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RESUMO

PESQUISA DE METODOS CRQMATOGRAFICOS PARA QUANTIFICACAOE
CARACTERIZACAO DO CERTOLIZUMABE PEGOL

AUTOR: Clovis Dervil Appratto Cardoso Juanior
ORIENTADOR: Sérgio Luiz Dalmora

O certolizumabe pegol (CZP) € um fragmento de um anticorpo monoclonal (mAb)
humanizado recombinante produzido em E. coli, conjugado com polietilenoglicol
(PEG) que atua inibindo a atividade do Fator de Necrose Tumoral alfa (TNF-a). O
CZP apresenta indicagdo terapéutica no tratamento de enfermidades inflamatorias
crbnicas como, a artrite reumatoide e a doenca de Crohn. Métodos por
cromatografia liquida por exclusdo molecular (CL-EM) e por fase reversa (CL-FR)
foram desenvolvidos e validados para quantificacdo de CZP em produtos
biotecnoldgicos. O método por CL-EM foi desenvolvido em coluna cromatografica
BioSep-SEC-S3000 (300 x 4,6 mm, 5um, 290 A) mantida & 35°C. A fase movel A
consistiu de 100mM de fosfato de s6dio monobésico e 200mM de cloreto de sédio
pH 7,0 e a fase mével B consistiu de Etanol (95:5, v/v), com fluxo de 0,5mL/min e
deteccdo por DAD a 214 nm. No método CL-FR determinou-se a condi¢cdo analitica
com coluna Zorbax 300SB C18 (4.6 x 150 mm, 3,5 um), mantida a 80°C, com fase
movel A constituida de 0,1% (v/v) de acido trifluoracético (TFA) em agua e fase
movel B elaborada por propanol:acetonitrila:dagua: TFA (70:20:9,9:0,1, v/v). A eluicéo
ocorreu em gradiente de concentracdo da fase mével em fluxo de 1 ml/min e
deteccao por detector de arranjo de diodos (DAD) em 214nm. O CZP foi eluido nos
tempos de retencdo de 5,6 e 9,0 min, sendo linear na faixa de concentracéo de 1 —
40 mg / mL (r? =0,9993) e 1 — 40 mg / mL (r? = 0,9997), respectivamente, para CL-
EM e CL-FR. A especificidade dos métodos foi investigada por estudos de
degradacdo forcada, interferéncia dos excipientes da formulacao e analise da pureza
dos picos. Os limites de deteccado e quantificacdo foram de 0,14 e 0,41 mg / mL para
o método por CL-EM e 0,06 e 0,17 mg / mL para CL-FR. As médias da exatidao
foram de 100,50 e 99,80 com bias de 0,85 e 0,82 %, respectivamente, para 0s
métodos por CL-EM e CL-FR. A validacdo dos métodos seguiu as diretrizes
estabelecidas nos guias oficiais da Agéncia Nacional de Vigilancia Sanitaria
(ANVISA) e da Conferéncia Internacional de Harmonizacdo (ICH). Além disso,
estudou-se bioensaio por cultura celular utilizando a linhagem MONO-MAC-6
estimulada por lipopolissacarideo (LPS), para avaliacdo da atividade biologica do
CZP e inibicao da liberagédo de TNF-a, que se mostrou significativa. Realizaram-se
estudos de correlagdo entre os métodos validados, visando contribuir para aprimorar
o controle de qualidade do produto biotecnoldgico, no intuito de garantir a seguranca
e eficacia terapéutica.

Palavras-chave: Certolizumabe pegol. Cromatografia liquida por excluséao
molecular. Cromatografia liquida em fase reversa. Validag&o. Bioensaio.



ABSTRACT

RESEARCH OF CHROMATOGRAPHIC METHODS FOR QUANTIFICATION AND
CHARACTERIZATION OF CERTOLIZUMAB PEGOL

AUTHOR: Clovis Dervil Appratto Cardoso Junior
ADVISER: Sérgio Luiz Dalmora

Certolizumab pegol (CZP) is a fragment of a recombinant humanized monoclonal
antibody (mAb) produced in E. coli, conjugated with polyethylene glycol (PEG) that
acts by inhibiting the activity of Tumor Necrosis Factor alpha (TNF-a). CZP has a
therapeutic indication for the treatment of chronic inflammatory diseases such as
rheumatoid arthritis and Crohn's disease. Size exclusion chromatography (SEC) and
Reversed phase liquid chromatography (RP-LC) methods were developed and
validated for quantification of CZP in biotechnological products. The CL-EM method
was developed on a BioSep-SEC-S3000 chromatographic column (300 x 4.6 mm,
5um, 290 A) maintained at 35°C. Mobile phase A consisted of 100mM monobasic
sodium phosphate and 200mM sodium chloride pH 7.0 and mobile phase B
consisted of Ethanol (95:5, v/v), with a flow of 0.5mL/min and detection by DAD at
214 nm. In the CL-FR method, the analytical condition was determined with a Zorbax
300SB C18 column (4.6 x 150 mm, 3.5 um), maintained at 80°C, with mobile phase
A consisting of 0.1% (v/v) of trifluoroacetic acid (TFA) in water and mobile phase B
prepared by propanol:acetonitrile:water: TFA (70:20:9,9:0.1, v/v). Elution took place in
a mobile phase concentration gradient at a flow of 1 ml/min and detection by a diode
array detector (DAD) at 214nm. CZP was eluted at retention times of 5.6 and 9.0 min,
being linear in the concentration range of 1 - 40 mg/ mL (r> =0.9993) and 1 - 40 mg /
mL (r? = 0.9997), respectively, for SEC and for RP-LC. The specificity of the methods
was investigated by forced degradation studies, interference of formulation excipients
and analysis of peak purity. The limits of detection and quantification were 0.14 and
0.41 mg / mL for the SEC method and 0.06 and 0.17 mg / mL for RP-LC. The
accuracy means were 100.50 and 99.80 with a bias of 0.85 and 0.82%, respectively,
for the SEC and RP-LC methods. The validation of the methods followed the
guidelines established in the official guides of the National Health Surveillance
Agency (ANVISA) and the International Conference on Harmonization (ICH). In
addition, a cell culture bioassay using the MONO-MAC-6 stimulated by
lipopolysaccharide (LPS) was studied to evaluate the biological activity of CZP and
inhibition of TNF-a release, which proved to be significant. Correlation studies were
carried out between the validated methods, aiming to contribute to improve the
quality control of the biotechnological product, in order to ensure safety and
therapeutic efficacy.

Keywords: Certolizumab pegol. Size-exclusion liquid chromatography. Reversed-
phase liquid chromatography. Validation. Bioassay.
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APRESENTACAO

A presente tese de Doutorado encontra-se de acordo com os padrées e
normas estabelecidas pelo manual de dissertacdes e teses (MDT) da Universidade
Federal de Santa Maria (UFSM) do ano de 2021. A pesquisa compreende o
desenvolvimento e validacdo de métodos por cromatografia liquida de alta eficiéncia
para a quantificacdo do anticorpo monoclonal Certolizumabe pegol, bem como o
estudo do bioensaio por cultura de células para avaliacdo da atividade biologica. Os
resultados obtidos deram origem a dois artigos cientificos que serdo submetidos a
publicacdo. As sec¢des MATERIAIS E METODOS e RESULTADOS encontram-se
nos ARTIGOS CIENTIFICOS, que apresentam a integra da pesquisa realizada. As
REFERENCIAS referem-se apenas as citacbes das secbes INTRODUCAO,
REVISAO BIBLIOGRAFICA E DISCUSSAO da Tese, pois as referéncias utilizadas
para elaboracdo dos artigos cientificos estdo descritas nos mesmos.
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1 INTRODUCAO

Os produtos biologicos, assim como os demais medicamentos, sao utilizados
para prevencao e tratamento de diversas doencas humanas. Em contraste com as
substancias obtidas por sintese quimica, que possuem estrutura simples, bem
definida e de baixo peso molecular, os produtos bioldgicos sdo produzidos por
processos biotecnolégicos que originam moléculas com estrutura complexa e de alto
peso molecular (FDA, 2015).

Por definicAo da Agéncia Nacional de Vigilancia Sanitaria (ANVISA), os
medicamentos bioldgicos podem ser classificados em seis grupos: (l) vacinas; (Il)
soros hiperimunes; (Ill) hemoderivados; (IV) biomedicamentos obtidos a partir de
fluidos biologicos, tecidos de origem animal ou a partir de procedimentos
biotecnoldgicos; (V) medicamentos contendo microrganismos vivos, atenuados ou
mortos; e (VI) anticorpos monoclonais (mAb’s) (BRASIL, 2010).

Os anticorpos monoclonais e suas aplicacdes terapéuticas tém aumentado
significativamente, com expectativas cada vez maiores para o futuro, pois trazem
beneficios aos pacientes, como alta eficacia, especificidade, ampla faixa terapéutica
e menor incidéncia de efeitos colaterais. Sao definidos como imunoglobulinas
derivadas de um mesmo clone de linfécito B. Em geral, sdo moléculas complexas de
imunoglobulina G (IgG) com aproximadamente 150 kDa, que possuem formas
semelhantes a Y. E estruturalmente s&o constituidos por quatro cadeias
polipeptidicas, duas cadeias pesadas de 50 kDa e duas cadeias leves de 25 kDa
(BRASIL, 2010; FEKETE et al., 2017).

O anticorpo monoclonal Certolizumabe Pegol (CZP) é um inibidor do Fator de
Necrose Tumoral Alfa (TNF-a). E um fragmento Fab’ de um anticorpo monoclonal
humanizado recombinante, obtido através de fermentacdo com Escherichia coli,
purificado e, entdo, conjugado com polietilenoglicol (PEG) (UCB Inc., 2014).

O CZP no Brasil (CIMZIA®) é comercialmente disponibilizado sob a forma de
solucdo injetavel para ser administrada por via subcutanea, produzido pelo
laboratorio UCB Biopharma e distribuido pela empresa AstraZeneca. Clinicamente &
indicado para a redugéo de sinais e sintomas de patologias inflamatodrias crénicas e
seu uso pode ocorrer em monoterapia ou em conjunto com outros farmacos
antireuméticos como o metotrexato (CONITEC, 2012; UCB Inc., 2011).
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Com o desenvolvimento de novos produtos biotecnologicos surgiu a
necessidade do estudo de tecnologias analiticas para sua caracterizacdo e
avaliacdo dos atributos de qualidade. Neste contexto, devido a complexidade
molecular dos anticorpos monoclonais, é recomendada a combinacdo de métodos
analiticos fisico-quimicos, imunoldgicos e bioldgicos. A cromatografia liquida em
fase reversa (CL-FR) e por exclusao molecular (CL-EM), tem sido adotada no estudo
de mAb’s, juntamente com a eletroforese capilar (EC) e bioensaios por cultura
celular, pois demonstram perfis especificos conforme o mAb analisado (BRASIL,
2011; NAVAS et al., 2013; HERNANDEZ-JIMENEZ et al., 2016; HOSHIYAMA, et al.,
2016; FEKETE et al., 2017).

O anticorpo monoclonal objeto deste estudo encontra-se disponivel
comercialmente para uso clinico, porém atualmente ndo ha monografia
farmacopeica especifica para sua analise e na literatura encontram-se escassas
referéncias relativas a sua caracterizacdo. Portanto, justifica-se o desenvolvimento e
validacdo de metodologias analiticas para caracterizacdo, identificacao,

guantificacdo, avaliacdo de pureza e estabilidade desta biomolécula.
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2 OBJETIVOS

2.1 GERAL

Desenvolver métodos cromatograficos e teste bioldégico para quantificacdo e
caracterizacdo de CZP. Realizar estudos de correlacdo entre métodos e contribuir
para aprimorar a qualidade do produto biotecnoldgico, garantindo a seguranca e

eficacia terapéutica.

2.2 ESPECIFICOS

a) Desenvolver e validar método por cromatografia liquida por exclusdo
molecular (CL-EM) para identificacdo e quantificagdo do mondmero e de
seus agregados.

b) Desenvolver e validar método por cromatografia liquida em fase reversa (CL-
FR) para identificacdo e quantificacdo da forma nédo alterada e dos
fragmentos.

c) Aplicar método por cultura celular com linhagem MONO-MAC-6 para
avaliacdo de atividade biolégica de CZP.

d) Estudar a correlacdo entre métodos cromatograficos com analise estatistica

e interpretacdo dos resultados.
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3 REVISAO BIBLIOGRAFICA

3.1 ANTICORPOS MONOCLONAIS

O impacto dos anticorpos monoclonais na terapéutica meédica nas ultimas trés
décadas € notavel. Durante esse periodo, 0os avancos cientificos e tecnoldgicos
possibilitaram a descoberta e o desenvolvimento dos mAb's. Além disso, o
aprimoramento dos estudos da engenharia genética possibilitou produzir mAb’s com
dominios humanizados com vantagens para uso terapéutico, pois suprimem a
reacdo imunoldgica do organismo e aprimoraram a farmacocinética e meia-vida de
eliminacdo plasmética (PINTO, 2012; KAPLON & REICHERT, 2019).

A terapéutica baseada em anticorpos € agora amplamente utilizada para
tratar uma variedade de doencas, como cancer, distdrbios imunolégicos e doencas
infecciosas, incluindo a infe¢cdo por SARS-CoV-2 (COVID-19). Alguns mAb’s ja foram
desenvolvidos para se ligar a proteina spike do SARS-CoV-2 e bloquear o virus de
invadir células humanas, desse modo, estes biofarmacos impedem o
desenvolvimento de quadros graves de COVID-19 (WATIER & REICHERT 2017;
ROBINSON et al., 2020; LLOYD et al., 2021).

As taxas de aprovacao do registro de novos anticorpos monoclonais, assim
como suas vendas, crescem progressivamente, de modo que em 2013 a receita
global em vendas dos anticorpos monoclonais foi de aproximadamente 75 bilhdes de
dolares, representando metade das vendas de todos os produtos biotecnoldgicos. Ja
no ano de 2019, as vendas globais dos mAbs atingiram a marca de quase 163
bilhbes de délares, representando cerca de 70% das vendas de produtos biolégicos
(ECKER et al., 2015; ECKER et al., 2020).

Em nosso Pais, os produtos bioldgicos ja representam um significativo impacto
nos investimentos em saude, pois dos gastos publicos realizados com
medicamentos, os bioldgicos configuram cerca de 60% do valor total, no entanto,
apenas 12% em gquantidade de produtos. Esta discrepancia ocorre pelo seu elevado
custo, consequéncia do alto valor de producéo, além de serem predominantemente
importados (SALERNO et al., 2018).

Com o objetivo de gerar menores despesas, 0 Ministério da Saude através de
sua Portaria n® 837, de 18 de abril de 2012, institui o estabelecimento das Parcerias
para o Desenvolvimento Produtivo (PDP). As PDP visam impulsionar a industria

nacional, estimulando a cooperacao entre instituicdes publicas e privadas para o
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desenvolvimento de tecnologias de ponta, visando a produgdo de medicamentos,
considerados essenciais. Com isso, estdo sendo desenvolvidos projetos
biotecnoldgicos para a producéo de biossimilares, entre eles o de desenvolvimento
de um biossimilar do CZP, envolvendo como parceiro publico a Biomanguinhos e
parceiro privado a UCB Pharma (BRASIL, 2012; FIOCRUZ, 2018; SALERNO et al.,
2018).

3.2 CERTOLIZUMABE PEGOL

O CZP € um fragmento Fab de um anticorpo monoclonal humanizado
peguilado, com especificidade para o TNF-a humano (Figura 1). E expresso em
Escherichia coli e composto por uma cadeia leve com 214 aminoacidos e uma
cadeia pesada com 229 aminoacidos, apresentando férmula quimica
C2115H3252Ns5560673S16. O fragmento Fab possui massa molecular de cerca de 47,8
kDa, mas quando conjugado com o PEG, totaliza uma massa molecular de
aproximadamente 91 kDa (HORTON et al., 2012; UEDA, 2014).

Figura 1 — Representagéo da estrutura do CZP e dos anticorpos monoclonais.
A. B.

Variable region of Fab ]
(humanized in certolizumab pegol)

Fab

Fc

PEG| PEG

Fab: Antibody-binding fragment of immunoglobulin. — -
May contain a murine, humanized or fully human
variable region

Fc: Constant fragment.

A. Estrutura do CZP
B. Estrutura geral de anticorpo monoclonal
Fonte: (HORTON et al., 2012)

O CZP diferencia-se de outros inibidores do TNF-a devido a auséncia da

fracdo Fc, que minimiza a imunogenicidade e reduz efeitos de citotoxicidade
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dependente de complemento (CDC) e citotoxicidade celular dependente de
anticorpo (CCDA). Além disso, estudos indicam que a falta da regido Fc contribui
para a prevencdo da passagem através da placenta durante a gravidez
(MAHADEVAN et al., 2013; PORTER et al., 2016).

Por sua vez, a complexacdo com o PEG proporciona melhores caracteristicas
farmacocinéticas, como aumento no tempo de meia-vida, melhor solubilidade e
estabilidade, além de menores efeitos imunogénicos e de toxicidade. A complexacéo
com o PEG propicia uma meia-vida longa de aproximadamente 14 dias, permitindo
assim que o CZP seja administrado a cada 2 ou 4 semanas por injecdo subcutanea
(HORTON et al., 2012; PASUT, 2014; DEEKS, 2016).

O CZP atinge sua concentracdo plasmatica maxima no periodo entre 54 e
171 horas ap0s a injecdo subcutanea, apresenta biodisponibilidade perto de 80% e
um volume de distribuicdo no estado de equilibrio de 6 a 8 litros (CIMZIA, 2016;
DEEKS, 2016).

Conforme a Figura 2, esta molécula tem uma estrutura Gnica em comparacgao
com as demais terapias anti-TNF-a aprovadas. Compreende um fragmento Fab' de
um anticorpo monoclonal humanizado ligado a uma cadeia de PEG, que
consequentemente ndo possui a regiao Fc (PORTER et al., 2016).

Figura 2 - Representacfes das estruturas de terapias anti-TNF-a com destaque para o certolizumabe

pegol.
Infliximab Adalimumab Etanercept Certolizumab
Pegol
Receptor
k\\\\ L\ Fab’ %\ &\\\Fab’ - %
\ / 9 \\ §\ .
\ / Q\ / % \S: I
| T PEG
1gG1 —1act aa
Fé e s
N |
. & Murine ® Human | _
Y Recombinant p75 PEGylated
Monoclonal TNF receptor/Fc Fab’ fragment/Fc-free
antibodies fusion protein

Fonte: (PORTER et al., 2016).



21

Os produtos biologicos estdo se tornando cada vez mais indispensaveis na
medicina moderna devido a sua alta poténcia combinada com alta especificidade.
No entanto, a principal desvantagem desta classe terapéutica, € a sua baixa
estabilidade na administracdo por via oral e durante a circulacdo subsequente.
Como resultado, os farmacos biolégicos tém uma biodisponibilidade muito baixa e
meia-vida terapéutica curta, devido ao seu grande tamanho molecular e ao ambiente
proteolitico do sistema digestivo. Felizmente, ferramentas de quimica e biotecnologia
foram desenvolvidas para melhorar a farmacocinética dos biofarmacos. Um exemplo
€ a conjugacdo com polimeros sintéticos ou biolégicos, sendo o padrdo ouro nessas
aplicacdes o PEG (ZELIKIN et al., 2016; CLOWSE et al., 2017).

O produto inovador de CZP (Cimzia®) produzido pela UCB Biopharma teve
seu registro aprovado nos Estados Unidos pelo Food and Drug Administration (FDA)
em abril de 2008 e pela Agéncia Europeia de Medicamentos (EMA) em outubro de
2009. No Brasil, a Agéncia Nacional de Vigilancia Sanitaria (ANVISA) concedeu o
registro em 2012. Seu faturamento de vendas chegou ao expressivo valor de U$ 1.1
bilhdo de délares no ano de 2015. E devido ao seu alto faturamento e a proximidade
das datas de expiracdo de sua patente, a empresa Pfenex ja trabalha com o
desenvolvimento de um biossimilar do CZP (CONITEC, 2012; GABI, 2017).

No ano de 2018, o CZP estava aprovado em 66 paises em todo o mundo,
atingindo um numero estimado em mais de 420.000 pacientes por ano (CURTIS, et
al., 2019). O produto biofarmacéutico Cimzia® apresenta-se na forma de solucgéo
injetavel limpida, incolor a amarelada, com pH aproximadamente 4,7. Os excipientes
que compdem a sua formulacdo séo acetato de sddio, cloreto de sédio e dgua para
injetaveis. O produto é fornecido na concentracdo de 200 mg/mL em seringa com

volume de 1 mL, e o prazo de validade é de 24 meses (UCB Inc., 2011).

3.3 MECANISMO DE ACAO DO CZP

O TNF-a é uma citocina pluripotente que esta presente na forma soluvel ou
ligado a membrana e é responsavel por uma ampla gama de efeitos bioldgicos.
Fisiologicamente, o TNF-a apresenta dois receptores (TNFR-1 e TNFR-2) e sua
atividade biologica depende da ligacdo a um ou ambos. Apesar de ter uma funcao
fisiologica bastante relevante, em pacientes com doencas inflamatérias séo

encontrados niveis elevados de TNF-a e os dados clinicos sobre a eficacia dos
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agentes anti-TNF-a sugerem que ele desempenha um papel fundamental na
patogénese de varias doencas inflamatorias (NESBITT et al., 2007).

As citocinas inflamatdrias, como as interleucinas e o TNF-a, sdo os principais
reguladores das respostas imunes. Desse modo, a producédo constante e excessiva
destas citocinas acarreta no desenvolvimento de patologias, sugerindo que niveis
altos podem contribuir diretamente para o dano tecidual. Portanto, neutralizar
citocinas inflamatdrias ou antagoniza-las é considerada uma estratégia terapéutica
atil no tratamento dessas imunopatologias, ou seja, uma resposta inflamatoria
apropriada é fundamental para a defesa do hospedeiro, porém a producéo excessiva
ou persistente de citocinas inflamatérias resulta em imunopatologias, como doencas
inflamatorias ou autoimunes (LAl & DONG, 2015).

Portanto, o mecanismo de acdo do CZP fundamenta-se na supressao do
sistema imune, inibindo a atividade do TNF-a, que € um potente indutor do efeito
inflamatério. Ou seja, o CZP liga-se com alta afinidade ao TNF-a e inibe a
sinalizacdo da cascata proé-inflamatéria (BLICK & CURRAN, 2007; MITTAL;
RAYCHAUDHURI, 2010; ARAUJO, 2017).

3.4 TNF-a E AS DOENCAS INFLAMATORIAS

O TNF-a é uma citocina pré-inflamatéria produzida em resposta a estimulos
bacterianos, inflamatérios e outros, principalmente por células do sistema
imunologico, como macroéfagos e linfécitos T e B, mas também por outros tipos de
células, incluindo células endoteliais, mastdcitos e tecidos neuronais (APOSTOLAKI
et al., 2010).

Apesar do efeito benéfico durante a infeccdo, é necessaria uma regulagéo da
sua producao para proteger o hospedeiro das atividades prejudiciais desta citocina,
pois sua superexpressdo pode originar doencas inflamatorias e autoimunes
cronicas. Sendo assim, o TNF-a é determinante em uma série de doengas com um
componente inflamatorio significativo, incluindo doenca de Crohn (DC), artrite
reumatoide (AR), espondiloartrite axial (axSpA) e artrite psoriatica (PsA)
(APOSTOLAKI et al., 2010; PORTER et al., 2016). Desse modo, pode-se
estabelecer que o TNF-a possui um papel importante na patogénese destas
doencas. Portanto, o desenvolvimento de farmacoterapias que agem inibindo esta
citocina configura um dos maiores avan¢gos na imunologia nas ultimas décadas
(PLAYFAIR; CHAIN, 2013).
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Neste sentido, terapias biolégicas que envolvem o bloqueio da acédo de
proteinas especificas da inflamag¢éo, como TNF-a, estdo sendo usadas para o
tratamento de uma série de doencas inflamatérias. Medicamentos biolégicos anti-
TNFa, incluindo infliximabe, adalimumabe, etanercepte, golimumabe e certolizumabe
pegol também sdo frequentemente empregados (PORTER et al., 2016;
DIVYADHARSINI et al., 2017).

Pode-se destacar também as pesquisas envolvendo o uso de anti-TNFa para
o controle dos sintomas graves em pacientes com COVID-19, pois sabe-se que um
estado inflamatério exacerbado, com niveis elevados de TNF-a, & responsavel por
grande parte dos casos de morbidade e mortalidade na COVID-19. Paralelamente,
dados observacionais demonstram uma taxa reduzida de morte em pacientes que
fazem o uso de terapias anti-TNFa, se comparados com outras terapias
imunossupressoras (ROBINSON et al., 2020).

3.5 FORMULACOES E INDICACOES DE USO DO CZP

De modo geral, as doencas inflamatérias autoimunes sao crbnicas e
debilitantes. Portanto, o tratamento destas patologias visa, principalmente, a reducao
da inflamacéo e o alivio dos sintomas através do uso de farmacos anti-inflamatorios
nao esteroides (AINES) e imunossupressores, como o0s corticosteroides (DEEKS,
2016).

Na pratica clinica o biofarmaco objeto deste estudo é indicado para tratar
diferentes doencas inflamatérias autoimunes, como a artrite reumatoide (AR), a
doenca de Crohn (DC), a artrite psoriasica (PsA) e a espondiloartrite axial (axSpA)
(CIMZIA, 2016; DEEKS, 2016). Pode ser utilizado como monoterapia ou
concomitante com farmacos anti-reumaticos modificadores da doenca, como
metotrexato (LAUNOIS et al, 2011).

A posologia para o tratamento das patologias acima citadas, deve ocorrer por
meio de doses de inducéo e, apés, por doses de manutencdo. Recomenda-se como
dose de inducdo a administracdo de 400mg de CZP, através de duas injecdes
subcutéaneas de 200 mg, nas semanas 0, 2 e 4 do tratamento. Apos o periodo de
inducao, recomenda-se as doses de manutencdo de 200 mg a cada duas semanas
ou 400 mg a cada quatro semanas (CIMZIA, 2016).

O uso do CZP no tratamento destas doencas € possivel gracas a capacidade

gue este fragmento de mAb tem de se ligar e neutralizar especificamente o TNF-a e,
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assim, reduzir a gravidade e melhorar os sinais e sintomas da AR, DC, PsA e axSpA
(CIMZIA, 2016; DEEKS, 2016).

Ressalta-se que o CZP apresenta vantagens quando comparado a outras
drogas anti-TNF-a como o adalimumabe e o infliximabe. Devido a sua peguilagao, o
CZP proporciona maior tempo de meia-vida e melhor perfil farmacocinético,
proporcionando administracdo subcutanea a cada quatro semanas, imunogenicidade
reduzida e estabilidade da dose na fase de manutencdo do tratamento (CONITEC,
2012).

A psoriase é uma doenca inflamatéria cronica que afeta 1% a 4% da
populacdo mundial, atingindo principalmente a pele e as articulacdes. Estudos
demonstram que o CZP é uma opcéao terapéutica eficaz e segura para pacientes
com psoriase crénica. Recomendado, principalmente, para pacientes com psoriase
moderada a grave e para 0S quais 0S agentes sistémicos convencionais nao
produzem uma resposta adequada, sdo contraindicados ou nao tolerados
(ESPOSITO, et al.,, 2020; TURKMEN & DOGAN, 2021). Além disso, a estrutura
qguimica diferenciada, juntamente com sua eficacia e seguranca bem estabelecidas,
favorecem o emprego deste biofarmaco como medicamento de escolha em
subgrupos especificos de pacientes com doenca psoridsica, em particular pacientes
com comorbidades e pacientes gravidas ou lactantes (CURTIS, et al.,, 2019;
ESPOSITO, et al., 2020; MOJESKI & KALB, 2021).

E importante ressaltar que a COVID-19 pode induzir o surgimento doencas
autoimunes. Encontram-se na literatura relatos de caso sobre o uso bem-sucedido
do CZP para artrite psoriatica refrataria desencadeada pés COVID-19, onde o
paciente ndo respondeu a terapia com glicocorticoides e metotrexato, porém a
administracéo de CZP levou a remissdo do caso (OHMURA et al., 2022).

A axSpA é uma doenga inflamatodria cronica que afeta predominantemente as
articulacbes sacroiliacas e a coluna vertebral. Um estudo clinico randomizado
controlado por placebo avaliou os efeitos do CZP em pacientes com axSpA nao
radiogréafica. Este estudo indicou que o0 uso do biofarmaco proporcionou melhores
resultados a remissdo dos casos em comparacdo com O grupo controle,
demonstrando a aplicagcdo das terapias biologicas anti-TNFa no controle desta
doenca (DEODHAR et al., 2019).

Na artrite reumatoide, o sistema imunoldgico do individuo torna-se hiperativo

e ataca o revestimento das articulacdes, tornando-as inchadas, rigidas e doloridas.
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Desse modo, a implementacdo dos agentes anti-TNFa, como o CZP, séo uteis ao
tratamento da doenca, por reduzir o risco de lesbes articulares, reduzir a dor e a
fadiga, aléem de melhorar a funcédo fisica e a qualidade de vida dos pacientes
(MEASE, 2011; GARCIA et al. 2017).

A DC é uma doenca inflamatéria crénica que pode envolver qualquer parte do
trato gastrointestinal da boca ao anus e apresenta sintomas caracteristicos como
diarreia crénica ou noturna, dor abdominal, perda de peso, febre e sangramento
retal. Sugere-se que a DC é o resultado de uma resposta imune exagerada contra a
microflora da mucosa pela ativacdo de células T e superexpressdo de citocinas
infamatorias em pessoas predispostas geneticamente. Portanto, a terapia biologica
baseada em citocinas pode ser uma opc¢ao importante de tratamento (SHAO et al.,
2009).

Estudos que avaliam o uso de CZP na prética clinica para o tratamento da
DC, sugerem que este mAb oferece remissédo rapida e sustentada da doenca em
casos de moderado a grave. O CZP melhora a qualidade de vida dos pacientes e
pode retardar a progressao da doenca. Além disso, 0os beneficios desta terapia
incluem um regime de dosagem estavel, que permite a rapida inducdo de uma
resposta clinica, seguida pela manutencédo de longo prazo da resposta e remissao
com uma dose fixa (SHAO et al., 2009; SCHREIBER, 2011; DA et al., 2013; MOON
et al., 2015).

Por esses motivos o certolizumabe pegol, atualmente, faz parte do
Componente Especializado da Relagdo Nacional de Medicamentos Essenciais
(RENAME) para o tratamento destas patologias (BRASIL, 2022).

Como se pode observar a relagdo risco-beneficio dos medicamentos anti-
TNFa é favoravel e, no momento, o custo parece ser a principal barreira para o uso
mais difundido e extenso desses agentes biologicos. Sendo assim, o
desenvolvimento e o uso de biossimilares podem ter o potencial de reduzir esses
custos para os pacientes e difundir ainda mais o uso destas terapias (MOJESKI &
KALB, 2021).

3.6 TECNOLOGIAS ANALITICAS PARA mAb’s E PROTEINAS PEGUILADAS
Os anticorpos monoclonais tém desempenhado importante papel na
terapéutica, prevendo-se que desempenhardo papel ainda mais importante no

futuro. Porém, a caracterizagdo dos mAb’s apresenta muitos desafios em
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comparacdo com a caracterizagdo dos farmacos tradicionais, devido a sua
complexidade de natureza proteica. Por isso, diversas técnicas analiticas de
diferentes fundamentos séo requisitadas para a completa caracterizacdo dos mAbs
(NAVAS et al., 2013).

A atividade biologica dos mAbs tem sido avaliada por ensaios biolégicos in
vitro e/ou in vivo, baseados no mecanismo de acdo de cada produto. A resposta
biolégica in vitro é frequentemente quantificada por métodos imunoenzimaticos
(ELISA), baseados na ligacdo antigeno-anticorpo ou respostas espectrofotométricas
(EMA, 2009; EP, 2017). Desse modo, ja se encontra disponivel o método de ELISA
para a quantificacdo do CZP livre em matriz biolégica (IMMUNOGUIDE, 2017).

Embora, o ELISA seja a técnica mais amplamente utilizada para a
guantificacdo dos mAbs, recomenda-se a utilizacdo de técnicas fisico-quimicas, pois
andlises por imunoensaio demonstram baixos niveis de precisdo e robustez.
Portanto, devem ser planejados e desenvolvidos métodos rigorosos e validados para
a determinacao de todas as caracteristicas dos mAbs (NAVAS et al., 2013).

Em um estudo que avaliou a transferéncia placentaria de inibidores do TNF-a
durante a gestacdo, observou-se que ha baixa transferéncia de CZP em
comparacao aos demais inibidores, e que isso ocorre provavelmente pela falta da
regido Fc. Porém, neste estudo utilizou-se teste por ELISA desenvolvido e validado
para determinacdo farmacocinética em adultos tratados com CZP e, portanto,
projetados para detectar niveis mais altos do biofarmaco em pacientes,
diferentemente dos baixos niveis de CZP esperados na transferéncia placentaria em
corddes umbilicais e sangue infantil. Deste modo, os autores destacam a
necessidade de métodos com maior sensibilidade e especificidade para avaliagdo do
CZP em matrizes biol6gicas (MAHADEVAN et al., 2013).

Com base nisso, Smeraglia e colaboradores (2017) buscaram desenvolver e
validar um método mais sensivel e especifico, por eletroquimioluminescéncia, para
avaliar a transferéncia placentaria de CZP. Este bioensaio analitico demonstrou um
aumento de mais de dez vezes na sensibilidade em comparacdo com ensaios
anteriores e melhor seletividade para CZP intacto em plasma humano.

Devido a crescente importancia dos mAb's, as pesquisas avancaram no
sentido do desenvolvimento de metodologias analiticas para a completa
caracterizacdo destes produtos. Desse modo, jA& se encontram alguns métodos

cromatograficos usados para a quantificacdo de diferentes mAbs (MARTINEZ-
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ORTEGA et al. 2016; HERNANDEZ-JIMENEZ et al., 2018; PEROBELLI et al., 2018,
DUMONCEL et al., 2022).

A combinacéo de técnicas de separacdo tais como cromatografia liquida de
fase reversa (CL-FR), cromatografia liquida por exclusdo molecular (CL-EM),
cromatografia por interacao hidrofébica (HIC), cromatografia de troca ibnica (CL-TI) e
eletroforese capilar (EC), tem sido utilizada para moléculas intactas, bem como, para
monitorar o processo de producao, identificar variantes e impurezas do produto
(SANDRA et al., 2014; ZHAO; CHEN, 2014).

A CL-FR destaca-se como uma importante técnica analitica para o estudo dos
mADb’s, considerada geralmente mais eficiente que a CL-TI. O uso de fases
estacionarias com poros maiores (300 A) e longas cadeias alquilicas (C8 e C18)
juntamente com uma alta temperatura da coluna (60 - 75°C) e uma combinacdo de
sistemas solventes ndo tradicionais, com agentes de emparelhamento ibnico esta
gradualmente sendo consolidado como o procedimento estabelecido para a andlise
cromatografica CL-FR de mAbs intactos (MARTINEZ-ORTEGA et al. 2016).

Os mAb’s sdo proteinas, o que significa que podem facilmente formar
agregados durante sua producdo e armazenamento. A agregacdo dos mAb’s pode
influenciar a qualidade e estabilidade do produto, induzir potenciais respostas
imunes e efeitos adversos aos pacientes. A CL-EM é o método padréo para controle
de agregacdo em qualquer estagio da producdo de biofarmacéuticos, devido a sua
alta precisédo, robustez e simplicidade. Além disso, CL-EM com deteccdo DAD pode
também fornecer informac6es sobre modificacbes na estrutura por alteracdes no
espectro UV do mAb (HERNANDEZ-JIMENEZ, et al., 2016; HERNANDEZ-JIMENEZ
et al., 2018).

Os métodos por CL-FR e CL-EM foram adotados para quantificacdo de
diferentes anticorpos monoclonais, analisando biomoléculas, suas formas
fragmentadas e agregadas, respectivamente. Os resultados publicados demonstram
niveis variaveis e especificos dessas formas alteradas para cada mAb, inclusive
detectadas nos estudos de degradagcao forcada, pois podem induzir efeitos
imunoldgicos e de toxicidade. Os autores destacam a importancia da analise dos
produtos biofarmacéuticos avaliando as condi¢cbes de uso clinico (NAVAS et al.,
2013; FEKETE et al., 2017; SOUSA et al., 2017; PEROBELLI et al., 2018).

As particularidades do desenvolvimento de métodos cromatograficos para

mAb’s como Bevacizumab, Cetuximab, Infliximab, Rituximab e Trastuzumab sao
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descritas pela literatura, destacando resultados caracteristicos para cada anticorpo.
Até o momento, o CZP nédo tem sido incluido nesses estudos e séo restritas as suas
referéncias na literatura (PAUL et al., 2012; NAVAS et al., 2013; MARTINEZ-
ORTEGA et al., 2016; HERNANDEZ-JIMENEZ et al., 2018).

A caracterizacdo dos mAb’s Infliximab, Bevacizumab, Rituximab, Adalimumab
e Trastuzumab tem sido realizada pela combinacdo de técnicas de separagcao por
CL-TI, CL-FR e CL-EM e EC, e aplicada para biomoléculas intactas. Igualmente o
processo de producédo tem sido monitorado, para identificar variantes e impurezas
do produto, sendo essencial para assegurar a eficicia clinica (SANDRA et al., 2014;
ZHAO; CHEN, 2014).

Perobelli e colaboradores (2018) desenvolveram e validaram métodos
cromatograficos por CL-EM e CL-FR para quantificacdo do anticorpo monoclonal
humano Denosumabe, usado clinicamente para o tratamento de osteoporose.
Demonstraram os parametros de validacédo e a aplicacdo dos métodos para analise
de produtos biofarmacéuticos, detectando as formas intactas e alteradas.

A Farmacopeia dos Estados Unidos da América (USP) descreve um método
geral para avaliacdo, identificacdo e determinagcdo dos mAbs por CL-EM.
Recomenda coluna com dimensdes de 7,8 mm x 300 mm, tamanho de particulas de
5 um a temperatura de 25°C. A fase moOvel € constituida por fosfato de potassio
monobasico 70 mM, fosfato de potassio dibasico 30 mM e cloreto de potassio 150
mM com pH 6,2, eluicao isocréatica com fluxo de 0,5 mL/min e deteccdo no UV a 280
nm (USP, 2016).

Do mesmo modo, é descrito na literatura o uso da CL-EM com deteccdo UV
como técnica analitica para avaliacdo de formulacdes biofarmacéuticas peguiladas.
Os autores usaram coluna TSK-GEL G3000SWy (7.8 mm x 300 mm, 5 pm, 250 A) e
tampéo fosfato 100 mM pH 6,9. Assim como, a CL-FR também tem sido utilizada
para avaliacdo de biomoléculas conjugadas com PEG para o monitoramento de
produtos de degradacdo durante a sua formulacdo, utilizando fases mdveis com
gradientes de solventes organicos (SHAHBAZI et al., 2017; PIEDMONTE &
TREUHEIT, 2008).

Técnicas por EC também sdo descritas para a separacdo de proteinas
peguiladas, utilizando capilar de silica fundida e tampao de corrida contendo dodecil
sulfato de sodio (SDS) demonstrando alta capacidade de separagdo, podendo ser
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aplicadas no desenvolvimento e controle de qualidade destas proteinas (NA et al,
2008).

A EC é uma ferramenta analitica particularmente Util para a rotina do controle
de qualidade de proteinas terapéuticas, como 0s anticorpos monoclonais. Envolve
simples instrumentacéo, baixo consumo de reagentes e amostras, alta eficiéncia e
resolucdo, além de separacdes relativamente rapidas (ZHAO & CHEN, 2014;
VOETEN et al., 2018).

Estudos de desenvolvimento de métodos por eletroforese capilar de zona
(CZE), eletroforese capilar micelar (MEKC) e eletroforese capilar acoplada a
espectrometria de massas (EC-MS) sao descritos na literatura para analise de mAb’s
e de suas isoformas (ZHANG et al., 2010; HAN et al., 2016; SUBA et al., 2016;
GIORGETTI et al., 2018).

Os bioensaios tém sido adotados em combinacdo com as metodologias
analiticas por cromatografia liquida e eletroforese capilar para avaliacéo de atividade
biologica, identidade, pureza, teor/poténcia e estabilidade de produtos
biotecnolégicos (SOUTO et al., 2014; CARDOSO JR et al., 2017; MALDANER et al.,
2017; PEROBELLI et al., 2018).

Silveira e colaboradores (1997) e Andrade e colaboradores (2003), isolaram
mondcitos de sangue humano que foram usados em ensaios por cultura de células
paralelamente com a cultura da linhagem de células monociticas MONO-MAC-6.
Estimularam as células com lipopolissacaridio (LPS) (International Standard for
Endotoxin) e observaram respostas de liberacdo de citocinas pro-inflamatérias,
especialmente a interleucina-6 (IL-6). Aplicaram os procedimentos para teste de
pirogénios em produtos farmacéuticos injetaveis. Destaca-se que Yamamoto e
colaboradores (2003) observaram respostas de liberacdo de IL-6 e TNF-a em
procedimento baseado no uso de monodcitos de sangue humano também
estimulados por LPS.

Por sua vez, em 2016, Hoshiyama e colaboradores, realizaram estudos com
bioensaio por cultura de células de monécitos humanos para avaliar os efeitos do
CZP. Os mondcitos isolados de sangue humano foram inicialmente estimulados com
LPS e incubados com o produto biofarmacéutico avaliando respostas de liberacéo
de IL-6 e TNF- a. Observaram que o tratamento com CZP reduziu significativamente
a secrecéo de TNF-a.



30

E conveniente destacar também que apds o desenvolvimento de novos
métodos analiticos, a validagdo € necesséaria para garantir a reprodutibilidade e
confiabilidade dos resultados, assegurando que o método € adequado para a
finalidade pretendida (SHABIR et al., 2007). Procedimentos para validacdo de
métodos analiticos encontram-se disponiveis em guias oficiais, que descrevem o0s
principais parametros a serem avaliados (ICH, 2005; BRASIL, 2017).

Nos ultimos anos tem aumentado o numero de produtos biossimilares de
mADbs. Devido aos diferentes processos de fabricacdo adotados para producdo dos
biossimilares e dos produtos inovadores, necessita-se de tecnologias analiticas para
a sua caracterizacdo e avaliacdo da identidade, pureza, quantificacdo, poténcia e
estabilidade. Paralelamente, para sua comparabilidade, sdo preconizados estudos
pré-clinicos para demonstrar a atividade biolégica, toxicidade, imunotoxicidade,
toxicocinética, biodisponibilidade e farmacocinética relativamente ao medicamento
referéncia. Além disso, destaca-se que a patente do produto biolégico inovador do
CZP (Cimzia®) foi expirada no ano de 2021 aos paises constituintes da Unido
Europeia e ira expirar em 2024 para os Estados Unidos da América, abrindo espaco
para outras industrias farmacéuticas produzirem seus medicamentos biossimilares
(GOEL; CHANCE, 2017; BRASIL, 2011; ICH, 2011).
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ABSTRACT

The Certolizumab pegol (CZP) is a Fab' fragment of the humanized antibody
produced in Escherichia coli with anti-TNFa activity, indicated to treat diseases such
as Crohn's disease and Rheumatoid arthritis. The structure is composed of a light
chain with 214 amino acids and a heavy chain with 229 amino acids, with a
molecular weight of approximately 91 kDa. A size exclusion liquid chromatography
(SEC) method was developed and validated for the quantification of CZP in
biopharmaceutical formulations. The SEC method was performed on a BioSep-SEC-
S3000 column (300 x 4.6 mm i.d, 5 um particle size, pore size 290 A) maintained at
35°C. The mobile phase A consisted of 100mM monobasic sodium phosphate and
200mM sodium chloride pH 7.0, and mobile phase B was ethanol (95:5, v/v), run at a
flow rate of 0.5 ml min't, with detection by a diode array detector (DAD) set at 214
nm. The chromatographic separation was obtained with retention time at 5.6 min,
and the calibration curve was linear over the 1 — 40 mg mL™! range (r2 = 0.9993). The
specificity was confirmed by degradation studies, interference of the excipients and
peak purity. The accuracy was 100.50%, with bias lower than 0.85%. The SEC
method was applied to quantitate CZP, giving results between 99.18% — 101.47%,
and showing high molecular weight (HMW) forms between 0.77% — 0.83%. The
validated SEC method can be employed to quantify CZP, contributing to improve the

quality control and to ensure the efficacy and safety of the biotherapeutic product.

Keywords: certolizumab pegol, monoclonal antibody, size exclusion liquid

chromatography, validation.
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1 INTRODUCTION

Monoclonal antibodies (mAbs) have become very relevant in the
pharmaceutical market, due to their high specificity, these biomolecules have
advantages such as high efficacy, wide therapeutic range and few side effects
(FEKETE et al., 2017; SHEPARD, et al., 2017).

CZP is a recombinant humanized antibody Fab’' fragment conjugated with
polyethylene glycol (PEG) with specificity for human Tumor necrosis factor alpha
(TNF-a). It is expressed in Escherichia coli and consists of a Lc with 214 amino
acids and a Hc with 229 amino acids, giving a molecular mass of about 47.8 kDa.
The pegylated biomolecule has a total molecular mass of approximately 91 kDa, and
increases the plasma half-life (HORTON et al., 2012; UEDA, 2014).

Clinically, this biopharmaceutical is indicated to treat different chronic
inflammatory diseases, such as rheumatoid arthritis (RA), Crohn's disease (CD),
psoriatic arthritis (PsA) and axial spondyloarthritis (axSpA). It can be used as
monotherapy or concomitant with disease-modifying anti-rheumatic drugs, such as
methotrexate (LAUNOIS et al, 2011; CIMZIA, 2016).

The mechanism of action of CZP is based on the suppression of the immune
system, inhibiting the activity of TNF-a, which is a potent inducer of the inflammatory
effect. Thus, CZP binds selectively and with high affinity to TNF-a, neutralizing both
soluble and membrane-bound TNF-a, and inhibits the signaling of the pro-
inflammatory cascade, being considered an anti-TNFa agent (DEEKS, 2016;
MITOMA et al., 2016).

Anti-TNFa biological agents, such as CZP, deserve more attention nowadays,
because evidences indicate the enormous potential of anti-TNFa therapies as a
treatment for COVID-19. But further investigations and clinical trials are still
necessary (ROBINSON et al., 2020).

The characterization of mAbs presents many challenges compared to the
traditional chemical drugs. Due to their protein nature complexity and significant
inherent heterogeneity, these biological must be assessed and characterized using
different analytical techniques (NAVAS et al., 2013; FEKETE et al., 2017).

Chromatographic methods have been successfully applied to monitor the
content, purity, identity and chemical stability of mAbs, that can also easily form
aggregates during their purification, formulation, packaging and storage processes.

Protein aggregation is one of the most challenging problems in pharmaceutical
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monoclonal antibody formulations, and is directly related to the quality of the final
product, in which large aggregates can induce immunogenicity (HERNANDEZ-
JIMENEZ et al., 2018). Size exclusion liquid chromatography (SEC) is widely applied
and accepted as the most appropriate analytical methodology to monitor protein
aggregation, because this technique allows the characterization of proteins with
minimal impact on conformational structure. Furthermore, SEC can be applied for
quantification and for determination of native protein size and to reveal possible high
molecular weight (HMW) forms (STAMM et al., 2013; SHAHBAZI et al., 2017,
PEROBELLI et al., 2018).

Chromatographic methods for the quantification and characterization of mAbs
such as: Bevacizumab, Cetuximab, Denosumab, Infliximab, Rituximab and
Trastuzumab, were described in the literature showing the application of the methods
(PAUL et al., 2012; NAVAS et al.,, 2013; MARTINEZ-ORTEGA et al., 2016;
HERNANDEZ-JIMENEZ et al., 2018; PEROBELLI et al., 2018). ELISA is also widely
used technique for the quantification of mAbs, however, these immunoassays
demonstrated low levels of precision and robustness, when compared to the
physicochemical methods (NAVAS et al., 2013).

It is noteworthy that after the development of new analytical methods, the
validation is necessary to ensure the reproducibility and reliability of the results,
ensuring that the method is suitable for the intended purpose. Procedures for
validation of analytical methods are available in official guides, which describe the
main parameters to be evaluated (ICH, 2005; SHABIR et al., 2007).

The aim of this work was to develop and validate a size exclusion liquid
chromatography method for the quantification of the monoclonal antibody
Certolizumab pegol and the aggregated forms in biopharmaceutical formulations.
Thus, contribute to improve quality control and thereby ensuring the bioactivity and
safety of the biotechnology-derived medicine.
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2 MATERIALS AND METHODS

2.1 CHEMICALS AND REAGENTS

Commercially available batches of biopharmaceutical formulations of Cimzia®
AstraZeneca (Cotia — S&o Paulo, Brazil), containing 200 mg mL? solution in a
prefilled syringe, were acquired from commercial sources within their shelf-life period,
stored at 2-8 °C, protected from light. Monobasic sodium phosphate and sodium
chloride were purchased from Merck (Darmstadt, Germany). Ethanol (HPLC-grade)
was acquired from J.T. Baker (Phillipsburg, NJ, USA). All other chemicals used were
of HPLC grade or special analytical grade. For all analyses, ultrapure water was
purified using an Elix 3 coupled to a Milli-Q Gradient A10 system from Millipore
(Bedford, MA, USA). All solutions were degassed with a Tecnal ultrasonicator (Sao

Paulo, Brazil) and filtered through a 0.22 ym Millex filter (Millipore).

2.2. APPARATUS

The analyses were carried out on a Shimadzu LC system (Kyoto, Japan)
equipped with a CBM-20A system controller, an LC-20 AD pump, a DGU-20As
degasser, an SIL-20ACHT autosampler, a CTO-20A column oven and an SPD-
M20A diode array detector (DAD). Peak areas were automatically integrated using
the LC Solution Version 1.22 SP1 software. The pH of the solutions was measured

using a Thermo Orion model 420 pH-meter (Beverly, MA,USA).

2.3. STANDARD AND SAMPLE SOLUTIONS

As an official reference substance was not available, three samples of
commercial batch of Cimzia® were pooled, to quantitate a sample during the method
development, and it was established as the representative CZP Biological reference
substance (BS-CZP). Then, solutions were prepared daily by diluting the BS-CZP
and samples of biopharmaceutical products (Cimzia®) in ultrapure water, to final

concentrations of 20 mg mL™ 1.

2.4 SEC METHOD
The SEC experiments were performed on a size-exclusion Phenomenex
(Torrance, USA) BioSep SEC-s3000 column (300 x 4,6 mm i.d., with a pore size of

290 A and particle size of 5 pm) maintained at 35°C. To protect the analytical
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column, a security guard holder GFC-3000 Phenomenex (Torrance, USA) was used.
The mobile phase A consisted of 100 mmol L' monobasic sodium phosphate and
200 mmol L sodium chloride at pH 7.0, and mobile phase B was ethanol (95:05,
v/v). The elution was performed in the isocratic mode at a flow rate of 0.5 mL min-t
and using DAD detection at 214 nm. The injection volume was 1 pL of a solution
containing 20 mg mL* for both BS-CZP and samples.

2.5 VALIDATION OF METHOD

The validation of the SEC method was performed using samples of
biopharmaceutical products with a label claiming of 200 mg mL~ 1, and the
parameters were assessed according to the guidelines. The following validation
parameters were determined: specificity, linearity, precision, accuracy, detection limit
(DL), quantitation limit (QL), robustness and system suitability test (ICH, 2005;
BRASIL, 2017).

2.5.1 System suitability test

The system suitability test was carried out using five replicate injections of 1
ML of BS-CZP solutions containing 20 mg mL™, followed by analysis of the
recommended parameters: peak area, retention time, peak symmetry, number of

theoretical plates and peaks capacity (k).

2.5.2 Specificity

The specificity parameter of the SEC method was analyzed by degradation
studies and interference of the excipients. So, a BS-CZP solution (20 mg mL™1) was
submitted to conditions stress such as, exposure to high temperature, to an acidic
medium, to a basic medium and to an oxidative medium. After samples were
stressed, the aliquots were analyzed without further dilutions to avoid changes.

The thermal condition was adjusted submitting the analyte to a neutral
hydrolysis at 50 °C, for 24 h. In addition, sample solutions were subjected to stress
using acid (0.1 M HCI), alkaline (0.1 M NaOH), and oxidative media (10% H202). The
stress agent was applied at a concentration of 10% (v/v). The samples were
analyzed 24 h after the stress agent was added. The profiles of the stressed samples
were compared with those of the non-degraded mAbs (HERNANDEZ-JIMENEZ et
al., 2018).
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Moreover, possible interference from excipients of the biopharmaceutical
formulation was determined by analyzing a sample that contained only placebo, in-
house mixture of the formulation excipients (sodium acetate, sodium chloride and
water to adjust pH 4.7) it was made (EMA, 2014).

The specificity of the method was also established by determining the peaks
purity (CZP and degraded forms), by overlaying the spectra captured at the apex,
upslope, and downslope with a DAD detector, using the LC Solution Version 1.22

SPI software.

2.5.3 Linearity

The linearity was determined by constructing three independents analytical
curves, each with seven concentrations of the CZP solution (1, 5, 10, 15, 20, 30 and
40 mg mlt). Reference solutions were injected in triplicate to verify the repeatability
of the detector response. Peak areas with relative standard deviation (RSD) < 2%
were plotted against the respective concentrations and subjected to regression
analysis by a least-squares method to calculate the calibration equation and the
determination coefficient (r?) > 0.999. The STATGRAPHICS Centurion XVII Version
17.2.05 (Statistical Graphics System, 2017, Warrenton, VA, USA) statistical software
package was used to treat the chromatographic data.

2.5.4 Precision and accuracy

The accuracy was evaluated by analysis of the in-house mixture of excipients
spiked with known amounts of CZP; to obtain solutions at concentrations of 16, 20,
and 24 mg mL™%, equivalent to 80, 100 and 120% of the working solution
concentrations, according to Table 1. Accuracy was calculated as the percentage of
drug recovered from the formulation. Precision was determined by repeatability
(intraday) and intermediate precision (inter-days and between-analysts).
Repeatability was examined by six evaluations of sample of CZP, on the same day,
under the same experimental conditions. The inter-days precision was assessed via
the analysis of two samples of the biopharmaceutical formulation on three different
days, and the between-analysts precision was assessed by submitting the samples

to analysis by different analysts in the same laboratory.



39

2.5.5 Detection and quantitation limits

The detection limit (DL) and the quantitation limit (QL) were calculated as
defined by the International Council for Harmonisation (ICH) based on the standard
deviation of the response and the slope, estimated from the three independent
analytical curves of the CZP, determined by a linear-regression model. The factors
3.3 and 10, for the DL and QL, respectively, were multiplied by the standard deviation
of y-intercept and then divided by the slope (ICH, 2005; BRASIL, 2017).

2.5.6 Robustness

The robustness of an analytical procedure provides an indication of its
reliability for routine analysis. So, the method was determined by analyzing the same
samples containing 20 mg mL™1, under one-variable-at-a-time (OVAT) conditions as
observed in Table 2. Furthermore, the robustness parameters were also evaluated
and compared by the multi-variable-at-a-time (MVAT) method using an experimental
design. The procedure selected was a two-level (i.e., 24! or eight experiments),
fractional factorial design carried out with the selection of four factors: mobile phase
pH, flow rate (mL min™), column temperature (°C) and wavelength (nm). The factors
and their high and low levels were evaluated as presented in Table 3. The obtained
responses were processed using the Minitab 18.1 statistical software to assess the
significance of the effects, as represented by the Pareto charts, which consist of bars
with a length proportional to the absolute value of the estimated effect, divided by the
pseudo standard error (PSE), as defined by Lenth (LENTH et al., 1989). The chart
includes a vertical line at the critical t-value (a = 0.05), and smaller effects are
considered non-significant. The stability of the CZP samples was tested after
storage, and any changes in the chromatographic pattern were compared with the

freshly prepared samples.

2.6 ANALYSIS OF CZP IN BIOPHARMACEUTICAL FORMULATIONS

To quantitate CZP in biopharmaceutical products by the chromatographic
method, five batches of Cimzia®, labeled from 1 to 5, commercially available for
clinical use were diluted to the appropriate concentrations in ultrapure water. The
analyses were performed in triplicate, and the percentage recoveries were calculated
against BS—-CZP.
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3 RESULTS AND DISCUSSION
An important issue for biotechnology-derived medicines is the research of the
chromatographic method, selected due to its capability and validated for the

qualitative and quantitative analysis, following the international guidelines

3.1 DEVELOPMENT AND OPTIMIZATION OF CHROMATOGRAPHIC
CONDITIONS

To develop the method, tests were carried out to determine which mobile
phase, pH, flow rate, column and wavelength would lead to satisfactory selectivity
and sensitivity. So, mobile phases containing potassium phosphate, sodium
phosphate and phosphoric acid were tested. Furthermore, the use of sodium chloride
as an additive has also been studied. The mobile phase consisting of monobasic
sodium phosphate added with sodium chloride resulted in greater sensitivity and
shorter retention time with adequate resolution. The influence of the mobile phase
salts concentration was evaluated and better conditions were obtained in the
concentrations of 100 mmol L monobasic sodium phosphate and 200 mmol L1
sodium chloride. The mobile—-phase pH was investigated from 6.0 to 7.5, and the
best performance was achieved at pH 7.0. The effects of organic modifiers -
methanol, ethanol and isopropanol - were also evaluated in the concentration range
of 5 to 15% v / v, with a better chromatographic profile being observed with the
addition of ethanol at 5% v / v. In addition, a BioSep SEC-s2000 column, BioSep
SEC—-s3000 column, and YARRA SEC-2000 column were tested on the basis of
their separation and the BioSep SEC-s3000 column was selected. The optimal
wavelength was selected using a PDA detector, selecting 214 nm. Typical
chromatogram demonstrating the resolution of the symmetrical peaks corresponding
to CZP is shown in Figure 1a.

The choice of the mobile phase in this work corroborates what has already
been reported in the literature (RATTO et al., 1997; GOYON et al, 2017; SHAHBAZI
et al., 2017).

For the analysis of biopharmaceutical proteins, a mobile phase containing a
large amount of salt is commonly used in SEC, in order to reduce possible
electrostatic interactions. Furthermore, analysis of pegylated proteins by SEC results
in rapid degradation of chromatographic columns, where peak tailing and loss of

resolution is observed after approximately 20 injections. Salts such as sodium



41

chloride have been shown to be effective in reducing unwanted ionic interactions
between the column packing surface and the protein. Other additives may also be
needed to eliminate these interactions. It is known that polar organic compounds,
such as ethanol, can reduce protein packaging interactions (RATTO et al., 1997;
GOYON et al, 2017; SHAHBAZI et al., 2017). It is noteworthy that the use of these
additives maintained column efficiency throughout the period of method development

and validation.

3.2 VALIDATION OF LC METHODS

The suitability of the system was tested and the RSD values calculated for the
retention time, peak symmetry and peak area were 0.09, 1.77 and 1.18 9%,
respectively. The number of theoretical plates was 33102.91, with an RSD of 1.47 %.
These results were considered acceptable (RSD < 2 %).

The specificity of the method was evaluated. For the acid condition, 7.6 %
decrease of the area was observed and one additional peak was detected at 4.9 min
(Figure 1b). Under basic condition, 21.6 % decrease of the area was observed, with
four additional peaks at 4.9, 6.2, 7.2 and 7.6 min (Figure 1c). Oxidative degradation,
showed a reduction of 10.5 % of the main peak area, with one peak related to the
H202 at 8.8 min and additional peaks at 4.9 and 7.6 min (Figure 1d). The thermal
condition showed a decrease of 13.7% of the monomer peak area, with three
additional peaks at 4.9, 7.2 and 7.6 min (Figure 1e). Moreover, the placebo injection
showed only the baseline of the chromatogram, with no evident peaks (Figure 1f),
demonstrating that there is no interference from the excipients. In addition, the peaks
purity was determined, indicating that the peaks were spectrally pure, and there was
no chromatographic or spectroscopic evidence that impurities were present.
Together with the peak purity index in the range between 0.9999-1, the data showed
that the peaks were free of any co-eluting peak and that the excipients did not
interfere in the analysis, which confirmed that the LC methods were specific for the
analysis of CZP. All peaks eluting before the monomer were attributed to high
molecular weight (HMW) proteins, and the peaks eluted after the monomer were
named as low molecular weight (LMW) proteins of CZP.

The analytical curves were found to be linear over a concentration range of 1 —
40 mg mL?. The determination coefficient was calculated as r> = 0.9993, y =
1237158,739x - 201746,749, where x is concentration and y is the peak absolute
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area. The DL and QL of the method were calculated as 0.14 and 0.41 mg mL7,
respectively.

The precision parameter was evaluated by calculating the mean values and
relative standard deviation (RSD %). For repeatability, the RSD value obtained was
1.13%. The inter-days precision was tested, showing RSD values of 0.51 and 0.31
%. The between-analysts precision was also determined; the RSD values were found
to be 0.25 and 0.17 %.

The accuracy of the method was studied, and the absolute mean was 100.50
%, Table 1, which demonstrates that the accuracy was within the desired range.

The results and experimental range of the selected variables evaluated for
robustness using an OVAT approach are demonstrates in Table 2, together with the
optimized values, demonstrating that they were within the acceptable deviation (RSD
< 2 %), with non-significant differences (p > 0.05), as calculated by analysis of
variance. In addition, the robustness of the method was assessed using the MVAT
approach, and the significance of the effects was evaluated using Pareto charts and
the parameters are described in Figure 2. The bars were drawn and ranked
according to the strength of the effects, with the largest on the top, showing that they
were not statistically significant (a > 0.05). Therefore, the method can be considered
robust under the conditions tested. The samples were also tested, and the data
showed stability for 24 h in the auto—sampler and for 48 h when maintained at 2 — 8
°C.

3.3 APPLICATION OF THE METHOD

The validated method was applied to determine CZP in biopharmaceutical
formulations, giving the results shown in Table 4, with values in the range of 99.18 -
101.47%, related to the content declared, and HMW between 0.77 - 1.83%.
Furthermore, biopharmaceutical samples were artificially degraded, as described in
the section 2.5.1, and were analyzed. The degraded samples allowed reduction of
the main peak area by 7.6%, 21.6%, 10.5% and 13.7%, respectively. It was
demonstrated that the different stress conditions caused degradations that affect the
quality of the product. Thus, the method represents an improvement for the

characterization of the biotherapeutic and for its emerging biosimilar.
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4 CONCLUSIONS

The results of the validation studies show that the chromatographic method is
specific, sensitive and accurate, and can be initially applied for the quantitation of
biopharmaceutical formulations. Besides, the method validated can be used to
assess the biomolecule during the biotechnology processes, and through subsequent
purification steps, to monitor the stability, and to ensure the batch-to-batch
consistency of the bulk and finished biotechnology-derived medicines. In the near

future, could be applied to evaluate the biosimilars of CZP.
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Table 1 - Accuracy of SEC method for CZP
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Mean
Nominal ) .
_ concentration RSDP Accuracy Bias®
concentration
measured? (%) (%) (%)
(mg mL+)
(mg mL1)
16 16.14 0.50 100.85 0.85
20 20.05 0.30 100.27 0.27
24 24.09 0.07 100.39 0.39

aMean of three replicates

PRSD = Relative standard deviation

°Bias = [(Measured concentration - Nominal concentration)/Nominal concentration] x 100
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Table 2 - Chromatographic conditions and range investigated during robustness testing using the

one—variable—at—a—time (OVAT)

. Range Optimized
Variable _ _ CZP2 (%) RSDP® (%)
investigated value
90 mmol L* 99.11 0.21
Monobasic
sodium
100 mmol L 99.93 0.10 100 mmol L
phosphate
concentration
110 mmol L 99.37 0.45
0.4 mL min-t 100.83 0.06
Flow rate ) .
_ 0.5 mL mint 99.30 0.20 0.5 mL mint
(mL/min)
0.6 mL min-t 100.49 0.48
6.8 100.16 0.26
Mobile phase
7.0 99.93 0.10 7.0
pH
7.2 99.85 0.14
4 99.69 0.55
Ethanol (%) 98.12 0.16 5
6 98.30 0.13
33 100.10 0.32
Temperature
35 99.59 0.14 35
(°C)
37 99.10 0.08
Autosampler
24 h 101.45 0.28 -
Solution 5 _goc24h 10101 1.27 :
stability
2—-8°C48h 99.18 0.55 -
Wavelength 190 — 320 i i 214
(hm)

aMean of three replicates.

PRSD = Relative standard deviation.
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Table 3 - Variables selected as factors and levels investigated during the robustness testing using the

multi-variable—at—a—time (MVAT)

Factor Optimal Low level High level
Mobile phase pH 7.0 6.8 7.2
Flow rate (mL
0.5 0.4 0.6
min-1)
Column
33 37
temperature (°C)
Wavelength
214 212 216

(nm)
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Table 4 - Quantitation of CZP and determination of HMW forms in biopharmaceutical formulations by

SEC method
Sample Label claim HMW?2 (%) Content? (%)
(mg mL™)
1 200 1.12 99.18
2 200 0.77 100.23
3 200 1.83 99.17
4 200 0.84 101.47
5 200 0.92 99.22

aMean of three replicates.
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Figure 1 - SEC chromatograms of degradation studies
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(a) CZP 20mg/mL (b)acid; (c)basic; (d)oxidative; (e)thermal; (f)placebo.
Peak 1 = CZP; peak 2 = HMW, peaks 3,4 and 5 = LMW, peak 6 = hydrogen peroxide.
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Figure 2 - Pareto charts representing the effects of the variables and their interactions investigated
during the robustness testing MVAT
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ABSTRACT

The Certolizumab pegol (CZP) is an anti-TNFa biological agent indicated to
treat different chronic inflammatory diseases. It has a different structure compared to
other anti-TNF-a therapies, as it is pegylated and does not have the Fc fraction. It
has a molecular mass of about 47.8 kDa, but when conjugated with polyethylene
glycol, it has a total molecular mass of approximately 91 kDa. A reversed-phase
liquid chromatography (RP-LC) method was developed and validated for the
quantification of CZP and its fragments in biopharmaceutical formulations. The RP-
LC method was optimized on a Zorbax 300 SB C18 column (150 x 4.6 mm i.d, 3.5
um particle size, pore size 300 A) maintained at 80°C. The mobile phase A consisted
of 0.1% (v/v) TFA in ultrapure water and mobile phase B was a mixture of propanol,
acetonitrile, ultrapure water and TFA (70 + 20 + 9.9 + 0.1, v/v), run at a flow rate of
1.0 mL mint in a gradient elution mode, with detection by a diode array detector
(DAD) set at 214 nm. The chromatographic separation was obtained with retention
time at 9.0 min, and the calibration curve was linear over the 1 — 40 mg mL™ range (r2
= 0.9997). The specificity was confirmed by degradation studies, analyze of
interference of the excipients and peak purity. The accuracy was 99.80%, with bias
lower than 0.82%. The method was applied to quantitate CZP, giving results between
98.72% — 100.24%, and showing fragments forms between 0.87% — 1.51%.
Moreover, the MONO-MAC-6 cell culture bioassay was carried out to evaluated the
biological activity of CZP. The results showed that CZP significantly reduced the
levels of TNF-a expressed by the cell line MONO-MAC-6. So, the validated RP-LC
method can be employed to analyze CZP and its fragments, contributing to improve
the quality control and to ensure the efficacy and safety of the biopharmaceutical

product and its future biosimilars.

Keywords: certolizumab pegol, monoclonal antibody, reversed-phase liquid

chromatography, validation, bioassay.
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1 INTRODUCTION

The tumor necrosis factor-alpha (TNF-a) is a pro-inflammatory cytokine that
plays a key role in the inflammatory cascade. Thus, biological agents TNF-a
inhibitors (anti-TNF-a), have revolutionized the treatment of chronic inflammatory
diseases in areas such as dermatology, rheumatology and gastroenterology. This
anti-TNF-a antibodies attenuate the inflammatory process by binding to precursor
transmembrane TNF-a and soluble TNF-a, blocking the interaction between TNF-a
molecules and its receptors, neutralizing TNF-a mediated pro-inflammatory cell
signaling (MEASE, 2011; CURTIS et al., 2019).

Certolizumab pegol (CZP) is a pegylated humanized Fab fragment of an anti-
TNF-a antibody with a high affinity for TNF-a, but lacks the Fc portion. That is, a Fab
fragment attached to a 40-kDa PEG moiety. The pegylation increases the plasma
half-life of CZP to about 2 weeks and contribute to the preferential distribution of the
drug to inflamed tissues (UEDA, 2014; DEEKS, 2016; MITOMA et al., 2016).

In clinical practice, can be used in monotherapy or with disease-modifying
anti-rheumatic drugs, such as methotrexate, to treat different chronic inflammatory
diseases, such as rheumatoid arthritis (RA), Crohn's disease (CD), psoriatic arthritis
(PsA) and axial spondyloarthritis (axSpA) (LAUNOIS et al, 2011; CIMZIA, 2016).

Nowadays, monoclonal antibodies (mAbs) are class of biopharmaceuticals in
rising very relevant in the pharmaceutical market, because have been successfully
utilized in therapeutic, due high specificity, high efficacy, wide therapeutic range and
few side effects. Because of this growing importance, researches aimed at
development of analytical methods for their complete characterization has emerged.
But, the characterization of mAbs is not easy, these biomolecules have protein
nature, resulting in a complexity structural and significant heterogeneity. Therefore,
these biopharmaceuticals must be evaluated and characterized using a combination
of analytical techniques (MARTINEZ-ORTEGA et al., 2016; FEKETE et al., 2017;
FARJAMI et al., 2019).

Immunoenzymatic assays as ELISA are commonly employed to quantitate
mADbs, however, this technique presents lower precision and robustness than
physicochemical techniques (NAVAS et al., 2013).

Despite size exclusion liquid chromatography (SEC) are well-established for
the analysis of intact protein, the reversed-phase liquid chromatography (RP-LC)

using stationary phases with large pore size (300 A), long alkyl chains (C8 and C18),
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high column temperature and a solvent system with ion pairing agents is a very
effective chromatographic method for the analysis of intact proteins. Therefore, RP-
LC is more efficient than ion-exchange chromatography (IXC) and with less retention
time, being the most appropriate technique for quantify mAbs (MARTINEZ-ORTEGA
et al., 2018).

Many RP-LC and SEC chromatographic methods have been described for the
quantification and characterization of the intact mAbs, besides of stability,
aggregation and degradation studies. However, there are no methods developed
specifically for CZP analysis (PAUL et al., 2012; NAVAS et al., 2013; MARTINEZ-
ORTEGA et al., 2016; MARTINEZ-ORTEGA et al., 2018; HERNANDEZ-JIMENEZ et
al., 2016; HERNANDEZ-JIMENEZ et al., 2018; PEROBELLI et al., 2018).

The validation study is necessary to demonstrate that the method developed is
suitable for the intended purpose, ensuring the reproducibility and reliability of the
results. So, after the development of new analytical methods, the validation is
imperative. The parameters to be evaluated in validation of the analytical methods
are describe in official guidelines (ICH, 2005; SHABIR et al., 2007; BRASIL, 2017).

The aim of this work was to develop and validate a RP-LC method for the
analysis of the Certolizumab pegol and the its fragments and compare the proposed
method against SEC. Moreover, carry out in vitro inflammatory inhibition bioassay to
evaluate biological activity of CZP. In this way, provide new analytical tools that can
assess the safety and bioactivity of the monoclonal antibody under study, improving

quality control.
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2 MATERIALS AND METHODS

2.1 CHEMICALS AND REAGENTS

Different batches of biopharmaceutical formulations of Cimzia® AstraZeneca
(Cotia — Séo Paulo, Brazil) were commercially acquired, containing a 200 mg mL™?
solution in a prefilled syringe. These samples were within their expiration date and
were stored refrigerated at 2-8°C and protected from light. The trifluoroacetic acid
(TFA) HPLC-grade and 30% v/v hydrogen peroxide (H202) was purchased from
Merck (Darmstadt, Germany). Acetonitrile and propanol (HPLC-grade) were acquired
from J.T. Baker (Phillipsburg, NJ, USA). Before the analysis, the solutions were
filtered in a 0.22 ym Millex filter (Millipore) and degassed with a Tecnal ultrasonator
(Sao Paulo, Brazil). To perform all analyses, the ultrapure water was purified by Elix
3 coupled to a Millipore Milli-Q Gradient A10 system (Bedford, MA, USA). In addition
to those mentioned, all other chemicals used were HPLC grade or special analytical
grade. For the bioassay, the monocytic cell line (MONO-MAC-6) was obtained from
the Rio de Janeiro Cell Bank — BCRJ (Rio de Janeiro, Brazil). RPMI-1640 medium
and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Human TNF-a ELISA Development Kit was acquired from PeproTech (Rocky
Hill, NJ, USA). And as the lipopolysaccharide (LPS), was employed the 3™
International Standard for Endotoxin WHO 10/178 from National Institute for
Biological Standards and Control — NIBSC (London, UK).

2.2. APPARATUS

The analyses were performed on a Shimadzu LC system (Kyoto, Japan)
equipped with a CBM—-20A system controller, a SIL—20ACHT autosampler, a LC-20
AD pump, a DGU-20As degasser, a CTO-20A column oven and a SPD-M20A
diode array detector (DAD). The LC Solution Version 1.22 SP1 software was used to
automatically integrate the peak areas. The absorbances of the cell culture bioassay
were measured on a Thermo Scientific Varioskan® Flash microplate reader (Vantaa,
Finland).

2.3. STANDARD AND SAMPLE SOLUTIONS
As an official reference substance was not available, three samples of

commercial batch of Cimzia® were pooled, to quantitate a sample during the method
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development, and it was established as the representative CZP Biological reference
substance (BS—-CZP). Then, solutions were prepared daily by diluting the BS-CZP
and samples of biopharmaceutical products (Cimzia®) in ultrapure water, to final
concentrations of 20 mg mL~ 1. For the bioassay, CZP was diluted at concentration to

10 pg/ml and LPS was diluted at 50 pg/ml.

2.4 RP-LC METHOD

The RP-LC method was carried out on a reversed-phase Agilent (Santa Clara,
CA, USA) Zorbax 300 SB C18 column (150 mm x 4.6 mm i.d., with a pore size of 300
A and particle size of 3.5 um) maintained at 80°C. To protect the analytical column, a
security guard holder C18 Phenomenex (Torrance, USA) was used. The eluent flow
rate was 1.0 mL min', and consisted of a gradient of 0.1% (v/v) TFA in ultrapure
water (mobile phase A) and a mixture of propanol, acetonitrile, ultrapure water and
TFA (70 + 20 + 9.9 + 0.1, v/v) (mobile phase B). The chromatographic run started at
30% of mobile phase B. A linear gradient was applied from 0.01 to 7.00 minutes,
then increasing to 40% of B in minute 7.00, and kept constant for 3.50 min. In minute
10.50 to 11.00 decreased the mobile phase B concentration to 30%. A post-time of 4
min was required under the initial conditions of the gradient, i.e., 30 % of mobile
phase B, finishing the analysis in 15 minutes. The injection volume was 1 pL of a
solution containing 20 mg mL* for both BS-CZP and samples and chromatograms

were registered at 214 nm, using DAD detection.

2.5 VALIDATION OF RP-LC METHOD

The validation of the RP-LC method was performed using samples of
biopharmaceutical products with a label claiming of 200 mg mL™ !, and the
parameters were assessed according to the guidelines. The following validation
parameters were determined: specificity, linearity, precision, accuracy, detection limit
(DL), quantitation limit (QL), robustness and system suitability test (ICH, 2005;
BRASIL, 2017).

2.5.1 System suitability test
The system suitability test was carried out using five replicate injections of 1
uL of BS-CZP solutions containing 20 mg mL™, followed by analysis of the
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recommended parameters: peak area, retention time, peak symmetry, number of
theoretical plates and peaks capacity (k).

2.5.2 Specificity

The specificity of the RP-LC method was analyzed by degradation studies and
interference of the excipients. Thus, the BS-CZP solutions (20 mg mL™%) were
submitted to stress conditions in acidic medium, basic medium, oxidative medium
and photolytic medium. The solutions were subjected to stress using acid (1 M HCI),
alkaline (0.1 M NaOH), and oxidative media (10% H202). The stress agent was
applied at a concentration of 10% (v/v). In addition, the effect of UV light was
investigated by exposure to 200 W h/m? near ultraviolet light in a photostability
chamber. The samples were analyzed 24 h after the stress agent was added. After
samples were stressed, the aliquots were analyzed without further dilutions to avoid
changes. The chromatograms of the stressed samples were compared with those of
the non-degraded BS-CZP (NAVAS et al., 2013; HERNANDEZ-JIMENEZ et al.,
2018). Possible interferences from excipients of the biopharmaceutical formulation
were determined by analyzing a sample that contained only placebo, in-house
mixture of the formulation excipients (sodium acetate, sodium chloride and water to
adjust pH 4.7) it was made (EMA, 2014). Also, the spectral peak purity (CZP non-
degraded and degraded forms) was checked with a DAD detector using the LC

Solution Version 1.22 SPI software.

2.5.3 Linearity

This parameter was investigated by constructing three independents analytical
curves, each with seven concentrations of the BS-CZP solution (1, 5, 10, 15, 20, 30
and 40 mg mL1). The solutions were injected in triplicate to verify the repeatability of
the detector response. Peak areas with relative standard deviation (RSD) < 2% were
plotted against the respective concentrations and subjected to regression analysis by
a least-squares method to calculate the calibration equation and the determination
coefficient (r?) > 0.999. The statistical software STATGRAPHICS Centurion XVII
Version 17.2.05 (Statistical Graphics System, 2017, Warrenton, VA, USA) was used

to analyze the chromatographic data.
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2.5.4 Precision and accuracy

Precision must be expressed through the repeatability (intraday) and
intermediate precision (inter-days and between-analysts). The repeatability was
examined by six evaluations of BS-CZP, under the same experimental conditions, on
the same day. The between-analysts precision was assessed by submitting samples
for analysis by different analysts in the same laboratory. The inter-days precision was
determined by the analysis of two samples of the biopharmaceutical formulation on
three different days. The accuracy was evaluated by analysis of the in-house mixture
of excipients spiked with known amounts of BS-CZP; to obtain solutions at
concentrations of 16, 20, and 24 mg mL™, equivalent to 80, 100 and 120% of the
working solution concentrations, according to Table 1. Accuracy was calculated as

the percentage of drug recovered from the formulation.

2.5.5 Detection and quantitation limits

The detection limit (DL) and the quantitation limit (QL) were calculated as
defined by the International Council for Harmonisation (ICH) based on the standard
deviation of the response and the slope, estimated from the three independent
analytical curves of the CZP, determined by a linear-regression model. The factors
3.3 and 10, for the DL and QL, respectively, were multiplied by the standard deviation
of y-intercept and then divided by the slope (ICH, 2005; BRASIL, 2017).

2.5.6 Robustness

Robustness is a parameter typically used in the development of the analytical
method that indicates its ability to resist small and deliberate variations in the
analytical conditions. So, the method was evaluated by analyzing the same samples
containing 20 mg mL™, under one-variable-at-a-time (OVAT) conditions as observed
in Table 2. The robustness was also analyzed by the multi-variable-at-a-time (MVAT)
method. The experimental design was a two-level (i.e., 2*~! or eight experiments),
fractional factorial design carried out with the selection of four factors: mobile phase
pH, flow rate (mL min™?), column temperature (°C) and wavelength (nm). The factors
and their high and low levels were evaluated as shown in Table 3. The Minitab 18.1
statistical software was employed to assess the significance of the effects, as
represented by the Pareto charts, which consist of bars with a length proportional to

the absolute value of the estimated effect, divided by the pseudo standard error
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(PSE), as defined by Lenth (LENTH et al., 1989). The chart includes a vertical line at
the critical t-value (a = 0.05), and smaller effects are considered non-significant. In
addition, the stability of the CZP samples was tested after storage, and any changes

in the chromatographic pattern were compared with the freshly prepared samples.

2.6 MONO-MAC-6 CELL CULTURE BIOASSAY OF CZP

Following the method previously described (POOLE et al., 1988; SILVEIRA,
1997), the monocytic cell line MONO-MAC-6 was incubated with RPMI-1640 medium
supplemented with 10% fetal bovine serum. The cells were counted and used in the
concentration of 10® monocytes/ml. The MONO-MAC-6 cells were stimulated by the
addition of 50 pg/ml of the 3 International Standard for Endotoxin WHO 10/178
(LPS). To test the effects of CPZ, 10 pg/ml was added after the LPS in the same
procedure. Then, the supernatant was harvested and assayed, respectively, for TNF-

a 24 hours after the incubation.

2.7 APPLICATION OF THE RP-LC METHOD AND SEC CORRELATION

To quantify CZP and its fragments by the RP-LC method, five commercially
available lots of Cimzia® were named from 1 to 5, and diluted to 20 mg mL™ 1, in
ultrapure water. The analyses were performed in triplicate, and the percentage were
calculated against BS—CZP. Moreover, the RP-LC method was submitted to
correlation study against the SEC by analysis of variance (ANOVA).

3 RESULTS AND DISCUSSION

3.1 DEVELOPMENT AND OPTIMIZATION OF CHROMATOGRAPHIC
CONDITIONS

Tests were carried out to determine the ideal conditions of the method, such
as mobile phase, temperature, flow rate, elution mode, column and wavelength,
seeking to develop a sensitive, selective, robust and reproducible RP-LC method.
Thus, were tested mobile phases containing 0.1% TFA in water (v/v) and 0.1% TFA
in acetonitrile (v/v), TRIS buffer, monobasic sodium phosphate, sodium sulphate
anhydrous and a mixture of isopropanol, acetonitrile, ultrapure water and TFA (70 +
20 + 9.9 + 0.1) (v/v). Moreover, others solvents with high eluotropic strength

coefficients such as, methanol and propanol were analyzed in this mixture. The
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mobile phase consisting of a mixture of propanol, acetonitrile, ultrapure water and
TFA (70 + 20 + 9.9 + 0.1) (v/v) resulted in better sensitivity, resolution and shorter
retention time. The influence of the column temperature was evaluated (30 - 80°C)
and desirable chromatographic profiles started obtained from 60°C. At 80°C the
chromatographic profile presents better conditions with high resolution between the
peaks and great symmetry of the peaks. The isocratic and gradient elution mode was
also evaluated, in which better symmetry and peaks resolution results were observed
using mobile phase concentration gradients. In addition, Vydac 214TP C4 column,
Jupiter C4 column, Zorbax 300 SB Cs column and Zorbax 300 SB Cis column were
tested on the basis of their separation and the Zorbax 300 SB Cis column was
selected. The optimal wavelength was selected using a DAD detector, selecting 214
nm. Typical chromatogram demonstrating the resolution of the symmetrical peaks
corresponding to CZP is shown in Figure 1a.

The choice of method conditions in this work corroborates what is reported in
the literature, as it is observed that the use of chromatographic columns with long
alkyl chains of the stationary phase, high column temperature combined with the
organic solvents with high eluotropic strength coefficient and ion pairing agents, such
as trifluoroacetic acid (TFA), are essential for monoclonal antibody analysis by RP-
LC method (DILLON et al., 2006; NAVAS et al., 2013; MARTINEZ-ORTEGA et al.,
2016).

3.2 VALIDATION OF LC METHODS

The suitability of the system was tested and the RSD values calculated for the
retention time, peak symmetry and peak area were 0.08, 0.28 and 1.50 %,
respectively. The number of theoretical plates was 6047.54, with an RSD of 1.93 %.
These results were considered acceptable (RSD < 2 %).

The specificity of the method was investigated. For the acid condition, 12.8 %
decrease of the area was observed and one additional peak was detected at 2.5 min
(Figure 1b). Under basic condition, 20.6 % decrease of the area was observed, with
three additional peaks at 2.5, 3.2 and 7.6 min (Figure 1c). Oxidative degradation,
showed a reduction of 12.1 % of the main peak area, with one peak related to the
H202 at 1.7 min and additional peaks at 2.5 and 9.6 min (Figure 1d). The photolytic
condition showed a decrease of 12.6% of the monomer peak area, with three

additional peaks at 3.1, 3.3 and 8.4 min (Figure 1e). The placebo injection showed
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chromatogram with no evident peaks (Figure 1f), demonstrating that there is no
interference from the excipients. Moreover, the peaks purity was analyzed, indicating
that the peaks were spectrally pure, and there was no chromatographic or
spectroscopic evidence that impurities were present. The peak purity index remained
in the range between 0.9999-1, showing that the peaks were free of any co-eluting
peak and that the excipients did not interfere in the analysis, which confirmed that the
RP-LC method was specific for the analysis of CZP. All peaks eluting before or after
the major peak were named as fragments of mADb.

The analytical curves were found to be linear over a concentration range of 1 —
40 mg mL?. The determination coefficient was calculated as r> = 0.9997, y =
581209,0009x + 204086,2547, where x is concentration and y is the peak absolute
area. The DL and QL of the method were calculated as 0.06 and 0.17 mg mL™,
respectively.

The precision parameter was evaluated by calculating the mean values and
relative standard deviation (RSD %). For repeatability, the RSD value obtained was
1.78%. The inter-days precision was tested, showing RSD values of 0.70 and 0.99
%. The between-analysts precision was also determined; the RSD values were found
to be 0.49 and 0.69 %.

The accuracy of the method was studied, and the absolute mean was 99.80%,
Table 1, which demonstrates that the accuracy was within the desired range.

The results and experimental range of the selected variables evaluated for
robustness using an OVAT approach are demonstrates in Table 2, together with the
optimized values, demonstrating that they were within the acceptable deviation (RSD
< 2 %), with non-significant differences (p > 0.05), as calculated by analysis of
variance. In addition, the robustness of the method was assessed using the MVAT
approach, and the significance of the effects was evaluated using Pareto charts and
the parameters are described in Figure 2. The bars were drawn and ranked
according to the strength of the effects, with the largest on the top, showing that they
were not statistically significant (a > 0.05). Therefore, the method can be considered
robust under the conditions tested. The samples were also tested, and the data
showed stability for 24 h in the auto—sampler and for 48 h when maintained at 2 — 8
°C.
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3.3 APPLICATION OF THE RP-LC METHOD AND SEC CORRELATION

The validated RP-LC method was applied to analyze CZP in five different
batches of biopharmaceutical products commercially available, demonstrating results
according to Table 4, with values in the range of 98.72 - 100.24%, related to the
content declared, and its fragments between 0.87 - 1.51%. Moreover, the samples
were artificially degraded, as described in the section 2.5.1, and were analyzed. The
degraded samples allowed reduction of the main peak area by 12.8%, 20.6%, 12.1%
and 12.6%, respectively. It was demonstrated that the different stress conditions
caused degradations that affect the quality of the product and that this method is able
to detect these alterations. Therefore, the method represents an improvement for the
characterization of the biopharmaceutical and for its future biosimilar, ensuring
analytical methods capable to evaluated both the monoclonal antibody and its
fragments. In addition, the RP-LC method was submitted to correlation study against
SEC method to evaluate the intact biomolecule, and the results are observed in
Table 4. The analysis by ANOVA showed non-significant differences, demonstrating

the capabilities of each one of the methods to evaluate the biomolecule.

3.4 MONO-MAC-6 CELL CULTURE BIOASSAY OF CZP

The MONO-MAC-6 cells stimulated by LPS showed TNF-a levels quantified by
the ELISA method, approximately of 820 pg/ml. Then, after treatment of the cells with
CZP, the ELISA method was carry out again, showing significant reduction of TNF-a
levels to 236 pg/ml. The analysis showed that CZP significantly reduced the
quantification of the pro-inflammatory cytokine (TNF-a) expressed by the cell line due

to the biological activity of the monoclonal antibody.

4 CONCLUSIONS

The RP-LC method was developed and validated following the ICH guidelines
for biotechnological products and the results of the validation studies show that the
chromatographic method is specific, sensitive and accurate. In this way it can be
applied to quantitation of CZP and its fragments in biopharmaceutical formulations,
as well as stability-indicating method, because can be used to test CZP stability in
guality control processes and long-term stability studies.

Besides, the method validated can be used to assess the biomolecule during

the biotechnology processes, and through subsequent purification steps, to monitor
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the stability, and to ensure the batch-to-batch consistency of the bulk and finished
biotechnology-derived medicines. In the near future, could be applied to evaluate the
biosimilars of CZP, representing one of the methods needed to characterize CZP. In
addition, the bioassay demonstrated the biological activity of CZP and its ability to
inhibit TNF-a, however further studies are necessary to correlate with its mechanism
of action in order to optimize and validate this method.
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Table 1 - Accuracy of RP-LC method for CZP

Nominal Mean . b .
concentration concentration RSD Accuracy Bias®
(Mg mL) measured? (%) (%) (%)

(mg mL™)
16 15.87 1.85 99.18 -0.82
20 20.06 1.46 100.31 0.31
24 23.98 0.54 99.90 -0.10

aMean of three replicates
PRSD = Relative standard deviation

¢Bias = [(Measured concentration - Nominal concentration)/Nominal concentration] x 100
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Table 2 - Chromatographic conditions and range investigated during robustness testing using the

one—variable—at—a—time (OVAT)

. Range Optimized
Variable _ _ CZP2 (%) RSDP® (%)
investigated value
39 (% B) 100.61 1.45
Gradient:
maximum
percentage
_ 40 (% B) 100.45 0.99 40 (% B)
of mobile
phase B
(%B)
41(% B) 100.27 1.08
0.9 mL min-t 101.16 1.33
Flow rate _ _
. 1.0 mL mint 100.94 0.47 1.0 mL min-t
(mL/min)
1.1 mL mint 101.72 0.96
0.09 100.12 1.33
TFA (%) 0.10 100.85 0.44 0.10
0.11 101.08 0.62
79 101.03 1.34
Temperature
80 100.76 0.87 80
(°C)
81 100.84 1.68
Autosampler
24 h 99.83 1.13 -
Solution 5 _goc4n  99.12 0.41 :
stability
2—-8°C48h 98.64 0.96 -
Wavelength 190 — 320 i i 214
(nm)

aMean of three replicates.

PRSD = Relative standard deviation.
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Table 3 - Variables selected as factors and levels investigated during the robustness testing using the

multi-variable—at—a—time (MVAT)

Factor Optimal Low level High level
Flow rate (mL
_ 1.0 0.9 1.1
min=1)
Column
80 79 81
temperature (°C)
Gradient:
maximum
percentage of 40 39 41
mobile phase B
(%B)
Wavelength
214 212 216

(nm)
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Table 4 - Quantitation of CZP, determination of its fragments in biopharmaceutical formulations by RP-
LC method and its correlation with SEC

RP-LC SEC
. Fragments@ Non-altered HMW?a (%) Content?

(mg mL™Y) (%) form? (%) (%)
1 200 0.94 98.93 0.62 100.19
2 200 1.02 99.25 1.60 100.27
3 200 0.87 98.72 0.88 98.54
4 200 1.33 100.24 1.08 101.06
5 200 1.51 99.09 1.43 98.05
Mean - 1.13 99.25 1.12 99,62
SDP - 0.27 0.59 0.40 1,27

aMean of three replicates.
bStandard Deviation
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Figure 1 - RP-LC chromatograms of degradation studies
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(a) CZP 20mg mL™* (b)acid; (c)basic; (d)oxidative; (e)photolytic; (f)placebo.
Peak 1 = CZP; peaks 2, 3, 4, 6, 7, 8 and 9 = fragments; peak 5 = hydrogen peroxide.
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Figure 2 - Pareto charts representing the effects of the variables and their interactions investigated
during the robustness testing MVAT

Pareto Chart of the Standardized Effects

(response is Potency; o = 0,05)
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6 DISCUSSAO

No momento atual, gracas ao avanco cientifico e tecnolégico na éarea da
Biotecnologia, que passou a dominar importantes técnicas para a producdo de
medicamentos biolégicos como, a tecnologia do DNA recombinante e dos
hibridomas, observa-se o desenvolvimento e produgdo em larga escala de mADbs.
Contudo, devido a sua origem biolégica estes compostos apresentam estrutura
molecular complexa, requisitando a combinacdo de métodos para que se possa
determinar seu teor, impurezas e estabilidade, garantindo a qualidade integral do
produto (ECKER et al., 2015; WANG et al., 2018).

Métodos cromatograficos sdo comumente utilizados para a caracterizacdo de
medicamentos bioldgicos, apesar disso, ainda ndo temos metodologia oficial e
especificacdo farmacopeica para a avaliacdo de produtos acabados de CZP, bem
como ndo h& publicagbes cientificas, até o presente momento, trazendo estas
técnicas. Observando esta lacuna, foram desenvolvidos estudos para propor
métodos inovadores por CL-EM e CL-FR que possam avaliar a qualidade destes
biofarmacos. A investigacdo de métodos que possam contribuir para a
caracterizacdo do CZP apresenta significativa importancia e pode viabilizar também
o desenvolvimento de produtos biossimilares, haja vista que a patente do Cimzia®
acabou de expirar, no ano de 2021, na Europa e esta prevista para expirar em 2024
nos Estados Unidos da América, abrindo caminho para que biossimilares de CZP
sejam produzidos (GABI, 2017).

Convém elucidar nesta discussédo que, até o presente momento, ndo ha Padrao
Internacional para o CZP e algumas empresas internacionais fornecem substancia
biolégica como referéncia, porém nao possuem certificacdo da substancia e ndo sédo
reconhecidas por orgao oficial. Sendo assim, decidiu—se utilizar um pool de produto
comercial Cimzia® (200 mg/mL), que foi adotado como Substancia Bioldgica de
Referéncia (BS—CZP) para o desenvolvimento e validacdo dos métodos. Este
procedimento foi adotado com base em artigos publicados na literatura internacional
que seguiram procedimentos semelhantes (NAVAS et al., 2013; HERNANDEZ-
JIMENEZ et al., 2018; MARTINEZ-ORTEGA et al., 2018; PEROBELLI et al., 2018;
DUMONCEL et al., 2022).

A discussao a seguir esta baseada nos artigos 1 e 2 apresentados nos capitulos

anteriores, que serdo submetidos para publicacdo, no qual estdo detalhados os
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métodos estudados e os resultados experimentais encontrados. Conforme citado, no
artigo 1 foi desenvolvido e validado método por CL-EM para quantificacdo de CZP e
suas formas agregadas em formulacdes biofarmacéuticas. Paralelamente, no artigo
2 foi desenvolvido método por CL-FR para a analise do CZP e seus fragmentos em

produtos biofarmacéuticos e teste de atividade bioldgica.

6.1 ARTIGO 1

Primeiramente, se desenvolveu e validou um método por CL-EM para avaliacdo
de CZP. Testou-se distintas fases moveis contendo fosfato de potassio, fosfato de
sodio e acido fosforico, bem como, foi estudado o cloreto de sédio como um aditivo
do eluente. Com base nos resultados obtidos, a fase movel constituida por fosfato
de sbédio monobasico e cloreto de so6dio com pH neutro (7,00) foi escolhida.
Modificadores organicos também foram analisados na constituicdo da fase movel,
dentre os solventes analisados podemos destacar o etanol, o0 metanol e o
isopropanol, e neste estudo obteve-se melhor resposta pelo uso do etanol (5% v/v).

Colunas cromatogréficas também foram estudadas, para isso, testou-se alguns
modelos compativeis com o objetivo da técnica em desenvolvimento como, BioSep
SEC—-s2000, BioSep SEC-s3000 e YARRA SEC-2000. Neste caso, a coluna
BioSep SEC—s3000 foi a escolhida. Pode-se destacar que a escolha dos elementos
constituintes da fase movel estd de acordo com o que ja foi previamente
apresentado na literatura para a andlise de proteinas peguiladas por CL-EM (RATTO
et al.,, 1997; GOYON et al, 2017; SHAHBAZI et al., 2017).

Portanto, com base em um perfil cromatografico adequado e tempo de retencao
de 5,6 min, determinou-se a fase movel A constituida de fosfato de sdédio
monobasico (100mM) e cloreto de sédio (200mM) pH 7,0 e a fase movel B sendo
etanol (95:5, v/v), a uma vazéo de 0,5 ml/min, com deteccdo DAD a 214 nm.

Os picos adicionais formados durante os estudos de degradacdo forcada por
aquecimento, condicdo acida, basica e oxidativa, podem ser atribuidos as proteinas
de alta massa molecular (agregados) e de baixa massa molecular. A andlise do
placebo preparado com os excipientes da formulagédo foi avaliada e demonstrou néo
haver interferéncia dos excipientes, bem como, a anélise da pureza do pico do CZP
nos cromatogramas das amostras forneceu elevada pureza (> 0,9999), indicando
que ndo héa co-eluigdo, garantindo a especificidade do método.
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O método apresentou regressao linear significativa na faixa de concentracéo de 1
— 40 mg/mL (r> = 0,9993). Os dados obtidos para a repetibilidade e preciséo
intermediaria forneceram DPR inferiores a 1,13 % (SHABIR, 2003). Na Tabela 1
(artigo 1) podem ser observados os valores experimentais obtidos no teste de
exatiddo, com média de 100,50 %. Desse modo, os resultados alcancados
determinam a precisdo e exatiddo do método proposto.

A robustez do método também foi investigada avaliando-se uma variavel de cada
vez através de pequenas modificacdes independentes na concentracdo (mM) de
fosfato de s6dio monobésico, na concentracéo (%) de etanol, no pH da fase mével,
no fluxo e na temperatura da coluna, observando que ndo houve influéncia na
guantificacdo do CZP. Além disso, também se avaliou multiplas varidveis de cada
vez, por meio de desenho experimental determinado pelo programa estatistico
Minitab (versdo 18.1), onde foi aplicado modificando quatro fatores em conjunto (pH,
fluxo da fase movel, temperatura da coluna e comprimento de onda) em dois niveis
(baixo e alto, £ 1). O gréafico de Pareto foi construido utilizando o mesmo software
estatistico. Os resultados obtidos ndo demonstraram alteracdes significativas nas
poténcias, com nivel de significancia 5 %, sendo inferiores ao valor critico (2,201),
conforme observado na Figura 2 (artigo 1).

De acordo com o que foi citado na revisdo da literatura do presente trabalho, a
Farmacopeia Americana apresenta um método geral por CL-EM para avaliacédo de
mAb’s (USP, 2016). Desse modo, € apropriado ressaltar as vantagens do método
desenvolvido e validado nesta pesquisa em relacdo ao método farmacopeico.

Realizaram-se corridas cromatograficas de amostras de CZP nas condi¢cdes
determinadas pela USP (2016) e os resultados obtidos foram insatisfatérios, pois o
perfil cromatografico apresentou-se com picos sem resolugdo, com baixa
sensibilidade e maior tempo de retencao, aproximadamente 20 min. Relacionam-se
estes resultados, ao fato de que o método farmacopeico é um metodo geral proposto
aos mADb’s, que possuem como estrutura basica uma molécula de imunoglobulina G
(IgG). Por sua vez, o CZP com sua estrutura molecular Unica e distinta dos demais
mADb’s pode ser a causa de ndo se obter éxito com a execuc¢do do método da USP.
Desse modo, se justifica o desenvolvimento e pesquisa de métodos especificos a
este medicamento, pois mesmo 0s compostos de sua classe farmacéutica, sao

diferentes estruturalmente.
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7

Paralelamente, outro ponto importante € o tempo de corrida de ambos o0s
métodos, no qual o método proposto nesta tese possui tempo de corrida de 10 min,
engquanto, o metodo farmacopeico apresenta tempo de corrida de 30 min, gerando
maior de manda de tempo, de solventes e recursos, além de gerar maior conteudo

de residuos.

6.2 ARTIGO 2

Na sequéncia, realizou—-se o desenvolvimento e a validacdo do método por CL—
FR (artigo 2). Para a determinacdo das melhores condi¢gbes analiticas analisou-se
diferentes colunas cromatograficas, temperatura do método, composi¢cdo da fase
movel, modo de eluicdo, comprimento de onda, entre outros aspectos, sempre
levando em consideracdo o que é descrito na literatura internacional, bem como, as
caracteristicas do produto a ser analisado.

Colunas cromatograficas de diferentes produtores, com distintos materiais de
empacotamento foram avaliadas, entre elas, Vydac 214TP Ca, Jupiter Ca4, Zorbax
300SB Cs e Zorbax 300SB Cis. Selecionou-se entdo, a coluna Zorbax 300SB Cis,
que possibilitou a separacdo cromatografica com tempo de retencao de 9,0 min.

A temperatura da coluna foi avaliada na faixa de 30°C a 80°C, de acordo com as
suas recomendacdes de uso. Os perfis cromatogréaficos desejaveis comecaram a ser
obtidos a partir de 60°C. O cromatograma apresentou o melhor perfil cromatografico,
com alta simetria e resolucdo entre os picos, quando atingida a marca de 80°C.
Quanto ao modo de eluicdo, os melhores resultados em pureza dos picos, simetria e
resolucao foram atingidos quando empregada a eluicdo em gradiente.

Examinou-se fases moéveis constituidas de 0,1% de TFA em agua (v/v) e 0,1% de
TFA em acetonitrila (v/v), tampdo TRIS, fosfato de sédio monobasico, sulfato de
sédio anidro e uma mistura de isopropanol, acetonitrila, agua ultrapura e TFA (70 +
20 + 9,9 + 0,1) (v/v). Solventes com alta forca de eluicdo, como metanol e propanol,
também foram testados nesta mistura, sendo o propanol o solvente de escolha por
apresentar melhor perfil cromatografico.

Para a determinacdo da especificidade estudos de degradacdo forcada sob
condicdes de estresse acido, basico, oxidativo e fotolitico foram realizados. Picos
adicionais foram gerados durante estes estudos, podendo ser atribuidos aos
fragmentos de CZP. A andlise do placebo preparado com o0s excipientes da
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formulacédo, confirmou a nao interferéncia destes, bem como, a pureza do pico de
CZP também foi avaliada por detector DAD (> 0,9999).

O meétodo desenvolvido ofereceu regressdo linear significativa na faixa de
concentragdo de 1 — 40 mg/mL (r> = 0,9997). Os dados obtidos para a repetibilidade
e precisdo intermediaria forneceram DPR inferiores a 1,78 %, que demonstram
precisdo do método proposto, destacando—se que a literatura preconiza DPR %
menor ou igual a 2 % (SHABIR, 2003). Na Tabela 1 (artigo 2) podem ser observados
os valores experimentais obtidos no teste de exatiddo, com média de 99,80 %.
Desse modo, os resultados adquiridos garantem a precisdo e exatiddo do método
proposto.

Para a avaliacdo do parametro de robustez do método, investigou-se
primeiramente uma variavel de cada vez através de pequenas modificacdes
independentes na proporcao da fase mével B (%), fluxo, concentracdo de TFA (%) e
temperatura da coluna, neste estudo n&do houveram diferencas significativas na
determinacdo das poténcias. Paralelamente, realizou—-se testes com multiplas
variaveis baseado na avaliacdo de quatro fatores em conjunto (fluxo da fase maével,
temperatura da coluna, % maximo do gradiente e comprimento de onda) em dois
niveis (baixo e alto, + 1). O desenho experimental e a andlise estatistica foram
executados por meio do software Minitab (versdo 18.1). A andlise de Pareto foi
realizada e os resultados ndo demonstraram alteracdes significativas nas poténcias,
com nivel de significancia 5 %, sendo inferiores ao valor critico (2,201), conforme
observado na Figura 2 (artigo 2).

Destaca-se também que, embora tenhamos um método farmacopeico por CL-EM
disponivel para a avaliacdo de mAb’s, a quantificacdo de fragmentos dos mAbs por
esta técnica pode ser altamente variavel dependendo do produto analisado (USP,
2016). Sendo assim, justifica-se o emprego de outras metodologias, como a CL-FR,
para a analise do CZP e de seus fragmentos.

Os métodos propostos por CL-EM e CL-FR, que foram desenvolvidos e
validados, cumpriram com 0s requisitos preconizados pelos compéndios oficiais,
podendo ser empregados para caracterizacdo e determinagcdo de poténcia de CZP
em produtos biotecnoldgicos (ICH, 2005, FDA, 2015). Além de tudo, cinco lotes de
produtos biofarmacéuticos de CZP, com teor declarado de 200 mg/mL, foram
analisados pelos métodos validados, conforme indicado na Tabela 4 (artigos 1 e 2).
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Os métodos cromatograficos estudados neste trabalho foram submetidos a
andlise de correlacdo para avaliar se ambas as técnicas, com suas especificidades,
fornecem resultados correlacionaveis para a caracterizacdo e quantificacdo da
biomolécula integra. Desta forma, os métodos validados apresentaram como médias
de suas determinacodes valores de 99,25% e 99,62%, respectivamente para RP-LC e
SEC, apresentando uma diferenca média de 0,37% inferior para o método por RP-
LC. Estes valores médios foram ponderados por analise de variancia (ANOVA) e se
mostraram sem diferenca significativa (p > 0,05). Destaca-se que apenas o resultado
de avaliacdo do CZP integro foi correlacionado, pois as formas agregadas,
analisadas por CL-EM, e os fragmentos, analisados por CL-FR, determinam
compostos distintos, portanto, ndo podendo ser correlacionaveis.

O bioensaio por cultura da linhagem de células MONO-MAC-6 foi estudado
para avaliar a atividade biol6gica, com base no mecanismo de acdo do CZP, na
inibicdo da liberacdo do TNF-a pelas células estimuladas com LPS in vitro. O PEG
também interage e pode interferir com as células. O mecanismo das influencias
supressivas sobre as células monociticas necessita de maiores estudos, conforme
também descrito na literatura (HOSHIYAMA et al., 2016). Neste contexto, os dados
preliminares fornecidos pela aplicagdo do método disponivel no laboratério e
otimizado, sdo importantes para propiciar avangos na elucidacdo de mecanismos
envolvidos na atividade farmacoldgica da biomolécula intacta do anticorpo
monoclonal e de suas formas degradadas, que podem ser analisadas pelos métodos
cromatograficos desenvolvidos e validados neste trabalho.

Portanto, o desenvolvimento desta pesquisa representa uma importante
contribuicdo para a determinacgéo do teor de CZP, quantificacdo de suas formas de
alta massa molecular e de seus fragmentos. Estas metodologias podem ser
adotadas nas diferentes etapas de producéao, purificacdo e controle de qualidade do
produto, garantindo sua consisténcia lote a lote, além de fornecer ferramentas
analiticas que podem ser empregadas em estudos dos futuros biossimilares da

molécula.
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7 CONCLUSOES

v' Desenvolveu-se e validou—se método por cromatografia liquida por
exclusdo molecular especifico, preciso, exato e robusto que forneceu
resultados de acordo com os parametros preconizados, para avaliacdo
do anticorpo monoclonal Certolizumabe pegol e de suas proteinas de

alta massa molecular.

v' Desenvolveu-se e validou—se método por cromatografia liquida em
fase reversa especifico, preciso, exato e robusto, que forneceu
resultados de acordo com o0s parametros preconizados, para
identificacéo, avaliacdo do anticorpo monoclonal Certolizumabe pegol e

seus fragmentos.

v' Determinou-se que o0s resultados fornecidos pelos métodos
cromatograficos desenvolvidos e validados apresentaram correlacdo
significativa (p > 0,05) para a realizagdo da quantificacdo da

biomolécula intacta.

v/ Sugere-se a aplicacdo dos métodos cromatograficos para avaliagdo do
anticorpo  monoclonal Certolizumabe pegol, pois representa
contribuicho para aprimorar a caracterizagdo do produto
biotecnolégico, viabilizando a determinacéo dos seus fragmentos e das

proteinas de alta massa molecular.

v' O bioensaio estudado demonstrou sua aplicacdo para avaliagdo da
atividade biol6gica do CZP, com base na sua capacidade em inibir o
TNF-a em linhagem de células MONO-MAC-6. No entanto, mais

estudos seréo necessarios para otimizar e validar este método.

v Os métodos desenvolvidos e validados, juntamente com o bioensaio

executado no presente trabalho, certamente contribuirdo para
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aprimorar o controle da qualidade e se constituir em avangos para

estudo de biosimilar e para area de produtos biotecnologicos no Pais.
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