiveis para que os biossimilares sejam aceitos pela ANVISA, ou até mesmo
em nivel internacional. Além disso, ainda ndo existem monografias farmacopeicas para sua
andlise.

A eficacia clinica dos mAbs, e especialmente do DmADb, pode ser muito influenciada
por pequenas variagOes estruturais e pelo processo de producdo, tornando necessario o
desenvolvimento de métodos que possam contribuir para a completa caracterizacdo da
biomolécula. Neste contexto, foram realizados estudos de métodos por ECZ e CL-FR-F, bem

como a validacéo do bioensaio in vitro, complementando os metodos por CL-EM ¢ CL-FR,
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previamente estudados (PEROBELLI et al., 2018). A discussdo a seguir esta baseada nas
pesquisas apresentadas nos Artigos 1 e 2 (SecOes 4 e 5), nos quais estdo detalhados os

métodos estudados e os resultados experimentais encontrados.

6.1 ARTIGO 1

Conforme apresentado, neste trabalho foi desenvolvido e validado método por ECZ
para quantificacdo de DmAb em produtos biofarmacéuticos e para avaliacdo de suas variantes
de carga. As estratégias analiticas adotadas para estabelecer as condi¢cBes do método
asseguraram a separacdo das variantes de carga do DmAb em capilar de silica fundida
convencional. As variantes béasicas e &cidas migraram antes e ap6s o pico do DmAD,
respectivamente, que apresentou tempo de migracdo de 18,1 min, conforme ilustrado nas
Figuras 1. Para assegurar a precisdo entre as injecoes, a aprotinina (APT) foi utilizada como
padrdo interno, com tempo de migracdo de 11,3 min, motivo pelo qual o tempo de anélise do
método foi mais longo que o convencional. Como ndo existe padrdo internacional para o
DmADb e ha dificuldade para obtencdo de substancia ativa certificada junto a fornecedores
qualificados, optou-se pelo uso do produto comercial Xgeva® 120 mg/1,7 mL como
substancia de referéncia (BS—DmADb) para a validacdo do método analitico e analise dos
produtos acabados Prolia®.

A validacdo do método foi realizada avaliando o0s seguintes parametros:
adequabilidade do sistema, especificidade, linearidade, limites de deteccdo e quantificacéo,
precisdo, exatiddo e robustez. Os resultados obtidos durante a avaliagdo da adequabilidade do
sistema eletroforético cumpriram todas as especificagdes preconizadas, além de desvio padrédo
relativo (DPR) inferior a 1%. Deste modo, as condi¢des analiticas estabelecidas garantem
resultados confidveis (SHABIR, 2003). Os estudos de degradagdo forcada demonstraram o
perfil de degradacdo do DmAD e das variantes de carga frente a condic¢des de estresse acido,
béasico, fotolitico, oxidativo e térmico. A especificidade foi confirmada também pela avaliacdo
da interferéncia dos excipientes da formulacdo e da agua utilizada para diluicdo das amostras.

A curva de calibragdo foi linear na faixa de concentracdo de 0,95-20 mg/mL (r? =
0,999). A andlise estatistica foi realizada com o software STATGRAPHICS, ao nivel de
confianca de 5%. Os limites de deteccdo e quantificagdo foram 0,31 e 0,95 mg/mL,
respectivamente. A aplicacdo de pequenas modificagcGes nos parametros analiticos (atraves de
um planejamento multivariado) confirmaram a robustez. A exatiddo média foi de 101,61%

com “bias” inferior a 2,59%. Os valores de DPR inferiores a 1,90% confirmaram a preciséo,



82

uma vez que a literatura preconiza valores menores ou iguais a 2% (SHABIR, 2003). Por fim,
0 método por ECZ cumpriu 0s requisitos preconizados para os parametros validacdo, de
acordo com os guias internacionais (FDA, 2015; ICH, 2005) e foi entdo empregado para
quantificacdo de DmADb.

Sete lotes de produtos biofarmacéuticos de DmAb, com teor declarado de 60 mg/mL,
foram analisados pelos métodos validados por ECZ, CL-FR, CL-EM e pelo bioensaio in vitro
(Tabela 3). Observou-se que os teores/poténcias de DmADb determinados nos produtos pelo
método por ECZ foram em média 1,87% menores e 0,84% maiores, em relacdo aos métodos
por CL-EM e CL-FR, respectivamente, e 1,21% maiores quando comparados ao bioensaio
em células, com diferencas ndo significativas (p > 0,05), calculadas pela analise de variancia
(ANOVA). Os valores do coeficiente de correlacdo de Pearson (r) foram calculados e
indicaram correlacdo significativa entre os métodos (r > 0,98). As condicGes de degradacéo
forcada foram aplicadas para o lote 2 do produto, e os efeitos sobre a atividade biol6gica
foram demonstrados através do bioensaio in vitro.

Paralelamente a técnica por ECZ, foi desenvolvido método por CL-FR-F para
determinar o contetdo de acidos sialicos da biomolécula de DmAb. O &cido sialico presente
em IgGs enddgenas é o NANA, presente também na regido Fc das cadeias pesadas de mAbs
expressos em células CHO, incluindo o DmAb (AMBROGELLY et al., 2018). A ferramenta
proposta por Anumula (1995) para determinacdo de é&cidos sialicos em glicoproteinas e
adaptada pelo grupo de pesquisa (MACHADO et al., 2016) para eritropoietina, foi estudada e
otimizada para as formulacBes biofarmacéuticas de DmAb (Xgeva® e Prolia®). Os
cromatogramas da analise das formulagdes demonstraram trés picos com tempos de retencdo
de 9,2, 10,9, e 12,0 min (Figura 3c), identificados como acidos sialicos da biomolécula de
DmADb, confirmados pela analise da substancia de referéncia NANA (Figura 3a). Amostras de
agua ultrapurificada (utilizada para diluicdo das amostras) e de placebo (mistura dos
excipientes da formulacdo) foram também analisadas, demonstrando n&o interferir nas
determinag6es. Uma curva de calibracdo do NANA na faixa de concentragdo de 1-15 pg/mL
foi construida (y = (5.258.297,08) x — (2.218.335,94), r> = 0,999, regressdo linear
significativa) e foi utilizada para determinar a quantidade de acidos sialicos em um lote das
formulagdes Prolia® e Xgeva®. As concentragbes obtidas foram de 0,16 e 0,17 pg &cido

sialico/mg DmADb, respectivamente.

6.2 ARTIGO 2



83

O estudo de um unico método ndo é suficiente para analisar um produto
biotecnoldgico, e a validacéo é essencial para garantir a reprodutibilidade e confiabilidade dos
resultados. Por este motivo, o bioensaio previamente estudado (PEROBELLLI et al., 2018) foi
submetido a um protocolo de validacdo de acordo com as recomendacfes dos guias
internacionais. A validacdo foi realizada avaliando parametros de especificidade, precisao,
exatiddao e robustez. A especificidade foi confirmada pela avaliacdo da interferéncia dos
excipientes da formulacdo. A regido linear da curva dose resposta foi na faixa de concentragédo
de 10-1000 pg/mL (r? = 0,9996). A exatidio média foi 101,61% com bias inferior a 2,59%, e
os valores de DPR inferiores a 1,90% confirmaram a precisdo. A aplicacdo de pequenas
modificagfes nos pardmetros do bioensaio confirmaram a robustez. Nesse contexto, 0
bioensaio cumpriu 0s requisitos preconizados para os parametros validacéo, de acordo com as
recomendacdes da Farmacopeia Americana (USP 43, 2021).

O método por CL-EM (PEROBELLI et al., 2018) foi otimizado, passando-se a utilizar
volume de injecdo de 1 pL e concentracdo de andlise do DmAb de 5 mg/mL. A coluna
cromatografica TSKGel 3000SWx. Tosoh Bioscience (300 mm x 7,8 mm, 5 um, 125 A,
separacdo de biomoléculas entre 10 a 500 kDa) foi mantida a 25°C e é adequada para
separacdo do DmADb (147 kDa) e suas proteinas de alta massa molecular, evitando a exclusdo
de outros possiveis componentes. O tempo de analise foi mantido em 15 min, com tempo de
retencdo das proteinas de alta massa molecular em 7,3 min e do DmAb em 8,6 min.

Sete lotes de produtos biofarmacéuticos de DmAb, com teor declarado de 60 mg/mL,
foram analisados pelo bioensaio in vitro validado e pelo método por CL-EM otimizado
(Tabela 3). Observou-se que os teores/poténcias de DmADb determinados nos produtos pelo
biensaio foram em média 1,87% menores em relagdo ao método por CL-EM, com diferencas
néo significativas (p > 0,05), calculadas pelo Teste t de Student. Os valores do coeficiente de
correlagdo de Pearson (r) foram calculados e indicaram correlacdo significativa entre os
métodos (r > 0,96).

Por sua vez, com o0s avangos alcancados nos estudos dos métodos analiticos para
mADbs, percebeu-se que o método por CL-FR para analise de DmAb e seus fragmentos
(PEROBELLI et al., 2018) também poderia ser aprimorado. O método por CL-FR foi entdo
modificado, utilizando a coluna Zorbax® 300-SB C18 (5 um, 300 A, 150 mm x 4,6 mm)
Agilent, que apresenta estabilidade em pH baixo e em altas temperaturas (at¢é 90 °C),
adequada ao uso de fases mdveis compostas por TFA e que permitiu a execucdo do metodo a
80 °C. Essas alteracOes viabilizaram aumento na eficiéncia de separacdo, com redugédo da

viscosidade da fase mdvel e da pressdo gerada no equipamento. O tempo de analise foi



84

reduzido de 25 min para 15 min, com tempo de retencdo do DmAb em 5,1 min. A utilizagéo
de volume de inje¢do de 1 pL viabilizou manter a concentracdo de analise dos produtos
biofarmacéuticos em 5 mg/mL. As modificacbes nos métodos cromatograficos foram
importantes para identificacdo e caracterizacdo do anticorpo monoclonal alvo em
concentragOes de anélise 0 mais proximas possiveis daquelas utilizadas na pratica clinica, para
o DmADb 60 mg/mL (Prolia®) e 70,59 mg/mL (Xgeva®). A saturacdo do detector e a resolucéo
das proteinas relacionadas serviram como parametro para as escolhas (dados ndo mostrados).
Portanto, as pesquisas realizadas demonstram a eficiéncia dos métodos para avaliacao
de DmAb em produtos biofarmacéuticos, destacando-se a especificidade da técnica por ECZ
para monitorar as variantes de carga, a capacidade de separacdo e quantificacdo de proteinas
de alto ou baixo peso molecular por CL-EM, a avaliagdo de fragmentos por CL-FR e a
determinacdo dos residuos de acidos sialicos por CL-FR—F. No mesmo sentido, o bioensaio
por cultura de células in vitro para avaliacdo da atividade bioldgica. Este conjunto de
tecnologias possibilita identificar a integridade da biomolécula nas formulagtes
biofarmacéuticas disponiveis para uso clinico, bem como avaliar as modificacbes e
degradacbes que podem ocorrer durante sua producdo, condicBes de transporte e
armazenamento. A combinacdo dos métodos eletroforético, cromatograficos e o bioensaio
constitui-se em importante contribuicdo que pode ser aplicada nas etapas do processo de
producdo, purificagdo, formulacdo e para os produtos acabados, garantindo os atributos de
qualidade e seguranca. Por fim, a pesquisa estabelece bases para a area Farmacéutica avancar

no estudo de biossimilares de DmADb.
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7 CONCLUSAO

a)

b)

f)

9)

Desenvolveu-se e validou-se método por ECZ que forneceu resultados de acordo com os
requisitos preconizados, para quantificacdo de DmAb em produtos biotecnoldgicos, bem
como para avaliagcdo de variantes de carga.

Otimizou-se método por CL-FR—F para quantifica¢ao dos residuos de acidos sialicos nas
moléculas de DmAb em produtos biofarmacéuticos.

Otimizou-se e validou-se o bioensaio antiproliferativo da osteoclastogénese por cultura
de células RAW 264,7 in vitro, que forneceu resultados de acordo com 0s requisitos
preconizados, para avaliagdo da atividade biologica do DmADb.

Otimizou-se e aplicou-se 0 método por CL-EM para quantificacdo do DmADb e avaliacéo
de proteinas de alta massa molecular em formulag6es biofarmacéuticas.

Otimizou-se e aplicou-se 0 método por CL-FR para quantificacgio do DmAb e a
avaliagcdo de fragmentos em formulagdes biofarmacéuticas.

Recomenda-se a avaliacdo de DmAb em formulagdes biofarmacéuticas atraves do uso em
conjunto dos métodos fisico-quimicos apresentados, em combinacdo com o bioensaio por
cultura de células in vitro, pois viabiliza a determinagdo de variantes de carga, proteinas
de alta massa molecular, fragmentos, residuos de &cidos sialicos e atividade bioldgica de
DmADb, e representa contribuicdo importante para complementar a caracterizagdo da
biomolécula.

Os métodos estudados nesta tese de doutorado estabelecem bases para progressivos
trabalhos cientificos e contribuem para aprimorar o controle da qualidade na &rea de

produtos biotecnologicos disponiveis e em pesquisa no Pais.
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