@
““
UFG

FEDERAL UNIVERSITY OF GOIAS
PROGRAM OF PHARMACEUTICAL NANOTECHNOLOGY

IARA MAIRA DE OLIVEIRA VIANA

BIOLOGICAL FATE OF LIPOSOMES: ROLE OF COMPLEMENT
CASCADE IN RELEASE CONTENT AND CLEARANCE IN RODENTS

Goiania
2019



sistemade it ufg - "g@
Py GHATUAL

UFG

TERMO DE CIENCIA E DE AUTORIZAGAO PARA DISPONIBILIZAR
VERSOES ELETRONICAS DE TESES E DISSERTAGOES
NA BIBLIOTECA DIGITAL DA UFG

sl PRPG &%

Na qualidade de titular dos direitos de autor, autorizo a Universidade Federal
de Goias (UFG) a disponibilizar, gratuitamente, por meio da Biblicteca Digital de
Teses e Dissertagbes (BDTD/UFG), regulamentada pela Resolugdo CEPEC n°
832/2007, sem ressarcimento dos direitos autorais, de acordo com a Lei n® 9610/98,
o documento conforme permissdes assinaladas abaixo, para f(ins de leitura,
impressao e/ou download, a titulo de divulgagéo da produgdo cientifica brasileira, a
partir desta data.

1. Identificagao do material bibliografico: [ ] Dissertagao [X] Tese
2. Identificagdo da Tese ou Dissertagio:
Nome completo do autor: IARA MAIRA DE OLIVEIRA VIANA

Titulo do trabalho: BIOLOGICAL FATE OF LIPOSOMES: ROLE OF COMPLEMENT
CASCADE IN RELEASE CONTENT AND CLEARANCE IN RODENTS

3. Informagdes de acesso ao documento:

Concorda com a liberagao total do documento [ X ] SIM [ 1 NAO1

Havendo concordancia com a disponibilizagcao eletrdnica, torna-se
imprescindivel o envio do(s) arquivo(s) em formato digital PDF da tese ou

dissertagao.
dona Yot (AL oo, g

Assihatura do(a) autor(a)2

Ciente e de a ; 7 |
P i

Assinatura’do(a) OMQW@M Data: _15_/_{_0_/_‘@19
Fomothwica

¢ « Nono
1 Neste cggénoﬂuw’mww“embargado por até um ano a partir da data de defesa. A
extensdo deste praZ8“suscita justificativa junto a coordenagéo do curso. Os dados do documento
nao serao disponibilizados durante o periodo de embargo.
Casos de embargo:

- Solicitagdo de registro de patente;

- Submissdo de artigo em revista cientlifica;

- Publicagdo como capltulo de livro;

- Publicagao da dissertagao/tese em livro

2 A assinatura deve ser escaneada.




o

@

e k
sistema de hibl atecar ufg FG

y
it
L
o Buig
+ iR

&,

TERMO DE CIENCIA E DE AUTORIZACAO PARA DISPONIBILIZAR AS TESES E
DISSERTAGOES ELETRONICAS NA BIBLIOTECA DIGITAL DA UFG

Na qualidade de titular dos direitos de autor, autorizo a Universidade Federz.al de Go~|as
(UFG) a disponibilizar, gratuitamente, por meio da Biblioteca Digital de Teses € Dlssedagoqs
(BDTD/UFG), regulamentada pela Resolucio CEPEC n® 832/2007, sem ressarcimento dos direi-
tos autorais, de acordo com a Lei n® 9610/98, o documento conforme permissdes assnpala_das
abaixo, para fins de leitura, impressdo e/ou download, a titulo de divulgacéo da produgao cien-
tifica brasileira, a partir desta data.

1. Identificacdo do material bibliografico: [ ] Dissertagido [x] Tese

2. Identificagdo da Tese ou Dissertacao
Nome completo do autor: [ARA MATRA DE OLIVEIRA VIANVA

Titulo do trabalho: )00 6! cAL FATE OF L|POSOMES (ROE OF cOMPLE MENT
CAS(/ADE IN RELEASE cONTENMNT AND (/(_,EAIQA”UOE |V YQOOE‘UTS .
3. Informagdes de acesso ao documento:

Concorda com a liberagdo total do documento [x ] SIM [ ]1NAO!

Havendo concordancia com a disponibilizagdo eletrénica, torna-se imprescindivel o en-
vio do(s) arquivo(s) em formato digital PDF da tese ou dissertagdo.

YuaMata, e O Tuamas pata: 13 ; {1 1 J22Y

Assinatura do (a) autor (a) 2

! Neste caso 0 documento serd embargado por até um ano a partir da data de defesa. A extensdo deste prazo suscita
justificativa junto 4 coordenagdo do curso. Os dados do documento ndo serdo disponibilizados durante o periodo de
embargo.

2A assinatura deve ser escaneada.

Digitalizado com CamScanner


https://v3.camscanner.com/user/download

IARA MAIRA DE OLIVEIRA VIANA

BIOLOGICAL FATE OF LIPOSOMES: ROLE OF COMPLEMENT
CASCADE IN RELEASE CONTENT AND CLEARANCE IN RODENTS

Thesis submitted to Program of Pharmaceutical
Nanotechnology of UFG as a partial requirement for
the obtention of the title of “Doctor in Pharmaceutical
Nanotechnology”.

Advisor: Professor PhD Eliana Martins Lima -
Federal University of Goias (UFG, Brazil).
Co-advisor: Professor PhD Nicolas Bertrand — Laval
University (ULaval, Canada).

Goiania
2019



Ficha de identificacdo da obra elaborada pelo autor, através do
Programa de Geragdo Automatica do Sistema de Bibliotecas da UFG.

Viana, lara Maira de Oliveira

Biological fate of liposomes: role of complement cascade in
release content and clearance in rodents [manuscrito] / lara Maira de
Oliveira Viana. - 2019.

xvi, 39 f.:il.

Orientador: Profa. Dra. Eliana Martins Lima; co-orientador Dr.
Nicolas Bertrand.

Tese (Doutorado) - Universidade Federal de Goias, Faculdade
Farméacia (FF), Programa de Pés-Graduagdo em Nanotecnologia
Farmacéutica, Goiania, 2019.

Bibliografia. Anexos.

Inclui siglas, fotografias, abreviaturas, simbolos, lista de figuras.

1. Complement cascade. 2. liposomes. 3. clearance in rodents. 4.

release content. 5. PEG coverage. |. Lima, Eliana Martins, orient. .
Titulo.

CDU 615.1




K A,

Ministério da Educagéo
UFG/UFRGS/UFMS/UFSC/USP-RP/UNESP-Ar/UFOP/UFRN/UFPE
Programa de Pés-Graduagdo em Nanotecnologla Farmacéutica

ATA DA DEFESA DE TESE

No dia 09 de abril de 2019, ocorreu a Defesa de Tese da aluna lara Maira de Oliveira Viana no

Programa de Pés-graduagao em Nanotecnologia Farmacéutica, em sessao presidida e registrada
pela Orientadora Profa. Dra. Eliana Martins Lima. A Tese tem como titulo: Biological fate of
liposomes: role of complement cascade in release content and clearance in rodents.
De acordo com o Regimento do Programa, o processo de defesa de tese constou de duas etapas: na
primeira ocorreu a apresentagao oral do estudo realizado e na segunda a sustentagdo do mesmo
frente & arguicdo dos membros da Banca Examinadora. A Presidente da Banca Examinadora deu
inicio aos trabalhos, com a abertura formal as 08:00 horas, na sala de treinamento 02 do DDRH da
UFG, com a leitura da Portaria n°. 02/2014, de designag4o da Banca Examinadora, assinada pela
Coordenadora Geral do PGNANOFARMA. A seguir, passou a palavra & doutoranda, que apresentou
seu trabalho, durante 45 minutos. Apds sua exposi¢éo, foi dada a palavra aos membros da Banca
Examinadora, para que procedessem & arguicdo do doutorando, com respostas a cada um dos
examinadores. Concluida esta fase, registraram-se as possiveis sugestdes de alteracées necesséarias
ao texto. De acordo com a avaliagdo dos membros da Banca Examinadora, a doutoranda lara Maira
de Oliveira Viana foi Maprovada; ( ) aprovada com alteragdes ou ( ) reprovada. A aprovagéo
sera valida desde que sejam satisfeitas as condigdes exigidas pelos membros da Banca
Examinadora, com entrega da verséo final da tese, referendada pela Professora Orientadora, até o
prazo maximo de ( ) 30 (trinta) ou ( ) 60 (sessenta) dias na Secretaria Local do Programa, a contar
da presente data. A doutoranda esta ciente de que somente podera usufruir de todos os direitos e
prerrogativas que o Titulo de Doutor Ihe confere quando da Homologagdo da Ata em Reunido da
Coordenadoria Geral do PGNANOFARMA, apés entrega da documentagéo exigida para formagao do
processo de concessdo do Diploma de Doutor na Universidade Federal de Goias.

Goiania, 09 de abril de 2019.

Nome e Assinatura da Banca Examinadora:

Titulares Assjpaturas —
Profa. Dra. Eliana Martins Lima y
(PPG NanoFarma/FF/UFG) - Presidente /%{ }WJ
Profa. Dra. Sllvia Stanisguaski Guterres (PPG ¥ ; ‘7 |
NanoFarma/UFRGS) / 3 7,, /A
Prof. Dr. Valtencir Zucolotto (IF/USP-SC) e | ’
Profa. Dra. Marize Campos Valadares (FF/UFG) A e E—
Prof. Dr. Andris Figueiroa Bakuzis (IF/UFG) N\ L ,-V]. B L~
Dra. Thais Leite Nascimento (FarmaTec/UFG) - Suplente | 2~ 2
Dra. Ana Luiza Ribeiro de Souza - (FarmaTec/UFG) - 4
Suplente

Programa de Pés-Graduagdo em Nanotecnologla Farmacéutica
UFG/UFRGS/UFMS/UFSC/USP-RP/UNESP-Ar/UFOP/UFRN/UFPE



o
““
UFG

FEDERAL UNIVERSITY OF GOIAS
PROGRAM OF PHARMACEUTICAL NANOTECHNOLOGY

Coordenator of Post-Graduation Program

Professor PhD Eliana Martins Lima

Vice-Coordenator of Post-graduation Program

Professor PhD Nereide Stela Santos Magalhaes

Goiania-GO
2019

Vi



o
““
UFG

FEDERAL UNIVERSITY OF GOIAS
PROGRAM OF PHARMACEUTICAL NANOTECHNOLOGY

EXAMINATION BOARD

Student: lara Maira de Oliveira Viana
Advisor: Professor PhD Eliana Martins Lima (UFG)
Co-Advisor: Professor PhD Nicolas Bertrand (ULaval)

Professor PhD Eliana Martins Lima / President
Full Professor, Faculty of Pharmacy, Federal University of Goias, PPGNano / UFG.

Professor PhD Silvia Stanisguaski Guterres / Titular member
Full Professor, Faculty of Pharmacy, Federal University of Rio Grande do Sul, PPGNano /
UFRGS.

Professor PhD Valtencir Zucolotto / Titular member
Full Professor, Institute of Physics, University of Sdo Paulo — Sdo Carlos, USP-SC.

Professor PhD Marize Campos Valadares / Titular member
Full Professor, Faculty of Pharmacy, Federal University of Goias, UFG.

Professor PhD Andris Figueiroa Bakuzis / Titular member
Full Professor, Physics Institute, Federal University of Goias, UFG.

PhD Thais Leite Nascimento / Alternate member
PhD, Faculty of Pharmacy, Federal University of Goias, FarmaTec / UFG.

PhD Ana Luiza Ribeiro de Souza / Alternate member
PhD, Faculty of Pharmacy, Federal University of Goias, FarmaTec / UFG.

Date: 09/04/2019

vii



Ao meus pais Gilmar e Iranil, que tornaram
as minhas possibilidades maiores que

imaginavamos.

Ao meu marido Samuel, agora também Dr.

Samuel, porque o sonho nao era s6 meu.

Ao meu cunhado Danilo Saraiva, que nao

teve a oportunidade de concluir essa etapa.

viii



ACKNOWLEDGMENTS

A minha orientadora Professora Dra. Eliana Martins Lima (UFG) pela feliz recepgao
em seu laboratorio-industria! Agradego a confianga depositada em meu trabalho e as

oportunidades de crescimento pessoal/professional proporcionadas. Muito obrigada, Profal!

To Professor Ph.D. Nicolas Bertrand (ULaval) for receiving me as his student at
ULaval and all his efforts to make this work a success. | thank you for all opportunities,
advices, teachings and obviously the protocol of the snowman! Merci beaucoup, Boss!

Aos colegas da UFG Amanda Claudia, Amanda, Ana Luiza, Ana Paula Bernardes,
Arthur, Bruna, Camila, César, Christiane Franca, Danillo Fabrini, Edilson, Eleonora, Emilio,
Erick, Fernanda Vieira, Flavia Cristina, Gabriela Latorre, Gabrielly, Grasiela Ferreira,
Halanna Cristina, Hallison, Jaqueline, Jeane Faria, Lara, Larissa Cleres, Larissa Matuda,
Lilian, Lorena Maione, Luis (Zé), Marcilia, Mariana Salomao, Mariana Vasconcelos,
Marilisa, Rayane, Percilia, Relton, Renato lvan, Sarah Fernandes, Sara Guedes, Soraia
Ferreira, Tassio, Thais e Wanessa Machado pela convivéncia sempre cordial. A Fernanda
Bellato pelo seu trabalho, cuidado e atengdo. A Profesora Daniele Diniz e ao colega Thiago
Cardoso por cooperarem na obtencdo de material para a execucdo desse trabalho. A
Professora Dra. Marize pela gentileza em autorizar o uso dos equipamentos do LFTC. A
Dra. Thais Nascimento pelas contribuicdes quando membro da banca de qualificacdo. Ao
Professor Dr. Sebastidao (UFG) pela colaboragao nesse trabalho, ao executar experimentos
para avaliar fluidez de membrana. A Natane e a Tatiane (LABMIC-UFG) pelas analises de
microscopia eletrénica de transmissé&o. A colega Thaise Santana por colaborar diretamente
nesse trabalho, auxiliando na execug¢ao de experimentos. Em especial, agradeco a Danielle
Flavia, Fabiana Vaz, Joyce Louza e Natalia Grillo pela amizade e companhia (nas viagens
Anapolis-Goiania-Anapolis e (ou) nas varias horas extras de laboratério). A Gisele Santos
e a Edna pela simpatia e pelo empréstimo da chave do laboratério. A Dona Maria por ser
nossa tia e por manter o ambiente de trabalho sempre limpo. Ao Evangelista pelos
incontaveis e alegres “bom dia”. Aos demais funcionarios e colegas da UFG, e da Guardia,

pela contribui¢cdo indireta nessa trajetoria.

To Elodie Chotard, Karine Greffard and Phillippe Grenier for making the lab
environment so pleasant! You have made my stay in Quebec city much more special. Merci
beaucoup a tous ULaval!



Ao farmacéutico Leonardo Gomes por participar do levantamento de material
necessarios a esse trabalho, por colaborar com a compra dos kits ELISA e por catalisar a
participacdo da equipe do Laboratério Rémulo Rocha nesse trabalho. A farmacéutica
Thalyta Renata Araujo Santos por formalmente autorizar o uso das instalagdes do
Laboratério Rémulo Rocha para coleta de sangue em voluntarios. Ao Ramias do
Laboratério Rbmulo Rocha por realizar quantificagdes de hemoglobina com enorme boa
vontade e simpatia. Aos demais funcionarios do Laboratério Rémulo Rocha pela
cordialidade.

A Dra. Carina Pimentel (ICF) por autorizar o uso do osmémetro do ICF, & Aline (ICF)
e a Sarah Fernandes (UFG e ICF) pelo auxilio no manuseio do osmometro e(ou) leituras

realizadas.

To Professor Ph.D. Armando (UFMG, PPGNano) and to Professor Ph.D. Young
(University of California) for the Nanomedicines course and this great opportunity of
learning. To Professor Ph.D. Sécrates (UFRN, PPNano) and Professor Ph.D. Lee Kirch
(The University of lowa) for the Pharmaceutical Stability Basics course, all teachings and
great time. Aos demais professores do PPGNano (ou ao PPGNano) pelas contribuigdes a
esse trabalho durante a defesa de projeto, pela selecdo para o PDSE-CAPES, pelos
eventos organizados e todas as oportunidades oferecidas. Aos amigos Alexandrino Junior
e Priscila Ribeiro pela amavel estadia em Natal (RN). Ao Humberto Xavier Junior pelos
artigos compartilhados. A todos demais colegas da UFRN pela recepc¢ao agradavel e troca
de experiéncias. As companheiras de PPGNano Kelly Cristina, Leidyana (Mana), Margarete
Moreno pelos momentos descontraidos durante o 5° workshop da Rede de PPGNano.

Ao Professor Dr. Jorge Luiz Pesquero (UFMG), Professor Dr. Pianetti (UFMG,
CEDAFAR) e a amiga farmacéutica Naialy Reis (CEDAFAR-UFMG) pela doagéo de
reagentes. Ao Professor Dr. Ary Correa Junior (UFMG) pela cortesia da doagao de
ponteiras.

Aos meus pais Iranil e Gilmar por serem exemplo de perseveranca, forca, fé, trabalho
e honestidade. Sou muito grata a todo esforco que fizeram para que eu tivesse uma
educacdo digna. A minha irma Dra. Camila por ser uma boa ouvinte e pelos seus
conselhos/orientacdes (desde longa data). A minha irma Dra. Karina pelo seu otimismo
contagiante, por mostrar que sempre vale a pena tentar, por me informar sobre o edital do
PDSE e pela companhia em Québec city (mesmo que por poucos dias). Ao Théo e Miguel
por tornar qualquer momento uma festa! Ao meu cunhado Dr. José Ricardo pelas conversas

regadas de boas reflexdes. Ao meu cunhado Dr. Robson por compartilhar sua experiéncia
X



e pela companhia em Québec city. O apoio e o exemplo de cada um de vocés foram

essenciais nessa trajetorial

Ao meu marido (Paixao) pela amor e amizade, pela convivéncia simples e facil, pela
alegria e otimismo (incluindo aqui as comemoragdes a cada pequena vitoria conquistada),
por acreditar sempre, pelo companheirismo e por tolerar minha auséncia. Obrigada por

fazer parte da minha vida! Amo vocé!

Aos amigos Daniel, Julia, Fernando, Leila, Magno, Ménica, Natalia, Tulio e Vitor pelo
apoio e amizade. Aos padrinhos Maria de Lourdes e Milton pelo carinho de sempre. A Tia
Marlene pelo cuidado e carinho. A minha prima Béarbara, seu marido Juninho e sua adoravel
familia por me acolherem em sua residéncia para que eu pudesse participar de evento em
Sao Paulo (SP). Aos amigos Delmar, Maira Bianchi, Mary Aranda e Marta, reconhecidos
durante o PDSE, por tornar a vida longe de casa mais leve e feliz. To my dear friend Natalie
Burgos for visiting me during my stay in Québec city.

Aos amigos Izelman, Anselmo, Anilson, Roberth, Carlos e Wanderley (e todos os
funcionarios do Posto Cacique) por tornarem minha rotina no trajeto Anapolis-Goiania-
Anapolis mais segura e alegre!

A Katia pelo seu profissionalismo! A Ana pelo seu trabalho!
A todos meus amigos e familiares pelas boas energias e vibragdes.

As agéncias de fomento CAPES, CNPq, FUNAPE, FINEP (Brasil) pelo financiamento
desse trabalho. A CAPES pela bolsa de doutorado e pela bolsa de doutorado sanduiche
(processo numero 88881.132236/2016-01).

Xi



SUMMARY

TABLES, FIGURES AND ANNEXES..........ccoiiiueiemsessssssssssesssessssssssssssssssssssssssssssssssssssssssssssassses Xl
SYMBOLS, ACRONYMS AND ABBREVIATIONS.........coirvuieeseesesssssssesssessssssssessssssssssssaeses XIV
F =13 17X XV
RESUMO .....couoeeeeesteessssesssssessssesssssssssssssssssssssssesssssssssssessssssssssssssssssssessssessssssssassssasesssesssssssssssssanes XV
1 INTRODUGAD ........coeceeieeereesssese s sssssssssssssssssssssasessase s s sss s st sese st sasesssssssssssssassssans 1
2 LITERATURE OVERVIEW .......ooiueieesesssessesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssasessaness 3
2.1 LIPOSOMES ......oouieenceensesnesesesssssssssssssssssssssssssssssesssssssssssssssssassssssssssssssssssssssssssssssassssasessaness 3
211 PEGYLATION OF LIPOSOMES .......oruemreemeieeesseesessssssssssssssssssssssssssssssssssssssssssasessaness 4
2.2 LIPOSOMES FOR LONG CIRCULATION TIME AND THE IMMUNE SYSTEM.................. 5
221  COMPLEMENT CASCADE .........ooniieeieeeeesssseessassssssssssssssssssssssssssssssssssssssssssssssssasessans 6
2.211 COMPLEMENT-NANOCARRIERS INTERACTION AND CONSEQUENCES................. 8
2.21.11 ENHANCED CLEARANCE EFFECT ....couiimieeesenesssesssesssssssssssssssssssssssssssssssssassssans 10
2.21.1.2 COMPLEMENT ACTIVATION-RELATED PSEUDOALLERGY .......cooverumrrrrerererenns 12
222 OTHER PROTEINS ....oouieeieeesessssesssssessssssssssssssssssssessssssssssssssssssssessassssssssssssssssssssassssans 14
3 CONCLUSIONS AND PERSPECTIVES........conieereeneeesesenesssssssssssssssssssssssssssssssssssssssssssssssens 18
4 BILIOGRAPHY .....ooioeieeeeieeesessssesesssssssssssssssssssesssssssssssssssssssssssasesssssssssssssssssssssssesssssssssasesssns 19
B ANNEXES .....ouieerieesseessessssssesssssssssssssssssssssssssssassssssessssesessessssssssasssssssssasessssssssssssssssssassssassssens 28

ANNEX 1 — PAPER “ANTI-POLYETHYLENE GLYCOL ANTIBODIES ALTER THE PROTEIN
CORONA DEPOSITED ON NANOPARTICLES AND THE PHYSIOLOGICAL PATHWAYS
REGULATIONG THEIR FATE IN VIVO” (AND SUPPLEMENTARY INFORMATION) PUBLISHED
BY PHILLIPPE GRENIER; IARA MAIRA DE OLIVEIRA VIANA; ELIANA MARTINS LIMA; AND

NICOLAS BERTRAND, IN JOURNAL OF CONTROLLED RELEASE IN OCTOBER 2018.......... 28
ANNEX 2 — APPROVAL LETTER FROM HUMAN ETHICS COMMITTEE OF UFG...................... 29
ANNEX 3 — QUESTIONNAIRE USED AS INCLUSION CRITERIA.........cccvviiiiinirinriieniecnrennen, 33
ANNEX 4 — CONSENT FORM (TCLE, “TERMO DE CONSENTIMENTO LIVRE E

ESCLARECIDOY). ccuutiiiiiiiiiiiiitissieiietiistesssesssssssesssssssesssssssesstsssssssssssssesssessssesssssesssssssessesssnsessssnes 34
ANNEX 5 — APPROVAL LETTER FROM ANIMAL ETHICS COMMITTEE OF UFG...................... 36

Xii



TABLES, FIGURES AND ANNEXES

Figure 1. Liposome vesicles of multiple lipid bilayer (multilamellar vesicles,
MLV) and one bilayer (large unilamellar vesicles, LUV).

Figure 2. Liposomes prepared by pre- and post-insertion technique.

Figure 3. Squeme of the three pathways of complement cascade:
alternative, classical and lectin

ANNEX 1. Paper “Anti-polyethylene glycol antibodies alter the protein
corona deposited on nanoparticles and the physiological pathways
regulationg their fate in vivo” (and supplementary information) published by
Phillippe Grenier; lara Maira de Oliveira Viana; Eliana Martins Lima; and
Nicolas Bertrand, in Journal of Controlled Release in October 2018.

ANNEX 2. Approval letter from Human Ethics Committee of UFG.
ANNEX 3. Questionnaire used as inclusion criteria.

ANNEX 4. Consent form (TCLE, “Termo de Consentimento Livre e
Esclarecido”).

ANNEX 5. Approval letter from Animal Ethics Committee of UFG.

3

28

29

33
34

36

xiii



"C-CHOL
AUC
ANOVA
CARPA
CHOL
CVF
DLS
DSPE-PEG 2000
DPX
EDTA
ELISA
GVB
Hb
HEPES
HPTS
HSPC
ID

Ke

LUV
MLV
MPS
PBS
PC

Pdl
PEG
RBC
TCC

viv

SYMBOLS, ACRONYMS AND ABBREVIATIONS

14 carbon-cholesterol oleate

Area under curve

Analysis of variance

Complement activation-related pseudo-allergy
Cholesterol

Cobra venom factor

Dynamic light scattering
Distearoyl-glycero-phosphoethanolamine-polyethylene glycol 2000
p-xylene-bis-pyridinium bromide

Ethylene diamine tetra acetic acid
Enzyme-linked immunosorbent assay

Gelatin veronal buffered saline without calcium and magnesium
Hemoglobin
Hydroxy-ethyl-piperazine-ethane-sulfonic acid
8-hydroxypyrene-1,3,6-trisulfonic acid
Hydrogenated phosphatidylcholine

Injected dose

Elimination rate

Large unilamellar vesicles

Multilamellar vesicles

Mononuclear phagocytic system

Phosphate buffer solution
Phosphatidylcholine

Polydispersity index

Poly(ethylene glycol)

Red blood cells

Terminal complement complex

Volume per volume

Xiv



ABSTRACT

BIOLOGICAL FATE OF LIPOSOMES: ROLE OF COMPLEMENT CASCADE IN
RELEASE CONTENT AND CLEARANCE IN RODENTS

Viana I.M.0."?; Bertrand, N.%; Lima, E.M."

1Laboratory of Pharmaceutical Technology (FARMATEC), Pharmacy School, Federal University of Goias,
Brazil. 2Faculty of Pharmacy, CHU de Quebec Research Center, Université Laval, Canada.

ABSTRACT

Introduction: Nanomedicines, including liposomes, have been studied and applied to
improve clinical efficacy and safety of drugs. To tailor the pharmacokinetics of these
systems, a hydrophilic polymer coating of poly(ethylene glycol) (PEG) has been used to
prolong circulation time. It is believed that PEG prevents the interactions of liposomes with
various clearance-enhancing proteins, therefore promoting their long circulation time. Vast
literature supports that the complement cascade is responsible for the majority of the
immune response against liposomes, including a rapid clearance. However, in a previous
study, our group has shown, using transgenic animals unable to activate the complement
cascade, that this pathway of the innate immunity could not explain the differences in early
clearance observed with various non-liposomal drug delivery systems. Objectives: The
purpose of this work is to explore the role of complement on the elimination of intravenously
administered liposomes in rodents, and to study the impact of the size of liposomes in their
behavior in serum. Methodology: Liposomes of 100 and 400 nm diameter were prepared
and incubated in serum with and without EDTA in order to evaluate the effect of complement
on the release of hydrophilic content. To explore the role of complement activation on the
pharmacokinetics of liposomes, animals were treated intraperitoneally with cobra venom
factor 24 and 12 h before the intravenous injection of radiolabeled liposomes. Radioactivity
of blood samples was assessed by scintillation counting. Results and discussion:
Complement proteins seem to trigger the release of the content from 400 nm
non-PEGylated liposomes in rat serum, conversely, no effect was shown in smaller 100 nm
non-PEGylated liposomes. As expected, the non-PEGylated liposomes showed faster
elimination than PEGylated liposomes in rodents. At a lipid dose of around 20 mgkg ', the
abrogation of the complement cascade did not interfere in the circulation time of either
PEGylated and non-PEGylated liposomes. However, at lower doses, the complement
cascade seems to play a role on the faster elimination of non-PEGylated liposomes.
Conclusion: The activation of the complement cascade may be not enough to predict the
elimination time of PEGylated and non-PEGylated liposomes.

Keywords: Complement cascade, size effect, liposomes, release content, PEG coverage, clearance,
rodents.
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RESUMO

DESTINO BIOLOGICO DOS LIPOSSOMAS: PAPEL DA CASCATA DO
COMPLEMENTO NA LIBERAGAO DE CONTEUDO E ELIMINAGAO EM ROEDORES
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'Laboratério de Tecnologia Farmacéutica (FARMATEC), Escola de Farméacia, Universidade Federal de Goias,
Brasil. 2Escola de Farmacia, CHU do Centro de Pesquisa de Québec, Universidade Laval, Canada.

RESUMO

Introdugao: Nanomedicamentos, incluindo lipossomas, tém sido estudados e aplicados
para melhorar a eficacia clinica e a seguranca de farmacos. Visando alterar a
farmacocinética destes sistemas, uma cobertura com polimero hidrofilico de
poli(etilenoglicol) (PEG) tem sido empregado para prolongar o tempo de circulagao.
Acredita-se que o PEG evita as interagcdes dos lipossomas com proteinas que aumentam a
depuragdo, promovendo assim a sua longa circulagdo. Varios trabalhos sustentam que a
cascata do complemento € responsavel pela resposta imune contra lipossomas, incluindo
a rapida eliminagdo. No entanto, em um estudo anterior, nosso grupo demonstrou,
empregando animais transgénicos incapazes de ativar a cascata do complemento, que
essa via da imunidade inata ndo explica as diferengas na depuracéo inicial observada com
diferentes sistemas de liberagdo de farmacos. Objetivos: O objetivo deste trabalho é
explorar o papel do complemento na eliminagdo de lipossomas administrados por via
intravenosa em roedores, e estudar o impacto do tamanho dos lipossomas em seu
comportamento no soro. Metodologia: Lipossomas de 100 e 400 nm de didametro foram
preparados e incubados em soro e soro com EDTA para avaliar o efeito do complemento
na liberagao de conteudo hidrofilico. Para explorar o papel da ativagdo do complemento na
farmacocinética dos lipossomas, os animais foram tratados intraperitonealmente com fator
de veneno de cobra 24 e 12 h antes da injeccdo intravenosa de lipossomas radiomarcados.
A radioatividade das amostras de sangue foi avaliada por contagem de cintilago.
Resultados e discussao: As proteinas do complemento parecem desencadear a liberagao
do conteudo de lipossomas n&o-PEGuilados de 400 nm em soro de rato, por outro lado,
nenhum efeito foi mostrado nos lipossomas ndo-PEGuilados de 100 nm. Como esperado,
os lipossomas n&o-PEGuilados foram eliminados mais rapidamente do que os lipossomas
PEGuilados em roedores. Quando cerca de 20 mg.kg'1 de lipideos sdo administrados, a
cascata do complemento n&o interfe no tempo de circulacdo dos lipossomas PEGuilados e
nao PEGuilados. No entanto, em doses mais baixas, a cascata do complemento parece ter
um papel na eliminagao rapida de lipossomas ndo-PEGuilados. Conclusao: A ativagao da
cascata do complemento pode nao ser suficiente para prever o tempo de eliminagéo de
lipossomas PEGuilados e ndo-PEGuilados.

Palavras-chave: Cascata do complemento, efeito do tamanho, lipossomas, liberagao de conteudo,
cobertura de PEG, eliminagao, roedores.

Agradecimentos: CAPES, CNPq, FINEP, FUNDEP.
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1 INTRODUCAO

Nanostructured systems used for pharmaceutical purposes are composed by
particles with sizes ranging from around 1 to 100 nanometers (Initiative, 2018), up to few
hundred nanometers. When compared to conventional drug products, nanostructured drug
delivery systems exhibit distinct properties, some of which are very promising for the
therapeutic applications (Ma et al., 2009; Kim et al., 2010). Enhancing drug delivery and
targeting upon intravenous administration (e.g. treatment of tumors), with consequent
increase of effectiveness and safety of treatment (Peer et al., 2007; Bertrand et al., 2014),

are among the main advantages of the pharmaceutical nanotechnology approach.

Despite the great advances that nanotechnology has brought to medicine, relatively
few products are commercially-available or in clinical phase (Admnistration; Fonseca et al.,
2014). Nanostructured systems have provided significant reduction in adverse effects,
though not always associated with increased efficacy (Ernsting et al., 2013; Petersen et al.,
2016). For instance, liposomal doxorubicin (Doxil or Caelyx®) increases in 10 to 15-fold the
amount of doxorubicin in tumor(Laginha et al., 2005; Ernsting et al., 2013). The
pharmacokinetics and pharmacodynamics of nanocarriers have a large interpersonal
variability (Caron et al., 2012; Anselmo e Mitragotri, 2014). Moreover, hypersensitivity
reactions (Szebeni, 2018) and enhanced clearance upon subsequent doses of
long-circulating nanoparticles (prepared with a hydrophilic polymer coating of poly(ethylene
glycol) (PEG)) (Laverman, Boerman, et al., 2001; Abu Lila et al., 2013) have been reported,
indicating that the in vivo behavior is not fully understood and predictable.

The physicochemical characteristics of the nanocarrier, such as size, shape, charge,
surface modifications (such PEG coverage) and composition impact directly on their
interactions with the biological environment and consequently on their biodistribution and
delivery of drugs to the target tissues (Laginha et al., 2005; Bertrand et al., 2009; Bertrand
etal., 2010; Ernsting et al., 2013). Many studies have shown, for example, that nanoparticles
covered with hydrophilic polymers (including PEG) of the nanoparticles promote less
adsorption of plasma proteins (opsonins) on the surface and less phagocytosis by
macrophages, thus showing prolonged systemic circulation (Bertrand et al., 2009; Jones et
al., 2013). However, our group had showed, using transgenic animals unable to activate the

complement cascade, that the complement cascade could not explain the biological fate of
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PEGylated nanoparticles (Bertrand, N. et al., 2017). The circulation time might be dependent
on animal model employed. For example, stealth liposomes modified with
monosialoganglioside GM1 showed long circulation time in mice and fast elimination in rats
(Allen e Hansen, 1991; Bertrand e Leroux, 2012).

In general, the physical and chemical properties of nanocarriers influence their
biological fate. However, the effect of the size of liposomes in the release of their content
remains unclear. Beyond that, the impact of the complement cascade on the
pharmacokinetic profile of PEGylated and non-PEGylated liposomes has not yet been
demonstrated. The understanding of the in vitro and in vivo behavior of liposomes may
support the rational design of nanostructured systems for intravenous administration.
Altogether, the main purpose of this work is to evaluate whether the activation of
complement cascade by liposomes is relevant to the release of hydrophilic drugs and for

the clearance of these nano drug carriers in rodents.




2 LITERATURE OVERVIEW

21 Liposomes

Nano-sized drug delivery vehicles, also known as nanomedicines, are being
increasingly studied to improve the clinical efficacy and safety of drugs. Most
commercially-available nanomedicines are liposomal formulations. Liposomes are vesicles
made of one or multiple lipid bilayers surrounding an aqueous core (Figure 1). The lipid
membrane and the aqueous core can load lipophilic and hydrophilic drugs respectively. The
lipid membrane is formed by phospholipids, however other lipids such as cholesterol (CHOL)
and lipids anchored to polymers are also widely used '®'"'®. There are several methods for
the preparation of liposomes, such as sonication (Batzri e Korn, 1973), ethanol injection
method (Batzri e Korn, 1973; Jaafar-Maalej et al., 2010; Shaker et al., 2017), reverse-phase
evaporation (Szoka e Papahadjopoulos, 1978), lipid hydration (Akbarzadeh et al., 2013),

freeze-thaw (Akbarzadeh et al., 2013), and membrane extrusion (Hope et al., 1985).

Figure 1 — Liposome vesicles of multiple lipid bilayer (multilamellar vesicles, MLV) and one
bilayer (large unilamellar vesicles, LUV) [source: the author].
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Multilamellar vesicles (MLV) are offen prepared by the hydration of a thin lipid film
(Hope et al., 1986). The extrusion of MLV through polycarbonate membranes is a method
that allows good control over the diameter of vesicles. MLV extrusion through 100 nm
membranes can lead to formation of large unilamellar vesicles (LUV) as well as small
unilamellar vesicles (Hope et al., 1985; Akbarzadeh et al., 2013). LUV with size around 100
nm are often used for cancer therapy, because this size is higher than the fenestration of

blood capillaries and smaller than those of the tumor vessels, which leads to particle and
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drug accumulation, a phenomenon coined as “enhanced permeability and retention”
(Ernsting et al., 2013). Larger liposomes (with 400 nm) may be useful for targeting lungs.
Liposomes with average diameter around 50 to 200 nm can be obtained by extrusion.
Liposomes prepared by extrusion with Z-average higher than 200 nm may consist in a
heterogenous mixture of LUV and MLV. LUV and MLV have trapped volume between 1 and
30 uL pmol™ lipid (Mayer, Bally, et al, 1986). SUV has low trapping volume of
0.2-0.8 uL pymol™ (Mayer, Bally, et al., 1986).

2.1.1 PEGylation of liposomes

Liposomes with PEG coverage, named PEGylated, are often used due their longer
circulation time following intravenous administration. The first nanomedicine released on the
market (Doxil®), for example, consists in doxorubicin loaded into liposomes prepared with
hydrogenated phosphatidylcholine (HSPC), CHOL and
Distearoyl-glycero-phosphoethanolamine-polyethylene glycol 2000 (DSPE-PEG 2000)
(Admnistration). Increasing the PEG surface coverage leads to an improved steric effect.
The size of PEG chains can also enhance circulation time. Indeed, PEG 2000 and 5000 are
the most widely used for intravenous administration. The higher density of PEG in the
coating leads to the transition between the mushroom and brush state at around 4 mol%,
resulting in a denser layer and improved properties (Garbuzenko et al., 2005). Around
15-20 mol% of the PEGylated lipid DSPE-PEG 2000 can be insert in liposome membranes
(Hristova et al., 1995). However, the maximum membrane compressibility and highest
biological stability are reached at 7 + 2 mol% (Garbuzenko et al., 2005). The improved
stability is a consequence of the tight packing between acyl chains and low
hydration (Garbuzenko et al., 2005). Higher amounts of DSPE-PEG 2000 would induce

micelle formation and bilayer solubilization (Garbuzenko et al., 2005).

PEGylated liposomes can be obtained by pre- or post-insertion techniques of
PEGylated lipids. The pre-insertion results in the presence of PEG on inner and outer layers
of the membrane, while the post-insertion ensures that PEGylation occurs only on the
exterior (Immordino et al., 2006) (Figure 2). DSPE-PEG 2000 at 2.5 mol% might achieve
high coverage of outer layer by post-insertion technique (Abe et al., 2015), therefore, longer
circulation time. Santos et al. showed that 0.5 mol% of “post-inserted” DSPE-PEG 2000 into

liposomes surface is enough to prolong circulation time (Dos Santos et al., 2007).




Figure 2 — Liposomes prepared by pre- and post-insertion technique [source: the author].
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In general, the post-insertion of PEGylated lipids into bilayers requires temperature
above the phase transition to ensure proper membrane fluidity and permeability (Abe et al.,
2015). Lipid membranes in the liquid-crystalline state have higher fluidity and permeability
than in the gel phase (Demel et al., 1968). The transition temperature of membranes varies
according to lipid composition, such as phospholipid type and CHOL amount (Trauble e
Sackmann, 1972). Phospholipids with saturated chains show increased intermolecular
interactions and less spacing between their chains, therefore, the membrane is more
compact and phase transition temperature is higher. Unsaturated phospholipids tend to
have lower transition temperatures due the weaker interactions and higher space between
their chains. CHOL is a component that alters the interactions between phospholipids
chains, leading to lower enthalpy of transition (Demel et al., 1972; Klopfenstein et al., 1974).
The impact of the addition of CHOL depends on the physical state of the phospholipid bilayer
(Trauble e Sackmann, 1972). Vandijck et al. noticed that increasing CHOL content into
phosphatidylcholine (PC)-phosphatidylethanolamine bilayers, the enthalpy of phase
transition (and the transition temperature) decreased to the point of becoming undetectable
(Vandijck et al., 1976). The general effect is that above the phase transition temperature the
rigidity of the bilayer increases with addition of CHOL. CHOL-rich membranes do not seem
to have gel-liquid phase transition(Leonard e Dufourc, 1991), therefore, the fluidity of the

membranes may not change with the increase in the energy of the system.

2.2 Liposomes for long circulation time and the immune system

The long circulation time of liposomes is desirable in cancer therapy (Gabizon, A. A.
et al., 1993). To achieve this long circulation time, liposomes must evade the immune
system. The characteristics of liposomes, such as size and composition, may play a role in
their recognition and uptake by cells of mononuclear phagocytic system (MPS) (Gabizon,
Alberto A. et al., 1993). The phagocytic cells delivery the liposome (with the drug entrapped)
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in the liver, spleen and bone marrow, thus resulting in metabolism and excretion of the drug
(Gabizon, A. A. et al., 1993; Gabizon, 2001). The drug elimination may also be consequence
of release from liposomes into the bloodstream, allowing its faster elimination (Gabizon, A.
A. et al., 1993; Gabizon, 2001). As shown by Gabizon et al., the clearance of doxorubicin
from PEGylated liposomes (radiollabed with °H) is faster than the *H-labelled liposomes
alone at 48 hours after intravenous administration in mice, suggesting that leakage of the
doxorrubicin from liposomes is a mechanism of drug elimination (Gabizon, Alberto A. et al.,
1993).

The immune response against nanocarriers occurs similarly to invading
microorganisms. Immunoglobulins and proteins of the complement cascade participate of
their recognition, leading to the elimination by the cells of the MPS (Vu et al., 2019). The
proteins of the complement cascade are able to release cytokines, lyse and opsonize the
liposomes (Szebeni et al., 2003). Thereafter, phagocytic cells are recruited, and B
lymphocytes start production of specific immunoglobulins. The interaction of nanocarriers
with proteins of the complement cascade may also cause severe hypersensitivity reactions
(Szebeni, 2018).

2.2.1 Complement cascade

Complement cascade consists in a group of around 50 proteins, among circulating
and membrane proteins (Hajishengallis et al., 2017). These proteins are responsible for
global regulation of immunity and host defense against microorganisms (Hajishengallis et
al., 2017). Complement proteins can bind directly to nanoparticles or to immunoglobulins,
IgG and IgM. Upon binding, complement cascade is activated by three well known
pathways: alternative, classical, or lectin (Szebeni et al., 2003; Ricklin et al., 2010;
Hajishengallis et al., 2017) (Figure 3).




Figure 3 — Squeme highlighting the differences between the three pathways of complement
cascade: alternative, classical and lectin. The single arrows symbolize one step, and three
arrows symbolize more than one ligation and cleavage steps [source: the author].
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Alternative pathway is initiated by spontaneous cleavage of C3 protein into C3b and

C3a. C3b protein binds covalently to the antigen surface. C3b protein is responsible for
opsonization of antigens, leading to phagocytosis by macrophages. C3a protein is
chemotactic for neutrophils, monocytes and macrophages. After binding of C3b to surface,
and in presence of M92+, factor B binds to C3b protein. Factor B is then cleaved by factor D
in Ba and Bb. Bb, major component of factor B, remains covalently bound to C3b. C3bBb
protein is the C3 convertase of alternative pathway (Abbas et al., 2011; Wibroe e Moghimi,
2012).

Classical pathway is triggered by IgG or IgM immunoglobulins binding to antigen
surface, followed by C1q protein binding. C1q protein, when bound to Fc portion of
immunoglobulins and in presence of Ca?*, activates C1r associated. C1r, in turn, activates
and cleaves C1s. C1s activated cleaves C4 protein in C4a and C4b. C4b binds covalently
to antigen surface. Next, C2 protein binds to C4b in presence of Mg?*. After C4b binding,
C1s acts by cleaving C2 in C2a and C2b. The major component of C2, C2a, remains bound
to C4b, forming the C3 convertase of the classical pathway, C4b2a (Abbas et al., 2011;

7



Wibroe e Moghimi, 2012). Some authors have named the major component of C2 as C2b,
therefore C3 convertase become C4b2b (Ricklin et al., 2010).

Lectin pathway occurs by lectin binding to mannose residues of microbial
glycoproteins and glycolipids, or by ficolines binding to N-acetylated surfaces. The
enzymatic cascade is similar to classical pathway steps, once C3 convertase corresponds
to C4b2a protein (Abbas et al., 2011; Wibroe e Moghimi, 2012).

C3 convertase amplifies the immune response by cleaving another C3 protein and
releasing more C3a and C3b. At this point of the cascade, C3b can also bind to C3
convertase, producing the protein C3bBb3b or C4b2a3b, known as C5 convertase (Abbas
et al., 2011).

Cleavage of C5 protein by C5 convertase leads to release of the anaphylatoxin C5a.
The larger fragment, C5b protein, remains binded to C5 convertase. The enzymatic cascade
ends on the formation of C5b-9, which is composed by proteins C6, C7, C8 and C9
associated to C5b (Abbas et al., 2011).

Independent of the pathway, complement cascade produces cytokines, opsonins and
terminal lytic complex. Cytokines C3a, C4a and Cb5a recruit macrophages and mast cells,
which eliminate the opsonized antigens by C3b proteins. C5b-9 proteins, also known as
terminal complement complex (TCC) or membrane attack complex, create a pore in the
microorganism's membrane, leading to its lysis (Ricklin et al., 2010). Besides these
immediate actions, along with innate immune response, complement proteins stimulate B
cells to produce immunoglobulins, inducing the acquired immune response (Hajishengallis
et al., 2017).

2211 Complement-nanocarriers interaction and consequences

Interaction between nanocarriers and complement proteins are regulated by various
dynamic interfacial forces and physicochemical properties such as size, charge, shape,
hydrophobicity, hydrophilicity, chemical composition and coverage by functional groups
(Milani et al., 2012; Caracciolo et al., 2015).

Nanocarriers with zeta potential near to neutral (£ 10 mV) have been related to lower
interactions with complement proteins and the MPS (Perry et al., 2012; Ernsting et al., 2013).
In general, negatively or positively charged structures activate the complement cascade.
However, this activation is not always observed (Devine et al., 1994). The recently published

work of Thielens et al. shows that anionic micelles (containing carboxylic group on the
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surface) are able to activate complement cascade by alternative pathway in mice serum,
while cationic micelles (with ammonium groups) do not activate complement (Thielens et
al., 2018). The activation of the complement cascade seems dependent on charge
distribution onto structures (Sou e Tsuchida, 2008). As showed by Sou and Tsuchida,
vesicles containing different acidic lipids for surface modification (conventional acidic
phospholipid or carboxylic acid derivative) led to different outcomes, regardeless the charge
on the surface (Sou e Tsuchida, 2008). Vesicles modified with conventional acid
phospholipids led to significantly complement activation, while vesicles modified with a
carboxylic acid did not induce the complement cascade (Sou e Tsuchida, 2008). The
negative charge on PEGylated lipids (of the phosphate moiety) is responsible for
complement activation in PEGylated vesicles (Moghimi et al., 2006). The micelles produced
with PEGylated phospholipid, on the other hand, did not activate complemente cascade
(Moghimi et al., 2006).

The composition of liposomes seems to define their interactions with complement
cascade, interfering in their systemic stability and circulation time (Moghimi et al., 2011).
Liposomes of 800 nm in diameter containing 44 mol% of CHOL activate complement
cascade preferably by alternative pathway, while 800 nm liposomes containing 22 mol%
CHOL or 33 mol% CHOL activate the classical pathway (Ishida et al., 2001). The resulting
effect of CHOL content is an increase in the elimination of liposomes by the liver (Ishida et
al., 2000). Liposomes modified by PEG have a significant impact on the activation of the
complement cascade. The steric effect of PEG prevents the binding of proteins and
phagocytosis by MPS. Therefore, they may have longer circulation times than
non-PEGylated liposomes and are known as stealth or furtive (Allen e Hansen, 1991; Allen
et al., 1991). Perry et al. studied the relationship between the PEG coverage of hydrogel
nanoparticles and the phagocytosis by macrophages and pharmacokinetics profiles (Perry
et al., 2012). PEG 5000 was used to prepare nanoparticles with high coverage density
(0.083 + 0.006 PEG nm™) and low coverage density (0.028 + 0.002 PEG nm™), brush and
mushroom conformation respectively. In vitro and in vivo experiments indicated that
increase in the surface coverage of hydrogels, decreased the adsorption of plasma proteins
(opsonins) to their surface and decreased phagocytosis by the macrophages, thus resulting
in prolonged systemic circulation (Perry et al., 2012). In addition, the authors observed a
decrease in liver accumulation and an increase in spleen accumulation as the PEG density
increases, indicating that this property of the nanoparticles also interferes with the uptake
by the macrophages of these organs (Perry et al., 2012). As previously shown by our group,

using knockout mice, the clearance of polymeric nanoparticles with low and high PEG
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coverage is similar in animals with and without ability to activate complement cascade
(Bertrand, N. et al., 2017). Finally, PEG coverage does not have the same effect after
repeated doses. PEGylated nanoparticles are cleared faster following a second dose. IgM
anti-PEG immunoglobulins trigger a fast clearance of nanoparticles by classical pathway
(Alberts, 1997). This effect, called the enhanced clearance effect will be discussed in the
following section. The activation of complement cascade by PEGylated liposomes can also
cause hypersensitivity reactions which will be discussed in section 2.2.1.1.2 (Szebeni,
2018).

2.2.1.1.1 Enhanced clearance effect

Several studies indicate that intravenous administration of a liposomal dispersion
alters the pharmacokinetics of subsequent doses, accelerating the clearance of
nanocarriers and increasing the accumulation in liver and spleen. This phenomenon, known
as enhanced clearance effect (Laverman, Carstens, et al., 2001) or accelerated blood
clearance (Ishida et al., 2002), has been described as consequence of activation of
complement cascade. Dams et al. in 2000 (Dams et al., 2000) were the first to observe this
effect in 85 nm and 400 nm PEGylated liposomes, and 100 nm non-PEGylated liposomes
upon administration in rats, rhesus monkeys and mice following 1 week intervals between
doses. Wistar rats and rhesus monkeys presented changes in biodistribution of
nanoparticles after the second dose, regardless of the size and surface properties of
administered liposomes. However, the effect was not observed in mice. Complement activity
of rat serum was investigated after subsequent doses of NaCl solution or PEGylated
liposomes. The hemolytic activity remained unchanged in rats treated with NaCl solution.
However, the administration of PEGylated liposomes lead to a decrease in hemolytic activity
after the second dose. The authors performed serum transfusion experiments among
animals, which in turn revealed that a soluble factor of 150 KDa induced the effect of
enhanced clearance of the nanoparticles. Serological tests indicated that this factor does
not correspond to immunoglobulins IgG and IgM (Dams et al., 2000).

Enhanced clearance effect is not always observed. Goins et al., for example, did not
observe difference in the half-life times of repeated injections of 99M technetium-labeled
PEGylated liposomes in rabbits, and only minimal effects were noticed in biodistribution.
However, Goins et al. used intervals of 6 weeks between injections, which might explain the
lack of enhanced clearance (Goins et al., 1998). Oussoren and Storm, as well, did not notice

changes in pharmacokinetics of subsequent doses of PEGylated liposomes upon
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administration at relatively small intervals (24 and 48 h) (Oussoren e Storm, 1999).
Therefore, too short (48 h) or too long (6 weeks) intervals between doses did not induce
significant changes in the pharmacokinetic of the nanomedicine. Specific intervals between
doses seem necessary to induce the enhanced clearance effect. As shown by Ishida et al,
the enhanced clearance of a second dose of PEGylated liposomes may be maximal at 5
days after the first dose in male Wistar rats (Ishida et al., 2003).

Besides dosing schedule, lipid dose has been related to the intensity of enhanced
clearance effect (Wang et al., 2007) (Laverman, Boerman, et al., 2001; Ishida et al., 2005).
Laverman et al. observed that administration of first dose of 0.05, 0.5 and
5 umol kg™ of phospholipids from PEGylated liposomes induced enhanced clearance at
subsequent dose of 5 ymol kg™'. However, with a first dose of 5 pmol kg™, the enhanced
clearance effect was attenuated at second doses greater than 15 pmol kg™, and no effect
was found with doses of 50 pymol kg (Laverman, Boerman, et al., 2001; Laverman,
Carstens, et al., 2001). Ishida et al. also evaluated the effect of lipid dose on the clearance
of a second dose of PEGylated liposomes. They concluded that low doses of conventional
liposomes (0.001 pmol kg ') did not induce the enhanced clearance effect, while
conventional liposomes at high dose (5 umol kg™'), and PEGylated liposomes at several
doses (0.001 to 5 ymol kg™') may induce the enhanced clearance effect. For PEGylated
liposomes, low doses (0.001, 0.01 and 0.1 umol kg™') were more efficient than higher doses
(1 and 5 pmol kg™") (Ishida et al., 2005) in inducing enhanced clearance effect.

The type and constitution of nanoparticle can also affect the induction of the
enhanced clearance effect. As described by Wang et al., the intensity of the enhanced
clearance effect is different following administration of PEGylated liposomes, PEGylated
micelles, PEGylated solid lipid nanoparticles or PEGylated emulsions in beagle dogs (Wang
et al., 2015). Our group showed that the enhanced clearance is dependent on the
architecture of nanoparticles: after administration of a first dose of PEGylated nanoparticles
in mice, the enhanced clearance was not noticed in non-PEGylated liposomes, free mPEG
10,000, and PEGylated bovine serum albumin, but was noticed in PEGylated nanoparticles
(high and low coverage), and PEGylated liposomes (Grenier et al., 2018) (Annex 1).
PEGylated nanoparticles are, in general, able to induce enhanced clearance effect
(Laverman, Boerman, et al., 2001; Ishida et al., 2005; Wang et al., 2007; Abu Lila et al.,
2013; Im et al., 2016). However, according to Laverman et al. both non-PEGylated
liposomes (fast clearance) and PEGylated liposomes (slow clearance) are able to induce
enhanced clearance effect when administered 1 week before the second dose (Laverman,
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Boerman, et al.,, 2001; Laverman, Carstens, et al., 2001). Laverman et al. have also
demonstrated that formulations containing doxorubicin (Caelyx or Doxil) have their
pharmacokinetics altered when administered after a first dose of empty PEGylated
liposomes (without doxorubicin). Caelyx, however, did not increase clearance of a second
dose of Caelyx when administered with 1-week intervals. This suggests that encapsulation
of doxorubicin, due its immunosuppressive activity, avoids enhanced clearance effect
(Laverman, Boerman, et al, 2001; Laverman, Carstens, et al., 2001). Nanoparticles
coverage, such as density and size of PEG chain, has been reported as an important feature
in enhanced clearance effect. PEGylated liposomes with 5 — 15 mol% PEG density appear
to induce enhanced clearance effect, while non-PEGylated liposomes at same low lipid dose
(0.001 pmol kg™") did not (Ishida et al., 2005). The PEG size (2000 or 5000) did not impact
the intensity of enhanced clearance effect (Ishida et al., 2005).

Enhanced clearance effect appears to be related to the production of anti-PEG IgMs
(Wang et al., 2007), however it does not completely explain the phenomenon (Ishihara et
al., 2010). Enhanced clearance effect might also depend on immune cells (Laverman,
Carstens, et al., 2001; Shimizu et al., 2015) and corona protein (Grenier et al., 2018).
According to Lila, Kiwada and Ishida, the mechanism of enhanced clearance effect starts
with administration of PEGylated liposomes, and their biodistribution. Part of the PEGylated
liposomes accumulate in the spleen, where they bind to the immunoglobulins present on the
surfaces of B cells, sensitizing these lymphocytes. B lymphocytes, in turn, produce anti-PEG
IgM immunoglobulins that remain in blood circulation for a certain time. If anti-PEG IgM
immunoglobulins are present during administration of the second dose, a
liposome-immunoglobulin complex will be formed with consequent activation of complement
cascade by classical pathway, and opsonization of PEGylated liposomes, leading to
phagocytosis (Ishihara et al., 2010).

Although circulating anti-PEG IgM might be present in humans serum (Yang et al.,
2016), the enhanced clearance effect has not been reported in patients using
doxorubicin-containing PEGylated liposomes (Gabizon et al., 2008). In fact, the opposite
effect has been noticed: an increase in circulation time (Gabizon et al., 2008; La-Beck e
Gabizon, 2017). Studies that may clarify this behavior in humans remain necessary.

2.2.1.1.2 Complement activation-related pseudoallergy

Intravenous administration of liposome formulations may trigger hypersensitivity

reactions, such as type | allergy and pseudo-allergy. Type | allergy is an IgE
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immunoglobulin-mediated response. The symptoms of pseudo-allergy, or idiosyncratic
reaction (Waller, 2011), are similar to allergy type |, but occur without sensitization (Zhang
et al., 2018). The mast cells, basophil and leukocytes are responsible for allergy type | and
pseudoallergy (Szebeni, 2012). However, the pseudoallergy cannot be categorized in any 4
types of hypersensibility reactions (Zhang et al., 2018).

It is believed that hypersensitivity reactions such as pseudoallergies occur due to
complement cascade. In 1989, Wassef et al. suggested involvement of complement in
pseudoallergy after observation of anaphylactic reactions in pigs due intravenously
administration of liposomes containing CHOL (Wassef et al., 1989). Administration of
liposomes caused reduction of CHS50, increase of 6- keto-prostaglandin F1a and
thromboxane B2 (Wassef et al., 1989; Szebeni et al., 1999). Ten years later, Szebeni et al.
named this phenomenon as Complement activation-related pseudoallergy (CARPA)
(Szebeni et al., 1999).

The symptoms of CARPA, differently from allergic type | reactions, appear at the first
exposure and disappear during re-exposure. It should be noticed, however, that there are
patients in whom pseudoallergy is manifested at subsequent doses. Steroid medications
and pre-medication with antihistamines are effective against pseudoallergy symptoms, but
they are not effective when it comes to type | allergy (IgE-mediated). Another difference is
CARPA intensity depends on infusion rate of the nanomedicine and can be resolved
spontaneously. However, both reactions can lead to severe conditions (Szebeni, 2012;
Szebeni e Storm, 2015).

CARPA and type | allergic reactions have symptoms in common, such as dermatitis,
sweating, dyspnea, edema, erythema, sensation of impending death, fever, flushing,
headache, hypertension or hypotension, hypoxemia, low back pain, metabolic acidosis,
nausea, pruritus, rash, rhinitis, shock, rashes, sneezing, tingling sensations, urticaria,
angioedema, asthma, bronchospasm, chest pain, hypothermia, asphyxia, confusion,

conjunctivitis, cough, cyanosis and death (Szebeni, 2005).

The clinical effects of CARPA are rarely observed in patients treated with PEGylated
liposomes containing doxorubicin when the initial infusion rate is lower than 0.38 mg min™
(Chanan-Khan et al., 2003; Szebeni, 2005; La-Beck e Gabizon, 2017). However, up to 45%
of patients may have moderate to severe symptoms of CARPA when relatively fast initial
infusion rate is used. Nevertheless, clinical data has shown that previous administration of
corticosteroids or antihistaminics can prevent this reaction (Chanan-Khan et al., 2003;
Szebeni, 2005).
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Because of the severity of pseudoallergy reactions, evaluating the ability of
nanoparticles to trigger CARPA is crucial in pre-clinical stages of injectable products
(Szebeni e Storm, 2015). Since 2013 the European Medicines Agency recommends the use
of in vitro and in vivo protocols to evaluate immunostimulatory activity of intravenous
liposomal products ((Ema), 2013). Enzyme-linked immunosorbent assay (ELISAs) for
quantification of C3a, C5a, C4d, Bb, SC5b-9, iC3b, determination of CH50, flow cytometry
of macrophages and (or) basophils can be applied as in vitro tests (Szebeni e Storm, 2015).
Experiments in sensitive animal models ((Ema), 2013), such as pigs (Szebeni e Storm,
2015), can be performed to confirm the immunostimulatory potential by observing the
symptoms of CARPA ((Ema), 2013; Szebeni e Storm, 2015). However, the evaluation of the
CARPA is not a constant in preclinical studies (Petersen et al., 2016). In addition, there are
no standard methods that allow comparability between studies from different research
groups in light of CARPA.

2.2.2 Other proteins

In addition to complement proteins, other plasma proteins may define the biological
fate of nanoparticles, either by direct action or by preventing the adsorption of complement
proteins (Tenzer et al., 2011; Corbo et al., 2016; Bertrand, N. et al., 2017). This protein
coating adsorbed to nanoparticles surface, also known as protein corona (Cedervall et al.,
2007; Caracciolo, 2015), is formed instantly upon intravenous administration
(Hadjidemetriou et al., 2016).

The protein corona varies qualitatively and quantitatively according to the
composition of the biological fluid (Monopoli et al., 2011; Caracciolo et al., 2014;
Hadjidemetriou et al., 2015). Physicochemical characteristics of nanoparticles such as size,
shape, charge, surface and composition of the nanoparticles directly affect the dynamics of
protein adsorption, making the process highly specific. Therefore, it can be said that the
nanoparticles have a biological identity. Palchetti et al. proved that positively charged
PEGylated liposomes exhibit negative zeta potential after incubation with fetal bovine serum
at room temperature for 90 min. As expected, proteins of opposite charge to nanoparticles
adhered preferentially. Palchetti et al. also demonstrated the impact of the experiment
design, static or dynamic (simulating the bloodstream). Corona protein was formed in less
time by dynamic experiments rather than static experiments. Furthermore, the dynamic
process allowed adsorption of a higher variability and amount of proteins (Palchetti et al.,
2016).
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The adsorption of proteins to liposomes has been related to their composition, such
as amount of CHOL and PEGylation. Liposomes containing CHOL have decreased protein
adsorption in comparison with liposomes with only phospholipids (Semple et al., 1996). The
addition of CHOL to liposomes may improve their stability in serum as result of increased
membrane rigidity (Mayer, Bally, et al., 1986). Similarly, PEGylation has been linked to lower
protein adsorption and macrophage phagocytosis (Perry et al., 2012). It is believed that the
longer circulation time of PEGylated liposomes is a consequence of the lower protein
adsorption. However, other studies indicate that protein coverage does not interfere with
elimination rate (Ke) of liposomes (Allen et al., 2002). According to Semple et al., the
increase in binding of proteins to liposomes (> 50 g of protein per mol of lipid) led to faster
clearance. Amounts of proteins less than 20 g per mole, in turn, lead to slow clearance
(Semple et al., 1998).

Recent studies have shown that the majority of the proteins in the hard corona are
apolipoproteins, immunoglobulins and complement proteins (Hadjidemetriou et al., 2016;
Palchetti et al., 2016). The in vivo composition of protein corona is dependent on time as
demonstrated by Hadjidemetriou, Al-Ahmady and Kostanelos, in their work on the behavior
of PEGylated liposomes in CD-1 mice (Hadjidemetriou et al., 2016). The authors observed
that, after 10 min, alpha-2-macroglobulin, apolipoprotein C-lll and hemoglobin subunit
beta-1 were preponderantly in corona protein (in descending order) (Hadjidemetriou et al.,
2016). After 1 h, apolipoprotein E was the main protein, followed by alpha-2-macroglobulin
and apoliprotein C-Ill (both presented at 10min) (Hadjidemetriou et al., 2016). At 3 h,
hemoglobin subunit beta-1 became the major component of corona protein, followed by
apolipoprotein E and apoliprotein C-Ill (Hadjidemetriou et al., 2016). Complement proteins
and immunoglobulins were also identified, but in amounts considerably lower than other
plasma proteins (Hadjidemetriou et al., 2016). Total amount of proteins adsorbed per lipid,
however, was similar after 10 min, 1 h and 3 h (Hadjidemetriou et al., 2016). Therefore, even
PEGylated liposomes are not totally inert once they allow corona formation and adsorption
of complement cascade proteins (Hadjidemetriou et al., 2016). The functions of these

proteins on liposomes behavior, however, remain unclear.

In summary, different aspects regarding the biological fate of nanocarriers have not
been fully elucidated: whether the diameter (Z-average) of liposomes determine the
complement activation and the release of hydrophilic content; whether the complement
cascade can explain the elimination of liposomes; whether the ability to activate complement
cascade of nanocarriers can be predicted by in vitro assays; and whether the animal model
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may reflect the biological fate of liposomes in humans. Understanding the biological fate of
nanoparticles may change the course of nanomedicine development for intravenous
administration, such as in cancer therapy. Here, in vitro and in vivo experiments were
performed in order to understand the biological fate of liposomes. 400 and 100 nm
non-PEGylated liposomes.and RBC and 100 nm liposomes prepared from RBC, were used
to study the impact of particle size on complement cascade activation and release of

hydrophilic content.
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3 CONCLUSIONS AND PERSPECTIVES

Complement cascade promoted the release of hydrophilic content from large vesicles
in rat serum. These large vesicles could be used when rapid drug release is desired.
However, the release from small liposomes (with size around 100 nm, PEGylated or
non-PEGylated) is independent of complement cascade. Other endogeneous proteins,
including the corona proteins, may promote the release of drugs in vivo from these small
vesicles. It is also possible that the release in vivo rely on physico-chemical effects, such as

osmotic stress or membrane desestablization.

Complement cascade is not enough to explain the clearance of PEGylated and
non-PEGylated liposomes in mice and rats. The slow clearance of PEGylated liposomes is
not dependent on complement proteins, either in mice and in rats. Conversely, complement
proteins participated of the elimination of non-PEGylated liposomes, especially at low doses.
The effect of complement cascade on clearance of non-PEGylated liposomes were more
evident in rats than mice. The rat animal model may be useful for comparison between
nanosystems in light of its ability to activate complement cascade. This would help the

selection of the most promising nanosystems for human applications.

The complement activation by PEGylated and non-PEGylated liposomes depended
on serum source: human or rodents. Rat complement proteins may be more reactive than
human complement proteins, as they promoted faster release of hydrophilic content. On the
other hand, mice complement proteins seem less reactive than human complement
proteins. In vitro assays using rodent’s serum cannot fully predict the behavior of liposomes

in vivo. Nevertheless, it is an important tool to compare formulations.

Experiments with rats in vivo or in vitro may not mimic the effect in humans. It is
questionable how far in vitro and in vivo experiments can predict the biological behavior of
nanoparticles in humans, particularly given the complexicity of the biological responses to
each kind of nanomedicine. In vitro and in vivo experiments in animals are not dispensable
according to our knowledge by now, however the choice of animal model should be well

thought and limitations cannot be disregarded.
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5 ANNEXES

ANNEX 1 — Paper “Anti-polyethylene glycol antibodies alter the protein corona deposited
on nanoparticles and the physiological pathways regulationg their fate in vivo” (and
supplementary information) published by Phillippe Grenier; lara Maira de Oliveira Viana;
Eliana Martins Lima; and Nicolas Bertrand, in Journal of Controlled Release in October
2018.

Journal of Controlled Release 287 (2018) 121-131

Contents lists available at ScienceDirect = journal.of
® con{rolled
I

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Anti-polyethylene glycol antibodies alter the protein corona deposited on R

. . . . . . . Check fo
nanoparticles and the physiological pathways regulating their fate in vivo e
Philippe Grenier”, Iara Maira de Oliveira Viana®®, Eliana Martins Lima®, Nicolas Bertrand®
@ Faculty of Pharmacy, CHU de Quebec Research Center, Université Laval, 2705 Laurier Blvd, Québec G1V 4G2, Canada
® Laboratory of Pharmaceutical Technology, Federal University of Goids, Goidnia 74605-220, Goids, Brazil
ARTICLE INFO ABSTRACT
Keywords: Multiple studies highlight the strong prevalence of anti-poly(ethylene glycol) (anti-PEG) antibodies in the
Anti-drug antibodies (ADA) general human population. As we develop therapeutic modalities using this polymer, it is increasingly relevant
Poly(ethylene glycol)-b-poly(lactic co glycolic to assess the importance of anti-PEG antibodies on biological performances. Here, we show that the anti-PEG

acid) (PEG-PLGA) Immunoglobulin M (IgM) raised in mice following the injection of polymeric nanoparticles could have sig-

gmoir;meles nificant neutralizing effects on subsequent doses of PEGylated nanosystems in vivo. The circulation times of
Ty, 1V 2 N . . . . . . .

& - PEGylated nanoparticles and liposomes were strongly reduced in animals with circulating anti-PEG IgMs, irre-
Pharmacokinetics N A A A : .
Biodistribution spective of the PEG density or the surface properties of the system. In comparison, despite that anti-PEG IgMs

Liposomes could bind free methoxy-terminated PEG and PEGylated bovine serum albumin, the circulation kinetics of these
systems remained unaltered in the presence of antibodies. The binding of IgMs to the PEGylated surface of
nanoparticles alters the nature of the proteins adsorbed in the surrounding corona, notably due to the activation
of the complement cascade. These changes are responsible for the observed differences in circulation times. In
comparison, the PEG-BSA is unable to activate complement, even in the presence of anti-PEG IgMs. These results
inform on how anti-PEG antibodies can affect the fate of PEGylated nanomaterials and highlight how the ar-
chitecture of nanoparticles impacts the deposition of the protein corona.
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ANNEX 2 - Approval letter from Human Ethics Committee of UFG.

UNIVERSIDADE FEDERAL DE £ Plobaforma
‘ GOIAS - UFG %orl
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PARECER CONSUBSTANCIADO DO CEP

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: NANOPARTICULAS DE LONGA CIRCULAGAO: AVALIACI\O_ DA INTERAGCAO DO
SISTEMA COMPLEMENTO COM DIFERENTES NANOPARTICULAS

Pesquisador: IARA MAIRA DE OLIVEIRA VIANA

Area Tematica:

Versao: 2

CAAE: 49593915.0.0000.5083

Instituicao Proponente: Faculdade de Farmacia

Patrocinador Principal: Financiamento Proprio

DADOS DO PARECER

Numero do Parecer: 1.355.968

Apresentacao do Projeto:

O estudo pretende estabelecer as caracteristicas das nanoparticulas que permitem sua longa circulagao no
corpo humano, vislumbrando assim, ampliar o conhecimento sobre o comportamento do sistema imune e
ativagao do sistema complemento, na presenca de diferentes formulagdes nanoestruturadas. Para isso,
amostras de soro humano obtido por coleta sanguinea de 30 (trinta) voluntarios com idade entre 18 e 50
anos, de ambos 0s sexos € em bom estado de saude serao utilizadas.

Objetivo da Pesquisa:

O Objetivo Geral proposto constitui estudar o impacto de diferentes formulagdes nanoestruturadas na
ativagao do sistema complemento. Em especifico: - Obter diferentes formulagdes nanoestruturadas, tais
como nanoesferas e lipossomas; - Caracterizar as formulagoes quanto a distribuigao das particulas obtidas,
tamanho meédio das particulas e potencial zeta; - Avaliar o impacto do uso de diferentes formulagGes
nanoestruturadas (com diferentes composi¢goes e métodos de obtengao) na ativagac do sistema
complemento por testes in vitro; - Obter uma formulagao de nanoparticulas de longa circulagao contendo
doxorrubicina, caracteriza-la e avalia-la quanto a sua capacidade de ativagao do sistema complemento.

Enderego: Prédio da Reitoria Témreo Cx. Postal 131

Bairro: Campus Samambaia CEP: 74.001-870
UF: GO Municipio: GOIANIA
Telefone: (62)3521-1215 Fax: (62)3521-1163 E-mail: cep.prpi.ufg@gmail com

Pigina 01 da 04
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Avaliagao dos Riscos e Beneficios:

Como riscos, foi descrito pelo pesquisador ser baixo e de pequena gravidade, considerando que a colheita
de sangue venoso (8 mL) podera provocar leve sensagao de dor local e formagao de um pequeno
hematoma. Para minimizar esse risco, garante-se que o procedimento sera realizado por um profissional
habilitado e empregando material apropriado. Ainda, na ocorréncia de casos de lipotimia durante o
procedimento de colheita de sangue, medidas apropriadas serao adotadas pelo profissional devidamente
treinado. Os beneficios caracterizam-se como indiretos e estao descritos.

Comentarios e Consideragoes sobre a Pesquisa:

Constitui uma investigagao de relevancia, apresentando literatura adequada e atualizada. A metodologia
proposta esta em conformidade com os objetivos propostos e os esclarecimentos solicitados, em especial
referentes ao participante da pesquisa foram adequados. Consideramos assim, que as informacgoes relativas
ao participante, riscos e beneficios, instrumento de coleta de dados e garantia de sigilo estao contemplados.
O cronograma novo apresentado atende as solicitagoes do CEP e o orgamento proposto esta adequado.

O TCLE apresentado encontra-se em linguagem clara e acessivel, e as adequagbes solicitadas foram
atendidas. Os direitos ao anonimato, de pleitear indenizagao e a desisténcia de participagao foram
garantidos. A documentagao encontra-se completa.

Consideragdes sobre os Termos de apresentagao obrigatoria:

Foram anexados os seguintes documentos:

- Projeto de Pesquisa Completo

- Projeto Comité Plataforma Brasil

- Folha de rosto assinada pelo pesquisador responsavel e representante da instituigao proponente.

- Termo de Anuéncia assinado também pela diregao da instituicao onde sera desenvolvido o estudo.
- Termo de compromisso assinado pelo pesquisador responsavel e outro membro da equipe.

- Curriculo Lattes dos membros da equipe.
- Termo de Consentimento Livre e Esclarecido

Recomendacoes:

Conclusoes ou Pendéncias e Lista de Inadequagoes:
Apos avaliagao, o pleno considera que todas as solicitagoes foram atendidas, estando o projeto aprovado.

Enderego: Prédio da Reitoria Témreo Cx. Postal 131

Bairro: Campus Samambaia CEP: 74.001-970
UF: GO Municipio: GOIANIA
Telefone: (62)3521-1215 Fax: (62)3521-1163 E-mail: cep.prpi.ufg@gmail.com
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Consideragoes Finais a critério do CEP:
Informamos que o Comité de Etica em Pesquisa/CEP-UFG considera o presente protocolo APROVADO, o
mesmo foi considerado em acordo com o0s principios &ticos vigentes. Reiteramos a importancia deste
Parecer Consubstanciado, e lembramos que o(a) pesquisador(a) responsavel devera encaminhar ao CEP-
UFG o Relatorio Final baseado na conclusaoc do estudo e na incidéncia de publicagoes decorrentes deste,
de acordo com o disposto na Resolugac CNS n°. 466/12. O prazo para entrega do Relatorio & de até 30 dias
apds o encerramento da pesquisa.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

QRBroa ™

Tipo Documento Arquivo Postagem Autor Situagao
Informagdes Basicas| PB_INFORMAGOES_BASICAS_DO_P | 26/11/2015 Aceito
do Projeto ROJETO_597027 .pdf 08:27:35
Qutros Questionario.pdf 26/11/2015 |IARA MAIRA DE Aceito

08:25:23 |OLIVEIRA VIANA
Declaragao de TermoDeAnuenciaRomuloRocha.png 26/11/2015 |IARA MAIRA DE Aceito
Instituigdo e 08:23:21 |OLIVEIRA VIANA
Infraestrutura
TCLE /Termos de | TCLE.pdf 26/11/2015 |IARA MAIRA DE Aceito
Assentimento / 08:21:56 |OLIVEIRA VIANA
Justificativa de
Auséncia
Projeto Detalhado / | ProjetoDePesquisa.pdf 26/11/2015 |IARA MAIRA DE Aceito
Brochura 08:21:27 |OLIVEIRA VIANA
Investigador
Folha de Rosto FolhaDeRosto_pdf 24/09/2015 |IARA MAIRA DE Aceito
21:09:05 |OLIVEIRA VIANA
Declaragao de TermoDeAnuencia.pdf 24/09/2015 |IARA MAIRA DE Aceito
Instituicao e 13:21:42 |OLIVEIRA VIANA
| Infraestrutura
Declaragao de TermoDeCompromisso.pdf 24/09/2015 |IARA MAIRA DE Aceito
| Pesquisadores 13:17:34 |OLIVEIRA VIANA

Situacao do Parecer:

Aprovado

Necessita Apreciacao da CONEP:

Nao

Enderego: Pré&dio da Reitoria Témrso Cx. Postal 131
Bairro: Campus Samambaia

UF: GO
Telefone:

Fax:

CEP: 74.001-970

Municipio: GOIANIA
(62)3521-1215

(62)3521-1163

E-mail: cep.prpi.ufg@gmail.com
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Joao Batista de Souza
(Coordenador)
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ANNEX 3 — Questionnaire used as inclusion criteria.

QUESTIONARIO

Prezado(a) Sr.(a),

Antes de coletarmos sua amostra de sangue, solicitamos gentilmente que responda as
perguntas abaixo, assinalando com um X em SIM para respostas afirmativas ou um X em NAO
para as respostas negativas. Esse questionario objetiva avaliar se o Sr.(a) pode colaborar com
nossa pesquisa sem causar prejuizos a sua propria salde. Suas respostas sao sigilosas e ndo
serdo divulgadas em nenhum momento.

Qualquer duvida, favor nos perguntar!

1. Vocé esta sentindo nesse momento alguma indisposi¢ao?
Exemplos: desconforto fisico, dores de cabeca ou no corpo, tem tossido, com enjoo, resfriado
ou gripado.
__SIM___NAo

2. Esta fazendo uso de algum medicamento (exceto anticoncepcional)?
__SIM___NAo

3. Vocé possui alguma doenga cronico degenerativa?
Exemplos: Diabetes, arteriosclerose, hipertensdo, doengas cardiacas, cdncer, Mal de
Alzheimer, reumatismo, esclerose multipla, artrite deformante, artrose, glaucoma.
SIM___NAo

4. Voceé possui alguma doenca infecciosa?
Exemplos: Infeccdo por HIV(AIDS), Hepatites A, B, C ou D, Tuberculose, Infeccdo por HPV,
Dengue, Hanseniase, Infec¢do por Hbv, Infeccdo por Hcv, Maldria, Toxoplasmose, Sifilis,
Tétano.
__SIM___NAO

5. Vocé possui alguma doenga hematoldgica (no sangue)?
Exemplos: Agranulocitose, anemia, leucemias, baixa ferretina, doengas imunoldgicas,
imunodeficiéncia primdria.
__SIM___NAO

Agradecemos sua valiosa participacdo!

33



ANNEX 4 — Consent form (TCLE, “Termo de Consentimento Livre e Esclarecido”).

UNIVERSIDADE FEDERAL DE GOIAS
FACULDADE DE FARMACIA
FARMATEC - LABORATORIO DE NANOTECNOLOGIA FARMACEUTICA .‘ o
E SISTEMAS DE LIBERACAO DE FARMACOS ‘

UFG

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO - TCLE

Prezado(a) Sr.(a),

Vocé esta sendo convidado(a) a participar como voluntario(a), da pesquisa intitulada
“Nanoparticulas de longa circulagfo: avalia¢do da intera¢do do sistema complemento com
diferentes nanoparticulas”. Apos receber os esclarecimentos e as informagdes a seguir, se
voce aceitar fazer parte do estudo, dé um visto em todas as paginas e assine ao final deste
documento, que esta impresso em duas vias, sendo que uma delas € sua e a outra pertence a
pesquisadora responsavel. Esclareco que em caso de recusa na participagdo vocé€ ndo sera
penalizado(a) de forma alguma. Se aceitar participar, as duvidas sobre a pesquisa poderdo
ser esclarecidas pelo pesquisador responsavel, via e-mail (iaramaira@gmail.com) e,
inclusive, por telefone, através dos ntimeros (62)3209-6039 ou (62)8105-9359. Utilize o
numero de telefone (62)8105-9359 para efetuar chamadas a cobrar. Ao persistirem as
duvidas sobre os seus direitos como participante desta pesquisa, vocé também podera fazer
contato com o Comité de Etica em Pesquisa da Universidade Federal de Goias, pelo
telefone (62)3521-1215.

1. Informacdes Importantes sobre a Pesquisa:

O objetivo principal da pesquisa que vocé esta sendo convidado a participar ¢ avaliar
a resposta do sistema imune humano frente aos novos sistemas de liberacdo de farmacos. A
melhor compreensdo da resposta do sistema imune humano e sua interacdo com sistemas
nanoestruturados podera auxiliar no desenvolvimento de formulagdes mais eficazes e que
sdo uteis no tratamento de diversas enfermidades como, por exemplo, o cancer.

Para realizar este estudo, gostariamos de colher 8 mL do seu sangue. Na coleta de
sangue pode ocorrer uma leve dor localizada associada a picada da agulha ou pequena
reagdo local. Para reduzir esta reacdo local, a coleta de sangue sera realizada por um
profissional habilitado, empregando rotina padronizada. Serdo utilizados agulhas e tubos
descartaveis. Outro risco associado ao procedimento de coleta de sangue, embora raro, é a
sensagdo momentanea de tontura. Nesse caso, o profissional adotara as medidas pertinentes.

Na divulgagdo dos resultados da pesquisa, os voluntarios ndo serdo identificados,
garantindo sua privacidade. As amostras de sangue coletadas que ndo forem utilizadas nos
ensaios desse projeto de pesquisa serdo descartadas.

Vocé néo tera nenhum gasto, pois a coleta do sangue sera realizada no FarmaTec, de
acordo com sua disponibilidade. Esclarecemos que ndo havera remunerag@o e ressarcimento
das despesas (como transporte e alimenta¢do) decorrentes da cooperacdo com a pesquisa.
Ademais, garantimos a liberdade de se recusar a participar ou retirar o seu consentimento,
em qualquer fase da pesquisa, sem penalizagdo alguma. Asseguramos, ainda, o direito de
pleitear indeniza¢do (reparacdo a danos imediatos ou futuros) decorrentes de sua
participagdo na pesquisa.

Rubricas do participante e do pesquisador-

PRACA UNIVERSITARIA, 5* AVENIDA ESQ RUA 240 S/N, GOIANIA (GO), CEP 74605-170
TELEFONE (62)3209-6039




UNIVERSIDADE FEDERAL DE GOIAS
FACULDADE DE FARMACIA
FARMATEC - LABORATORIO DE NANOTECNOLOGIA FARMACEUTICA ‘. L
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1.2 Consentimento da Participacio da Pessoa como Sujeito da Pesquisa:

mscrito(a) sob o RG...................... , abaixo assinado, concordo em
participar do estudo intitulado “Nanoparticulas de longa circulag¢do: avalia¢do da interagdo
do sistema complemento com diferentes nanoparticulas”. Informo ter mais de 18 anos e
menos de 50 anos de idade, e destaco que minha participacdo nesta pesquisa € de carater
voluntario. Fui, ainda, devidamente informado(a) e esclarecido(a), pela pesquisadora
responsavel lara Maira de Oliveira Viana, sobre a pesquisa, os procedimentos e métodos
nela envolvidos, assim como os possiveis riscos e beneficios decorrentes de minha
participagdo no estudo. Foi-me garantido que posso retirar meu consentimento a qualquer
momento, sem que isto leve a qualquer penalidade. Além disso, foi-me assegurado o direito
de pleitear indenizagdo (reparagdo a danos imediatos ou futuros) decorrentes de minha
participagdo na pesquisa. Declaro, portanto, que concordo com a minha participagcdo no
projeto de pesquisa acima descrito.

Assinatura por extenso do(a) participante

IARA MAIRA DE OLIVEIRA VIANA
Pesquisadora principal

Testemunhas em caso de uso da assinatura datiloscopica

PRACA UNIVERSITARIA, 5* AVENIDA ESQ RUA 240 S/N, GOIANIA (GO), CEP 74605-170
TELEFONE (62)3209-6039




ANNEX 5 — Approval letter from Animal Ethics Committee of UFG.

MINISTERIO DA EDUCACAO “ “
UNIVERSIDADE FEDERAL DE GOIAS o
PRO-REITORIA DE PESQUISA E INOVACAO UFG
COMISSAO DE ETICA NO USO DE ANIMAIS/CEUA

Goiania, 09 de abril de 2018.

PARECER CONSUBSTANCIADO REFERENTE AO PROJETO DE PESQUISA DO
PROTOCOLO N. 017/18

I - Finalidade do projeto de pesquisa: Doutorado

II - Identificacao:

Q Data de apresentacao a CEUA: 06/03/2018

Q Titulo do projeto: Pesquisa, desenvolvimento e inovagdo para a oferta de solu¢des tecnoldgicas ao setor
farmacéutico. Nanoparticulas de longa circulagdo: avaliagdo da interagdo do sistema complemento com
diferentes nanoparticulas.

Q Pesquisador Coordenador no SAP: Eliana Martins Lima - Faculdade de Farmacia/UFG

Q Pesquisador Responsavel/ Unidade: lara Maira de Oliveira Viana - Faculdade de

Farmacia/FarmaTec/UFG

Q Pesquisadores Participantes: nio ha.

Q Médico Veterinario/CRMV: Daniel Silva Goulart - CRMV/GO 4632

0 Unidade onde sera realizado: FarmaTec/Faculdade de Farmacia/UFG

III - Objetivos e justificativa do projeto: Estudar o comportamento dos sistemas nanoestruturados no meio
biologico. Obter diferentes formula¢des nanoestruturadas PEGuiladas e ndo PEGuiladas. Estudar a ativagdo da cascata
do sistema complemento pelos sistemas nanoestruturados ap6s sua incubagdo in vitro com soro de roedores. Comparar
os resultados obtidos em soro de roedores com soro humano. Roedores sdo utilizados em estudos farmacocinéticos na
etapa pré-clinica como forma de avaliar novos produtos, inclusive produtos nanotecnoldgicos. Entretanto, esses
estudos ndo tém sido suficientes para prever o comportamento das nanoparticulas em humanos. Acredita-se que as
proteinas do sistema complemento ao opsonizar a superficie das nanoparticulas, as conduzam para sua eliminago.
Assim a cobertura da superficie das nanoparticulas, com polimero PEG por exemplo, seria suficiente para evitar sua
rapida eliminagdo. Entretanto, um trabalho recente de nosso grupo evidencia que o sistema complemento ndo ¢ fator
determinante para o clearance rapido de nanoparticulas poliméricas. Com esse trabalho, objetivamos comparar o
comportamento dos sistemas nanoestruturados quando incubados com soro de diferentes fontes, roedores e humana. A
melhor compreensdo do comportamento das nanoparticulas no meio bioldgico auxiliara no planejamento racional de
estudos in vitro e in vivo dos sistemas nanoestruturadas para administra¢do intravenosa.

IV - Sumario do projeto:

Q Discussao sobre a possibilidade de métodos alternativos e necessidade do numero de animais: Nao
existem métodos alternativos que atendam ao objetivo da pesquisa de avaliar o comportamento bioldgico de sistemas
nanoestruturadas em roedores. No entanto, a metodologia proposta emprega reduzido nimero de animais pois consiste
em experimentos in vitro. Inicialmente o sangue de 2 ratos sera coletado e empregado no desenvolvimento e validagado
dos ensaios in vitro. Em seguida, o sangue de 2 camundongos sera coletado e testado com a metodologia pré-definida
com o soro de rato. Apds os testes iniciais, sangue de 4 camundongos serdo coletados e os soros obtidos serdo
reunidos. Em paralelo sera coletado o sangue de 1 rato. O soro dos roedores sera incubado com sistemas
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nanoestruturados PEGuilados ¢ naoPEGuilados (em triplicata). Os experimentos serdo conduzidos empregando

controles positivos ¢ negativos. Em seguida, as amostras serdo avaliadas por ensaios como Ensaio Hemolitico e

ELISA. Os experimentos serdo reconduzidos empregando outros sistemas nanoestruturadas apds avalia¢do estatistica

do primeiro bloco de ensaios.

Q Prevé Projeto Piloto: sim. No projeto piloto serdio utilizados 2 ratos Wistar machos, com 250 gramas e
idade entre 8 a 12 semanas; e 2 camundongos Balb/c machos, com 25 gramas e idade entre 4 a 8
semanas.

U Espécie animal utilizada/ nimero total de animais/ Niumero de animais por tratamento ou grupo
experimental: No total serdo utilizados 15 animais, sendo 12 camundongos Balb/c e 3 ratos Wistar.

Q Descricao do animal utilizado (Explicitar: espécie/ linhagem/ sexo (informar nimero por sexo)/
peso e/ou idade etc): 12 camundongos Balb/c machos, com 25 gramas e idade entre 4 a 8 semanas; e 3
ratos Wistar machos, com 250 gramas e idade entre 8 a 12 semanas.

Q Fonte de obtencao do animal: biotério central da UFG (Wistar) e biotério do IPTSP da UFG (Balb/c).

4 Descricao das instalacoes utilizadas e numero de animais/area/qualidade do ambiente (ar,
temperatura, umidade), alimentacao/hidratacao: Os animais serdo mantidos no biotério da Faculdade de
Farmacia / UFG em ambiente controlado: temperatura 22+2°C, umidade 55+10% e ciclo claro/escuro de 12/12
horas. Os camundongos serdo mantidos em caixas (5 por caixa) de polipropileno de dimensdes (30 x 20 x 13) cm.
Os ratos serdo mantidos em caixas (3 por caixa) de polipropileno de dimensdes (49 x 34 x 16) cm. Maravalha de
madeira peneirada (para retirada do pd) e autoclavada, sera utilizada como cama para os animais. As caixas para a
acomodagdo de camundongos possuem rack com ventilacdo individual e serdo higienizadas com hipoclorito de
sodio 10%. As caixas para a acomoda¢do de ratos serdo mantidas em estantes ventiladas e serdo higienizadas com
hipoclorito de sodio 10%. Os animais receberdo ragdo especifica para a espécie e agua ad libitum. Tubos
cilindricos de papel autoclavados serdo empregados objetivando criar local de fuga para os animais. Além disso, o
cuidado dos animais sera realizado rotineiramente, em mesmo horario e pelo mesmo pesquisador/colaborador desta
pesquisa.

Q Utilizacao de agente infeccioso/gravidade da infeccao a ser observada e analise dos riscos aos
pesquisadores/alunos: Os riscos da pesquisa sdo inerentes ao uso de animais de laboratorio com status sanitario
convencional. Cuidados quanto a segurancga dos manipuladores serdo tomados utilizando equipamentos de protegdo
coletiva e individuais, tais como luvas de latex, mascara, jalecos, rack ventilada individualizada, sala especifica
para animais infectados, imuniza¢do dos pesquisadores envolvidos, e higieniza¢do correta antes, durante e depois
do manuseio e experimento animal. As formulagdes sdo desenvolvidas em ambiente estéril e todos os materiais
serdo previamente autoclavados para evitar qualquer tipo de contaminagdo cruzada. A execucdo dos testes serd
realizada por equipe capacitada com experiéncia pratica na ciéncia de animais de laboratério.

4 Procedimentos experimentais do projeto de pesquisa: No mesmo dia dos ensaios in vitro, apos contengdo
manual e higienizacdo do local com alcool 70, os animais serdo submetidos a pun¢do cardiaca sob anestesia
inalatoria com isoflurano. A dose de induc@io de anestesia serd de 5% e a de manutengdo da anestesia serd de 1 a
3%. Agulhas hipodérmicas 27G (em ratos) e 25G (em camundongos) serdo empregadas na pungdo cardiaca. Logo
apos o procedimento de coleta de sangue (Iml/camundongo e 5 ml./rato), os animais serdo eutanasiados
empregando sobredose de isoflurano. A dose para eutanasia sera de 5%. As carcagas dos animais serdo

armazenadas em freezer a -20 °C e serdo encaminhados para incineracdo na Escola de Veterinaria da Universidade
Federal de Goias.
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U Métodos utilizados para minimizar o sofrimento e aumentar o bem-estar dos animais antes,
durante e apés a pesquisa. Pontos Finais Humanitarios: Além do uso de anestésico geral durante as
coletas, endpoints em nossos experimentos para minimizar e/ou evitar a dor e sofrimento dos animais
serdo empregados. Os animais serdo avaliados diariamente em relag@o a aparéncia, peso, comportamento
e alimentagdo. Caso hajam alteragdes, conforme as descritas abaixo, o animal sera eutanasiado.

* O animal ndo é mais capaz de comer ou beber. * O animal apresenta sinais de dor. *« O animal perdeu mais

de 15% de peso corporal num relativamente curto espaco de tempo (1-2dias), ou a sua diminuig¢do de peso

em mais de 20% em relagdo ao seu peso no inicio do experimento. * O animal tem um sangramento
significante. « O comportamento e locomoc¢édo do animal sdo totalmente anormais.

Q Grau de invasividade: GI1

U Material utilizado em outros projetos: Nao

Q Método de eutanasia: puncdo cardiaca seguida de sobredose de isoflurano (indugdo com 5%,
manutencdo com 1-3%).

O Destino do animal: Os animais eutanasiados serdo enviados a Faculdade de Veterinaria da Universidade
Federal de Goias para a incineragao.

V — Comentarios do relator frente as orientacoes da CEUA:

O Quanto aos documentos exigidos pela CEUA/UFG: Todos os documentos foram apresentados
adequadamente.

O Quanto aos cuidados e manejo dos animais e riscos aos pesquisadores: o manejo dos animais ¢ 0s
riscos aos pesquisadores foram adequadamente descritos.

VI - Parecer da CEUA:
De acordo com a documentagdo apresentada a CEUA, consideramos o projeto APROVADO, smj desta

Comissio.

Informacao aos pesquisadores:
Reiteramos a importancia deste Parecer Consubstanciado, e lembramos que a pesquisadora responsavel

devera encaminhar 8 CEUA-PRPI-UFG o Relatério Final baseado na conclusdo do estudo e na incidéncia de
publicacdes decorrentes deste, de acordo com o disposto na Lei n°. 11.794 de 08/10/2008, ¢ Resolugdo
Normativa n°. 01, de 09/07/2010 do Conselho Nacional de Controle de Experimentagdo Animal-CONCEA.
O prazo para entrega do Relatorio € de até 30 dias apds o encerramento da pesquisa, a qual esta prevista para
finalizar suas a¢oes até 28 de fevereiro de 2019.

VII - Data da reuniao: 09/04/2018.

Coordenaddra da CEUA/PRPIVUFG
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