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RESUMO

BROERING, M. F. Novas formulag6es de Anexina A1 como estratégia terapéutica
para a colite experimental. 2024. 316 f. Tese (Doutorado em Ciéncias) — Faculdade
de Ciencias Farmacéuticas, Universidade de Sao Paulo - SP, 2024.

A Anexina A1 (AnxA1) &€ uma proteina de 37 kDa que controla o desenvolvimento da reacéo inflamatéria
inata, e favorece a eferocitose e o reparo tecidual. Em doencas inflamatoérias intestinais (DlIs), tanto a
AnxA1 enddgena, como a sintética e o peptideo sintético mimético ao N-terminal da proteina (Ac2-26)
inibem o desenvolvimento de doenga e induzem a cicatrizag&o. O presente projeto teve o objetivo de
obter novas formulagcdes para carrear a AnxA1 recombinante (rAnxA1) ou o Ac2-26 e testar suas
eficacias no modelo de colite experimental induzida pelo dextram sulfato de sédio (DSS, 0-6 dias) em
camundongos C57BI/6 machos. A rAnxA1 foi funcionalizada em nanocapsulas de nucleo lipidico de
parede multipla (MLNC) pela ligagdo Zn?*, com alta eficéncia de incorporagdo (92%) e adminsitrada
pelas vias oral, intravenosa ou intraperitoneal durante a fase latente da doenga (6°-9° dia). Somente o
tratamento intraperitoneal com MLNC-AnxA1 (12,5 pg/mL) reduziu significativamente os sinais clinicos
da doenga, restaurou a integridade da estrutura colénica e a proliferacao celular, bem como aumentou
expressado de juncdes celulares da barreira intestinal. Ainda, MLNC-AnxA1 induziu a polarizagéo de
macréfagos para o fenétipo M2 in vivo no tecido inflamado e in vitro apés estimulo com
lipopolissacarideos (LPS) bacteriano. Na tentativa de obter uma formulacéo terapéutica com atividade
por vial oral, o peptideo Ac2-26 foi incorporado em silica mesoporosa ordenada SBA-15 e revestidos
com Eudragit® L30-D55. A incorporagao do peptideo foi efetiva (88%) e a administracdo oral de
Eudragit-SBA15-Ac2-26 (6°-9° dia; 200 ug/camundongo; 8 mg/kg) reduziu significativamente os
sintomas clinicos e inflamagéo. De fato, ensaios de PET-SCAN mostraram que o SBA-15 permaneceu
no intestino por até 16 horas ap6s a administragdo e promoveu a liberagdo do peptideo no intestino
inflamado. Em cultura celular de epitélio (Caco-2), Eudragit-SBA15-Ac2-26 favoreceu a internalizagéo
de Ac2-26. Em conjunto, as duas estratégias expermentais de entrega do rAnxA1 ou Ac2-26 foram
eficientes e os resultados obtidos sugerem que mais estudos devem ser realizados para a confirmagéo
das estratégias de tratamento. Com o intuito de buscar ferramentas para ampliar estes estudos, durante
estagio BEPE foram realizados estudos em cultura de células epiteliais baseado em células-tronco
adultas diferenciadas in vitro. Os resultados mostraram que rAnxA1 ou Ac2-26 protegeram a integridade
epitelial apos desafio com LPS, pela regulacdo positiva da expresséo das jun¢des oclusivas e aderentes
e reducio da expressdo de claudina-2, responsavel pelo aumento da permeabilidade intercelular; pela
modulagdo negativa decitocinas proé-inflamatérias CXCL-1 e MCP-1, e positiva de citocina anti-
inflamatéria IL-10. Desta forma, padronizamos um novo modelo de cultura celular ainda néo testada
para a AnxA1 ou Ac2-26, que podera ser empregada para desvendar os mecanismos da MLNC-AnxA1
e do Eudragit-SBA15-Ac2-26.






ABSTRACT

BROERING, M. F. New formulations of Annexin A1 as a therapeutic strategy to
experimental colitis. 2024. 316 f. PhD thesis — School of Pharmaceutical Sciences,
University of Sdo Paulo- SP, 2024.

Annexin A1 (AnxA1) is a 37 kDa protein that controls the development of the innate inflammatory
reaction, and favors efferocytosis and tissue repair. In inflammatory bowel diseases (IBDs), both
endogenous and synthetic AnxA1 and the synthetic peptide mimetic to the N-terminal of the protein
(Ac2-26) inhibit the development of disease and induce healing. The present project aimed to obtain
new formulations to carry recombinant AnxA1 (rAnxA1) or Ac2-26 and test their efficacy in the
experimental colitis model induced by dextram sodium sulfate (DSS, 0-6 days) in C57BI/6 mice. rAnxA1
was functionalized into multiwall lipid core nanocapsules (MLNC) by Zn2*binding, with high incorporation
efficiency (92%) and administered orally, intravenously or intraperitoneally during the latent phase of the
disease (6°-9° day). Only intraperitoneal treatment with MLNC-AnxA1 (12.5 pg/mL) significantly reduced
the clinical signs of the disease, restored the integrity of the colonic structure and cell proliferation, as
well as increased the expression of intestinal barrier cell junctions. Furthermore, MLNC-AnxA1 induced
macrophage polarization to the M2 phenotype in vivo in inflamed tissue and in vitro after stimulation with
bacterial lipopolysaccharides (LPS). In an attempt to obtain a therapeutic formulation with oral activity,
the Ac2-26 peptide was incorporated into ordered mesoporous silica SBA-15 and coated with Eudragit®
L30-D55. Peptide incorporation was effective (88%) and oral administration of Eudragit-SBA15-Ac2-26
(8°-9° day; 200 pg/mice; 8 mg/kg) significantly reduced clinical symptoms and inflammation. PET-SCAN
assays showed SBA-15 remained in the intestine for up to 16 hours after administration and promoted
the release of the peptide in the inflamed intestine. In epithelial cell culture (Caco-2), SBA15-Ac2-26
favored the internalization of Ac2-26. Taken together, the two experimental delivery strategies for
rAnxA1 or Ac2-26 were efficient and the results obtained suggest that more studies should be carried
out to confirm the treatment strategies. In order to seek tools to expand these studies, during the BEPE
internship, studies were carried out in epithelial cell cultures based on adult stem cells differentiated in
vitro. The results showed rAnxA1 or Ac2-26 protected epithelial integrity after challenge with LPS, by
upregulating the expression of tight and adherens junctions and reducing the expression of claudin-2,
responsible for increasing intercellular permeability; by negative modulation of pro-inflammatory
cytokines CXCL-1 and MCP-1, and positive modulation of anti-inflammatory cytokine IL-10. In this way,
we standardized a new cell culture model that has not yet been tested for AnxA1 or Ac2-26, which could
be used to unravel the mechanisms of MLNC-AnxA1 and Eudragit-SBA15-Ac2-26.
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Doencas inflamatorias intestinais

A inflamacdo é um complexo processo fisiopatolégico desencadeado em
resposta a agentes agressores ao organismo, sejam eles infecciosos ou ndo, que
culmina na ativacao de fatores plasmaticos e de células imunes e epiteliais, com a
subsequente ativacao de vias de sinalizacao inflamatéria (MEDZHITOV, 2010). Dentre
as diversas doencas de base inflamatéria, encontram-se as doencas inflamatérias
intestinais (DlIs), como a doenca de Crohn (DC) e a retocolite ulcerativa (RCU),
caracterizadas pela presenca crénica e recorrente de inflamacdo no trato
gastrointestinal, com énfase no intestino grosso. Esses disturbios, considerados
idiopaticos, podem ter sua origem associada a fatores como alteragées na microbiota
intestinal, ambientais, autoimunidade e predisposi¢cao genética. Além disso, trata-se
de condi¢des incuraveis que alternam entre periodos de laténcia e remisséo. Os
principais sintomas dessas enfermidades incluem diarreia persistente, dores
abdominais, presenca de sangue nas fezes e fadiga. Ainda, cerca de 25% das
pessoas acometidas podem apresentar alguma manifestacdo nao intestinal, como
lesbes cutaneas, orais e oculares. Pacientes com Dlls tém risco significativo de
desenvolvimento de cancer colorretal e as implicagbes sociais consideraveis
decorrentes da situacéo debilitante enfrentada pelo doente (COLOMBEL; NARULA,
PEYRIN-BIROULET, 2017; FEUERSTEIN et al., 2019; LEE; KWON; CHO, 2018;
WILHELM; LOVE, 2017).

Entre 1990 a 2017 registrou-se um aumento consideravel na incidéncia de Dlls
em diferentes regides do mundo. Um dos fatores associados a esse aumento inclui
mudancas no estilo de vida e comportamento, exposicao a poluicao ambiental e
alteracao na dieta. Estes fatores estdo associados as diferencgas culturais, juntamente
com a industrializagdo. Atualmente as maiores prevaléncias de Dlls encontram-se
nos Estados Unidos, China e Europa Ocidental, com cerca de 150 casos para 100.000
habitantes. Houve aumento de aproximadamente 50% de prevaléncia e 68,75% de
aumento da morbidade relacionada a Dlls quando comparados os periodos entre
1990 e 2019 (WANG et al.,, 2023). Contudo, no periodo entre 2016 e 2019, a
morbidade das DllIs alcangou estabilidade em paises ocidentais. Essa estabilizagéo
foi principalmente atribuida aos avangos nas terapias especificas desenvolvidas para
o tratamento dessas condi¢des (KAPLAN; NG, 2017; PARK et al., 2020; WANG et al.,
2023).
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O diagnéstico de Dlls ocorre comumente em pessoas com idade entre 15 e 35
anos e é baseado em uma combinacado de sintomas, analises colonoscdpicas e
histologicas, além cultivo de fezes para descartar a possibilidade de outras infeccdes
(MAGRO etal., 2017; SHIVASHANKAR et al., 2017). O diagnéstico diferencial de RCU
e DC ocorre, principalmente, pela colonoscopia que avalia a aparéncia intestinal e
coleta de tecido para bidpsias seriadas de cada segmento intestinal. Na RCU, os
pacientes apresentam lesdes continuas, marcadas por ulceragdes, que se limitam ao
célon e se iniciam no reto e atingem até a regiao proximal, podendo atingir todo o
célon de forma ascendente (NIKOLAUS; SCHREIBER, 2007). A biépsia apresenta
infiltrado celular majoritariamente de neutréfilos e se caracteriza por inflamacao na
regiao mucosa, podendo apresentar edema de cripta e alteracao da histoarquitetura
Pacientes portadores de DC apresentam envolvimento em todo o trato
gastrointestinal, com lesbées em regiées alternadas, mas que acometem
principalmente a regido ileal na maioria dos casos. A biopsia pode apresentar
caracteristicas similares a RCU; no entando, a inflamacgao ocorre de forma transmural
e grande parte dos casos apresenta granulomas e o infiltrado celular é
majoritariamente de células mononucleres (GEBOES et al., 2000; SILVERBERG
FRCPC et al., 2005; WOLFSON et al., 1982).

Diferentes mecanismos podem estar associados a etiologia de Dlls, por se
tratarem de doencas crdnicas, remitentes-recorrentes e imuno mediadas, o que
também acarreta complexidade da génese dessas doencas (LINDEN et al., 2008)
(Figura 1). A heterogeneidade no padrao de distribuicdo das Dlls ao redor do mundo
indica a importancia crucial dos fatores ambientais em seu desenvolvimento.
Entretanto, é relevante observar que variagcbes genéticas desempenham um papel
significativo, influenciando as modificagées principalmente no sistema imunolégico
(GRAHAM; XAVIER, 2020; SHI et al., 2019). Uma caracteristica de pacientes com
RCU é a reducao da camada de mucina, a qual é responsavel por manter as bactérias
afastadas da barreira intestinal (JOHANSSON et al., 2014). Além disso, a reducao do
gene fucosiltransferase 2 (FUT2), que esta associado a fungao da barreira mucosa, é
relacionado ao aumento da suscetibilidade para o desenvolvimento de DC
(MCGOVERN et al., 2010). A camada de mucina secretada sobre o epitélio intestinal
€ considerada uma barreira fisica e a primeira linha de defesa para impedir a invasao
das bactérias luminais (LINDEN et al., 2008).
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Figura 1. Representacao grafica dos fatores envolvidos no desenvolvimento das
Dlls

Sistema
Imune

Genética Microbiota

Fatores ambientais

As DllIs sdo doencgas multifatoriais e podem ter sua patogénese associada a uma ou mais condicdes
simultaneamente. Fonte: o autor

Na RCU, o aumento da permeabilidade da barreira epitelial esta associado a
reducéo da sintese e secrecdo de mucina 2 (MUC2). Diferentes fatores podem estar
relacionados a diminuicdo da espessura e composicao do muco intestinal, como a
presenca de células calciformes (goblet cells) imaturas e a redu¢ao do numero dessas
células, responsaveis pela produgaoe manuten¢ao do muco intestinal (GROOTJANS
et al.,, 2013; SHAOUL et al., 2004). Pacientes com DC ou RCU também podem
apresentar aumento de muco intestinal, no entanto tal caracteristica nao impede a
permeacao de bactérias pela barreira epitelial. Nesses casos é observado alteracbes
estruturais secundarias no muco, como perda da funcao viscoelastica. A qualidade do
muco intestinal esta intimamente relacionada a composi¢éo da microbiota intestinal e
a producao de seus metabdlitos, uma vez que pacientes com Dlls apresentam
comumente defeitos em glicosilagdo e sulfatacao na estrutura do muco, tornando-o
ineficaz como barreira (GROOTJANS et al., 2013; PARIKH et al., 2019).

Além disso, muitas alteragdes genéticas associadas ao desenvolvimento de
DlIs ocorrem especificamente entre a interacdo do sistema imune e a microbiota. Uma
das modificagcbes genéticas mais notaveis e correlacionadas as Dlls refere-se a

alteracdes no gene responsavel pela codificacao do receptor intracelular de dominio
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de oligomerizacdo de ligagdo a nucleotideos 2 (NOD2), cuja fungdo € o
reconhecimento de componentes da parede bacteriana e a promoc¢éao da funcao
antimicrobiana celular por meio da ativagao de vias pré-inflamatérias. A alteracdo no
gene NOD2 esta associada a modificagdo do microbioma e aumenta a suscetibilidade
e recorréncia a DC (KOBAYASHI et al., 2005; MUKHERJEE et al., 2019; SHARMA et
al., 2023).

A disbiose, reconhecida como um fator significativo para a manifestacao e
evolucdo das Dlls, destaca-se pela influéncia crucial da composicdo da microbiota
intestinal no desenvolvimento dessas condi¢cbes. Bactérias simbidticas presentes no
intestino reforcam a barreira anti-inflamatéria e a regulacdo das células imunes
intestinais (PICKARD et al., 2017). A ruptura desse equilibrio mutualistico que existe
no microambiente intestinal leva a reducdo de metabolitos anti-inflamatérios
produzidos por essas bactérias, como acidos graxos de cadeia curta (short-chain fatty
acids — SCFA), butirato e acido indoleacrilico (FRANK et al., 2007; GAUDIER et al.,
2004; WLODARSKA et al.,, 2017). Adicionalmente, a exposicdo a poluentes
ambientais, como elevados niveis de dioxido de enxofre (SO2) e didéxido de nitrogénio
(NO2), esta correlacionada a maior propensdo ao desenvolvimento das Dlls
(MOLODECKY; KAPLAN, 2010).

Os intestinos desempenham papel vital no funcionamento do corpo humano,
destacando-se pelo tecido epitelial que se auto-renova de forma rapida, superando
outros mamiferos. As vilosidades e microvilosidades das criptas intestinais, presentes
em ambos os intestinos delgado e grosso, sdo essencias para a absorgéo de
nutrientes e na preservacdo da homeostase, oferecendo respostas imunes contra
bactérias do microbioma e patégenos (BARKER, 2014; BARKER et al., 2007; DE
SOUSA E MELO; DE SAUVAGE, 2019). A estrutura e integridade das criptas sao
mantidas pela renovacéao eficiente do epitélio intestinal, que se completa a cada 7
dias. Nas Dlls ocorre a perda da integridade de jungdes celulares que compdem o
epitélio intestinal. Estas jungdes, compostas por proteinas transmembranares e
citosdlicas, se subdividem em tight-junctions, adhesion-junctions e desmossomos,
desempenhando um papel crucial na coesao entre as células intestinais. Essa coesao
forma a barreira intestinal, essencial para a homeostase do trato gastrointestinal.
(AHMAD et al., 2014; GUNZEL; YU, 2013; RESCIGNO, 2011; ZEISSIG et al., 2007).
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A principal fungao das jungdes é atuar como um “portdo” que sela o espaco
paracelular, regulando a entrada de moléculas por esse espaco e formando canais
que possibilitam a entrada de nutrientes (CHELAKKOT; GHIM; RYU, 2018;
DIAMOND, 1978). As tight junctions estao localizadas na regiao apical das células e
sdo compostas por diferentes proteinas transmebranas e citosolicas, dentre elas estao
as zonulas de oclusao (Z0s), claudinas e ocludinas. Enquanto as jun¢gdes de adeséao
estéo localizadas em uma regido subapical e sdo compostas por filamentos de actina
e citoqueratina. Abaixo das jungcbdes de adesao estao localizados os desmossomos
que interagem com as proteinas de juncao de adesao e juntas fazem a forte adeséao
celular (FARQUHAR; PALADE, 1963).

Alteracdes na expresséao e funcionamento das proteinas presentes nas jungdes
epitelaiis estdo associados ao desenvolvimento de doengas, uma vez que essas agem
em conjunto e interagem entre si. A expressao de ocludina no tecido é igualmente
correlacionada com a integridade da barreira, sendo a mais abundante juncao
expressa por essas células. As claudinas, em especial a claudina 2 € responsavel pela
formacao dos canais de agua na regiao paracelular e o aumento da expressao dessa
porteina € associado a ampliacdo da permeabilidade de barreira nas Dlls
(CHELAKKOT; GHIM; RYU, 2018; HARHAJ; ANTONETTI, 2004; ZEISSIG et al.,
2007). Por outro lado, 0 aumento da expressao das claudinas 1, 5 e 8 & correlacionado
ao aumento da integridade da barreira epitelial (GUNZEL; YU, 2013). ZO-1 ¢é
responsavel por interagir com ocludina, claudinas e jungcbes de adesao formando
ligacbes através da interacdo com proteinas do citoesqueleto celular F-actina e
miosina (CUNNINGHAM; TURNER, 2012).

O controle da expressao das jungdes ocorre de maneira altamente regulada.
Embora muitos dos mecanismos que envolvem a regulacao dessas proteinas sejam
ainda desconhecidos, sabe-se que a resposta imune exerce grande papel na sua
regulacdo. Enquanto o fator de crescimento transformador 3 (TGFB) atua aumentando
a integridade pela regulacao positiva de claudina 1 (HOWE et al., 2005), o fator de
necrose tumoral a (tumoral necrosis factor a — TNFa) e o interferon y (IFNy) séo
capazes de atuar sobre a regulacado negativa da integridade dessas junc¢ées. O TNF
€ capaz de alterar a expressao de ocludina, induzindo a internalizagéo dessa proteina,
enquanto o IFNy reduz a expressao de Z0O-1 e ocludina (UTECH et al., 2005; WANG
et al., 2005). Dado o fato de que Dlls sdo doengas imuno mediadas, o estudo das

juncdes de adesao é crucial para a compreensao das Dlls (Dlls), sendo essencial
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tanto para desvendar os mecanismos subjacentes a patogénese quanto para o

desenvolvimento de abordagens terapéuticas eficazes.

O sistema imune na patogénese das Dlis

O sistema imune que controla a homeostase intestinal € composto de um
equilibrio complexo entre a imunidade funcional (inata e adaptativa) e anatbémica
(mucosa e sistémica). As células imunes na mucosa intestinal podem ser encontradas
em linfonodos secundarios e s&o, majoritariamente, compostas de linfocitos,
macrofagos e células dendriticas que promovem o controle imune frente a antigenos
in6cuos (MALOY; POWRIE, 2011).

As células dendriticas, componentes essenciais do sistema imunoldgico,
mantém um contato continuo com antigenos luminais através de seus dendritos que
permeiam as células epiteliais. Esta funcdo de "vigilancia" desempenhada pelas
células dendriticas é crucial para a deteccdo de organismos estranhos, que podem
manifestar-se como PAMPs (Padrées Moleculares Associados a Patégenos) ou
DAMPs (Padrées Moleculares Associados a Dano). Este processo de vigilancia esta
intrinsecamente associado ao controle rigoroso entre o que é considerado "self" e
"non-self* pelo sistema imunoldégico. ao manterem uma vigildncia constante,
desempenham um papel crucial na deteccao e resposta a ameagas potenciais,
contribuindo para a homeostase imunologica e a defesa eficaz do organismo contra
patdégenos e lesdes (FARACHE et al., 2013; GROSS; SALAME; JUNG, 2015).

Linfécitos B agem promovendo o equilibrio na resposta a antigenos via
imunoglobulinas (Ig) e podem adquirir seu fenétipo de plasmécitos e secretar a
imunoglobulina A (IgA), para neutralizar os patégenos e toxinas sem a ativagéo da
cascata inflamatéria. Além disso, alguns pacientes com DC e RCU apresentam um
subtipo de IgG contra a microbiota comensal, associado ao aumento da resposta
inflamatérias nesses pacientes (BOURGONJE et al., 2022). Adicionalmente, outro
estudo demonstrou que pacientes com RCU produziram autoanticorpos contra a
integrina avpB6, que mantém a barreira epitelial através da adesao celular (KUWADA
et al., 2021).

Os linfécitos T que residem no intestino passam por um processo de maturagao
nos o6rgaos linfoides associados ao intestino, conhecidos como Gut-Associated
Lymphoid Tissues (GALTs). Destacam-se entre essas regides os linfonodos
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mesentéricos e as placas de Peyer, fundamentais componentes do GALT. Nesses
orgaos, os linfécitos T adquirem caracteristicas especificas de linfécitos intestinais
antes de migrarem para regides designadas do intestino delgado ou grosso em
resposta a estimulos especificos. Os linfécitos T que se encontram no tecido epitelial
intestinal podem ser subdivididos em duas categorias principais: as células
intraepiteliais (LIE) e os linfécitos T localizados na lamina prépria. As LIE
desempenham um papel crucial na regulagao da autoimunidade e na promog¢ao da
tolerancia intestinal. Por outro lado, os linfécitos T presentes na lamina proépria estao
diretamente envolvidos na resposta imunologica do intestino contra agentes
infecciosos. As células nao intraepiteliais (LIE) atuam na promocgao da tolerancia
imunolégica no intestino, desempenhando um papel fundamental na supressao de
respostas autoimunes prejudiciais. Elas contribuem para a manutencao do equilibrio
entre a defesa imunologica e a prevencao de reacdes excessivas contra antigenos
préprios do organismo. Por outro lado, os linfécitos T localizados na lamina prépria
desempenham uma funcédo predominante na defesa contra infecgdes no intestino.
Estas células respondem a estimulos provenientes de patdgenos, promovendo
respostas imunes adaptativas eficazes para combater invasores microbianos e
garantir a integridade do sistema gastrointestinal (AGACE, 2008, CAMPBELL,
BUTCHER, 2002; MA; TAO; ZHU, 2019). Um breve resumo do microambiente

intestinal em homeostase esta ilustrado na Figura 2.
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Figura 2. Tecido intestinal em homeostasia
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Diferentes tipos celulares compdem a barreira epitelial e sdo fundamentais para manter a integridade
do tecido. Na base da cripta intestinal se localizam as células que dardo origem a todo o conjunto
celular formador da barreira. Células tronco adultas e células de Paneth controlam a proliferacéo e
formacéao da cripta. Células calciformes (Goblet cells), produzem o muco que reveste a barreira celular
em contato com o lumen intestinal com objetivo de reduzir o contato bacteriano e barreira. Essas células
se alternam entre os enterocitos. Ainda, linfocitos intraepiteliais (LIE) localizados entre os enterocitos
fazem o pepl de controle da autoimunidade frente a antigenos. Na regido da lamina prépria o equilibro
imune ocorre pela presenca de células dendriticas, macrofagos residentes e linfécitos T e B. Células
linféides inatas (ILC) s&o encontradas no intestino e regulam tanto o sistema imunoldgico quanto a
integridade da barreira epitelial pela produgéo controlada de citocinas, em especial as interleucinas (IL)
12, 18, 23 e 1B. Linfonodos mesentéricos e a placa de Peyer s&o tecido linféides associados ao intestino
ou Gut-Associated Lymphoid Tissues (GALT) e s@o responsaveis pela maturacdo de linfocitos T
intestinais. Linfocitos B representam o sistema imune adaptativo liberanto IgA (ndo ativa sistema
complemento e cascata inflamatéria). Fonte: o autor.
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As células T desempenham papel crucial na patogénese das Dlls. Células T
ativadas deslocam-se dos ganglios linfaticos mesentéricos para a corrente sanguinea,
onde circulam de forma continua e dirigem-se para a ladmina prépria. Esse
direcionamento ocorre por meio da interagcao entre a integrina a437 e a molécula-1 de
adesao celular de enderecamento vascular (MAACAM-1) (LAMB et al., 2018;
MEENAN et al., 1997). Os linfécitos que migram para o compartimento epitelial
exercem regulacao positiva sobre a integrina aEB7, que interage com a E-caderina
nas células epiteliais, promovendo a retencdo dos linfécitos e amplificacdo da
inflamacédo (CHANG; WHERRY; GOLDRATH, 2014; LAMB et al., 2016).

A resposta mediada por células T pode assumir diferentes fenétipos de acordo
com o perfil de citocinas produzidas pelas células apresentadoras de antigenos. A
resposta de células T efetoras CD4+ do tipo T helper Th1 e TH17 estdo associadas a
ativacao dos fatores de transcricdo T-bet e RORyt, respectivamente. A resposta do
tipo Tv1 promove o recrutamento de macréfagos, células natural killer e células T
CD8+ via producao de interferon-y, enquanto a resposta via Tu17 promove o
recrutamento de neutrofilos e producéo de IL-17A, IL-17F e IL-22. Ambos perfis
celulares podem ser observados em pacientes com DC e RCU, no entanto os niveis
de IL-17 sédo consideravelmente mais altos em pacientes com DC (BRITTON et al.,
2019; FUJINO, 2003). No quadro de RCU a resposta das células T ocorre por meio
da ativacao de células TH2 via fator de transcricao GATA-3 e tem como caracteristica
a producao das citocinas IL-5 e IL-13, associadas a ruptura das células epiteliais, além
de IL-4, IL-6 e TNFa (FUSS et al., 2004) ; ou TH9 produzindo IL-9 (KURMAEVA et al.,
2014).

Outro subtipo celular proveniente do progenitor linféide que esta presente na
mucosa intestinal tanto em peridos de homeostase quanto de infecgéo sédo as células
linféides inatas (ILCs). Constituindo uma subcategoria especializada do sistema
imunolégico, as ILCs manifestam tanto similaridades fenotipicas quanto funcionais
com linfécitos T, sendo estrategicamente localizada em locais caracterizados por uma
exposicao intensificada a influéncias externas, como a mucosa intestinal, onde as
infecgdes iniciais sdo propensas a ocorrer. Diferentemente de outras células que
respondem a estimulos diretos, as ILCs respondem primordialmente a sinalizagao por
citocinas provenientes tanto de células imunes quanto epiteliais (BERNINK et al.,
2013; SIMONI et al., 2017; YOO; OH, 2023; ZENG et al., 2019).
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As ILCs desempenham um papel significativo na patogénese das Dlls. A
interacdo sinérgica de diversas citocinas pode induzir alteragcbées substanciais no
microambiente. O ciclo de ativagao e plasticidade entre ILC1 e ILC3 é modulado pela
producéo significativa de citocinas, incluindo IL-12, IL-18, IL-23 e IL-1B por macréfagos
e células dendriticas. A ativacdo de ILC1 resulta na producdo de TNFa e IFNy,
causando danos diretos a barreira epitelial. Por outro lado, a ativacdo de ILC3 é
desencadeada por estimulos de IL-1B e IL-23, culminando na liberacao de IL-12, IL-
22, IL-17 e GM-CSF. O GM-CSF, por sua vez, induz células dendriticas (DCs) e
macrofagos a gerar acido retinoico, o qual também ativa ILC1, amplificando o ciclo
inflamatorio associado a esse subtipo celular (BERNINK et al., 2013; SIMONI et al.,
2017; YOO; OH, 2023; ZENG et al., 2019).

Ap6s permear a barreira epitelial, as bactérias sao reconhecidas por
macrofagos e células dendriticas, por meio de receptores do tipo toll (Toll-like receptor
- TLR), capazes de distinguir os antigenos bacterianos, como o LPS (HART et al.,
2005). Desta forma, ocorre a ativacao de vias inflamatérias e fatores de transcricao
responsaveis pela propagacao do sinal inflamatério e perpetuacéo da resposta. O
fator nuclear kappa B (NF-kB) € um dos mais reconhecidos pelo seu papel
inflamatério, resultando no aumento de citocinas, como o TNF-a, IL-1B, IL-6, IL-12 e
IL-23, entre outras (A JERSMANN et al., 2001; KAPLAN; JESS, 2016; ZHANG et al.,
1999). Citocinas e quimiocinas atuam na sinalizagdo celular para promover a
quimiotaxia de células imunes para o sitio inflamatério. Os neutréfilos migrados para
esse tecido assumem um papel microbicida fundamental para conter a infeccao
desencadeada pela translocacéo bacteriana, operando por meio da liberacdo das
armadilhas extracelulares de neutréfilos (neutrophil extracellular traps - NETS),
compostas por cromatina e proteinas dos granulos intracelulares (BRINKMANN,
2004); granulos contendo mieloperoxidase e elastase, bem como a geragcédo de
espécies reativas de oxigénio (ROS) e de nitrogénio (RNS) exercem fungdes liticas
sobre as bactérias (BJERG BENNIKE et al., 2015), além de secretarem inumeras
citocinas pro-inflamatérias que contribuem para a exacerbacdo do processo
inflamatério (HELLER et al., 2008; STEEL et al., 2011).

Dentre os mediadores que exercem papel fundamental na patogénese das Dlls,
vale ressaltar o TNFa. Esse mediador soltvel produzido por macréfagos, neutrofilos,

linfocitos e células epiteliais promove aumento da expressao de moléculas de adesao
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pelas células endoteliais, induzindo o aumento da migracdo de células imunes
(SANDBORN; HANAUER, 1999). O remodelamento tecidual, via fibroblastos com
aumento de metaloproteinases e sintese de colageno, contribue para ulceragao e
degradacao da mucosa, além de contribuir para o aumento da permeabilidade das
células epiteliais intestinais, o que leva a prejuizos na funcéao de barreira (PALLONE
et al., 2003; LOUIS, 2001).

Macréfagos séo células da resposta inflamatéria inata, a partir do
reconhecimento antigénico associado tanto PAMPs quanto DAMPs. No entanto,
essas células também sado as principais responsaveis pelo processo ativo de
resolucao do processo inflamatério. O processo inflamatério intestinal pode progredir
de duas formas: (1) cronificacao e (2) resolugdo (MANTOVANI; BONECCHI; LOCATI,
2006; SCHETT; NEURATH, 2018). As DllIs sdo doencas inflamatérias com um curso
crénico associado também a perda de tolerancia dos macréfagos intestinais frente aos
antigenos. Durante o processo inflamatério intestinal, ocorre o acumulo de
macréfagos imaturos que contribuem para a ativacdo de células Tu1 e TH17 via
citocinas 1L-12, IL-23 e IL-13 e cronificagao da inflamacgao (BAIN et al., 2013, 2014).
A perda dae funcdo tecidual consequente da resposta inflamatéria crénica e
exacerbada, bem como a resposta inflamatéria inefetiva estdo associadas a
necessidade de cirurgia em casos de Dlls (HWANG; VARMA, 2008).

O curso natural de uma inflamacao € a resolugdo do processo e diversos
mediadores proteicos e lipidicos estao associados a esse evento celular. Os principais
eventos celulares associados a resolugao da inflamacdo sao: (1) reducédo da
quimiotaxia de neutréfilos; (2) apoptose dos neutréfilos presentes no tecido; (3)
mudanca fenotipica dos macrofagos; (4) remocao desses neutréfilos apoptoticos por
meio da eferocitose realizada pelos macréfagos ( SERHAN; SAVILL, 2005; SCHETT;
NEURATH, 2018; SUGIMOTO et al., 2019). Dentre os mediadores lipidicos que
contribuem para a resolugéo, destacam-se a lipoxina A4, resolvina D1, resolvida E1 e
a maresina 1 (UDERHARDT et al., 2012). As principais citocinas associadas sao a IL-
10 e o TGFR, responsaveis pela diferenciacdo de macréfagos inflamatérios M1 em
macréfagos anti-inflamatérios M2, reparo tecidual e apoptose de neutrofilos (LOPES
et al., 2016; POE et al.,, 2013; SCHETT; NEURATH, 2018). Além disso, outros
mediadores contribuem para completar o ciclo de resolugado como o ligante indutor de
apoptose relacionado ao fator de necrose tumoral (TRAIL) produzido por linfécitos T
(MCGRATH et al., 2011), o ligante de Fas (FASL) (BROWN; SAVILL, 1999) e a
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proteina AnxA1, que esta relacionada a todos os eventos que envolvem a resolugao
da inflamacao (PERRETTI, 2012; PERRETTI; D’ACQUISTO, 2009a).

Alguns dos principais eventos que promovem a resposta inflamatéria e a
resolugcao do processo inflamatério nas Dlls bem como a sua complexidade celular e

molecular estdo exemplificados na Figura 3.
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Figura 3. A resposta inflamatéria e resolutiva que ocorre nas Dlls.
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Terapias atuais e suas limitagoes

O tratamento das Dlls é baseado em principalmente em terapias que tentam
controlar o processo inflamatério. A determinagdo da classe medicamentosa a ser
utilizada é individualmente avaliada entre cada paciente e escolhida com base nos
sintomas clinicos e estadiamento do grau da doenca. A utilizacdo de apenas uma das
opgdes encontradas atualmente nao resolve de forma efetiva os danos durante a fase
ativa da doenca, e a intervencao terapéutica precoce pode alterar o curso natural da
doenca e prevenir complicagées irreversiveis (IM et al., 2018). Inicialmente, em casos
considerados leves a moderados, as estratégias terapéuticas utilizadas sao
aminosalicilatos, como o0 5-ASA, e corticosteroides. Os aminosalicilatos sdo potentes
na reducgao da inflamacgao e utilizados para manter a remissdo da doenca, sendo a
sua utilizacao isolada muitas vezes ineficaz; ademais, estudos realizados na década
de 90 ja demonstravam seus efeitos adversos, como por exemplo, quadros de artrite,
aplasia de medula, nefrotoxicidade, pancreatite e pericardite, os quais comprometem
a utilizacao destes agentes para a terapéutica (LIN; HINE, 1994; WILLIAMS et al.,
2011). (MAGRO et al., 2017).

Um estudo realizado por Miyoshi et al., (2018) avaliou pacientes em estado
ativo da UC e pacientes em remissao, onde ambos os pacientes apresentaram
agravamento dos sintomas da doencga, principalmente de sangramento, fato esse
observado na também na reexposi¢ao ao farmaco, sugerindo o aminosalicilato como
agravador da doenca. A associacado de 5-ASA e corticoides com medicamentos da
classe das tiopurinas, como a azatioprina, também & protocolo de tratamento.
Tiopurinas atuam como “antimetabdlitos”, incorporados aos acidos nucleicos e
inibem varios genes da inflamacao intestinal e do trafego de leucécitos para o intestino
(MIELE et al., 2020; NEURATH, 2010). No entanto, o uso de tiopurinas apresenta
diversos efeitos adversos, como intolerdncia gastrointestinal, mielossupressao,
hepatite, pancreatite e sindrome semelhante a gripe (CHAPARRO et al., 2013,
CUFFARI et al., 1996). Ainda, a utilizacao de corticoides, como a prednisolona,
dexametasona e budesonida, para o uso crénico € limitada devido a imunossupressao
global que ocorre em tratamentos de longo prazo e outros numerosos efeitos adversos

sistémicos, como osteorporose, catarata e sindrome de Cushing (BUCHMAN, 2001).
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O desenvolvimento das terapias biolégicas revolucionou o tratamento das Dlls.
Como mencionado anteriormente, a presenca de TNFa esta intimamente ligada a
progressao da UC. Desta forma, estratégias terapéuticas surgiram visando neutralizar
tal citocina através dos medicamentos biologicos (RIZZO, 2014). Essa abordagem é
inserida nos casos considerados graves, onde os principais tratamentos empregados
na UC, sado os agentes anti-TNFa (infliximabe, adalimumabe e certolizumabe) que, na
maioria das vezes, reduzem a necessidade de cirurgia e hospitalizagao e melhoraram
a qualidade de vida dos pacientes ao mudar o curso da doenca. Os anti-TNFa
impedem a interacdo da citocina a seus receptores especificos na membrana celular
e a consequente redugcado na ativagao de células imunes e epiteliais (GUO; LU; BAI,
2013; KOBAYASHI et al., 2020; SOKOL; SEKSIK; COSNES, 2014). No entanto, parte
dos doentes ndo sado responsivos as terapias biolégicas (VINCENT et al., 2013).
Embora ainda sejam a principal op¢do de tratamento disponivel tanto para RCU
quanto DC, os tratamentos bioldgicos estdo associados a reacdes de infusao,
imunossupressao, infec¢cdes oportunistas e reducao de sua eficacia com consequente
atenuacao ou perda de eficacia ao longo do tempo, secundaria a producao de
autoanticorpos (CLARK et al., 2007; STRIK et al., 2016).

Como ja salientado, linfécitos T possuem papel crucial na patogénese das Dlls
e contribuem para a instalagéo do processo inflamatério intestinal. A migracéo dessas
células é dependente da liberacao de diversas citocinas, selectinas e moléculas de
adesao. Atualmente uma série de anticorpos monoclonais que atuam sobre essas
proteinas ja sao utilizados na pratica clinica enquanto outros com grande potencial
ainda esao em fase clinica de testes (KOBAYASHI; HIBI, 2023). No que diz respeito
aos utilizados clinicamente destaca-se o vedolizumabe (Entyvio; Takeda
Pharmaceuticals) € um anticorpo monoclonal especifico contra a integrina a437, uma
molécula de adesao que participa do processo de migragao de linfécitos (WYANT,;
FEDYK; ABHYANKAR, 2016). Vedolizumabe é utilizado em casos moderados a
graves e como segunda linha de tratamento para pacientes que nao respondem a
terapias anti-TNFa, ou como primeira linha de bildgicos para pacientes que possuem
limitagbes ao uso de anti-TNFa. Ainda a sua combinagdo com essa classe de
aniticorpos monoclonais anti-TNF como o adalimumabe demosntrou resultados
superiores ao uso isolado de ambas as terapias (SANDS et al.,, 2019). Outros
anticorpos monoclonais utilizados no tratamentos de Dlls sdo os direcionados as

citocinas IL-12 e IL-23 e suas subunidades. Ustekinumabe, por exemplo, um anticorpo
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monoclonal que atua inibindo a via de sinalizagao dessas citocinas, responsaveis por
induzir a diferenciacao de linfocitos T CD4+ em Tu1 e TH17 (LUO et al., 2010; SANDS
et al., 2022).

O eixo microbiota/sistema imune é considerado um fator chave na patogénese
das Dlls e um importante alvo farmacol6gico. A modulagdo do microbioma intestinal
tem ganhado destaque como método alternativo e adjunto as terapias existentes.
Pacientes com Dlls apresentam microbiota menos diversificada e descontrole da
producdo de metabdlitos funtamentais para a regulacdo do sistema imune. Novas
terapias incluem probioticos, prebioticos, simbidticos e, até mesmo transplante de
microbiota fecal ( PARAMSOTHY et al., 2017; AKUTKO; STAWARSKI, 2021). Neste
caso, sao relaizadas combinagdes sintéticas de bactérias especificas e terapias
personalizadas baseadas em perfis de microbiomas individuais de cada paciente e
regulacao de acidos biliares secundarios (YANG et al., 2021; ZHOU et al., 2022).

Considerando que as Dlls sao caracterizadas por uma natureza crénica e
auséncia de cura definitiva, os pacientes podem enfrentar abordagens terapéuticas
continuas ao longo de suas vidas. O principal objetivo desses tratamentos ¢é estabilizar
o curso da doenga, reduzindo, assim, o risco a longo prazo de intervengdes cirdrgicas
e perda de fungdes intestinais. Embora os agentes bioldgicos tenham representado
avancos significativos na gestao das Dlls, promovendo mudangas substanciais nas
estratégias terapéuticas, € importante observar que uma parcela consideravel de
pacientes ainda enfrenta a necessidade de adotar terapias alternativas. Isso decorre
tanto de falhas na resposta aos tratamentos existentes quanto da ocorréncia de efeitos
adversos, ressaltando a complexidade do manejo clinico dessas condigcdes e a
importancia continua da pesquisa para aprimorar op¢des terapéuticas mais eficazes
e personalizadas (AL-HORANI; SPANUDAKIS; HAMAD, 2022; HIGASHIYAMA,
HOKARI, 2023).
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Anexina A1 e Ac2-26

A AnxA1 é uma proteina de 37 kDa, pertencente a superfamilia das anexinas
que inclui 13 moléculas com estruturas similares e com diferentes funcdes biolégicas
(BLACKWELL et al., 1980; ROTHHUT et al., 1983). As anexinas sao caracterizadas
estruturalmente por dois dominios terminais, onde uma pequena regiao N-terminal
difere entre as isoformas e é responsavel pelas atividades biolégicas pela ligacdo da
proteina a seus receptores na presenca de Ca?* (CROMPTON; MOSS; CRUMPTON,
1988) (Figura 4). Em condi¢des basais, a AnxA1 € expressa de forma mais expressiva
no citoplasma de neutréfilos, mondcitos, macréfagos, eosinéfilos, mastécitos, em
algumas células tumorais, epitélios e, de forma minima, em células T (GAVINS;
HICKEY, 2012; RESCHER; GERKE, 2004). A sintese de AnxA1 é induzida por
mediadores endégenos, sendo regulada principalmente pela acao de glicocorticoides
e citocinas (BLACKWELL et al., 1980; PERRETTI; D’ACQUISTO, 2009a; SOLITO et
al., 2003).

Figura 4. Estrutura proteica da Anexina A1 e seu peptideo mimético derivado da
regiao N-terminal, o Ac2-26.
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Em condigées de ativacao celular, a AnxA1 é rapidamente mobilizada do
citoplasma para o meio extracelular. Pelo menos trés mecanismos de secrecao sao
propostos, sendo variaveis de acordo com o tipo celular, a saber: pela ativacao de
transporte dependente de ATP (ATP-binding cassette); pela fosforilacdo de serina
amino terminal e subsequente passagem por dominios lipidicos da membrana para
por¢ao extracelular (PERRETTI; D’ACQUISTO, 2009; VONG et al., 2012) e; pela

fusdao e eliminacdo de vesiculas contendo AnxA1 diretamente pela membrana
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plasmatica (DALLI et al., 2008; LEONI et al.,, 2015a; NOVIZIO et al., 2020;
PESSOLANO et al., 2019). Ao ser liberada no meio extracelular, a AnxA1 secretada
no microambiente inflamado pode atuar de forma autdcrina, paracrina e justacrina. A
AnxA1 fosforilada se liga aos receptores de peptideos formilados 1, 2 e 3 (FPR1, FPR2
e FPR3), ativando vias de sinalizacao intracelular dependentes de ERK1/2 e MAPK
para atuar sobre as células (HAYHOE et al., 2006; MCARTHUR et al., 2020b;
PERRETTI; D’ACQUISTO, 2009). Os FPRs sao receptores acoplados a proteina G e
sao expressos em diversos tipos celulares; a ligagcao ao FPR1 e FPR2 séo as mais
descritas para a modulagao anti-inflamatéria da AnxA1. Ainda, os peptideos miméticos
derivados da regiao N-terminal da AnxA1, como o Ac2-26, composto de 24
aminoacidos; Ac2-12, composto de 10 aminoacidos; Ac2-50, composto de 46
aminoacidos; Ac9-12, composto de 3 aminoacidos, também sao capazes de se ligar
ao receptor FPR2 e promover resposta celular similar a AnxA1. O peptideo mimético
mais relatado pela literatura € o Ac2-26 capaz de induzir a ativagcdo ndo somente de
FPR2, mas também de FPR1(HAYHOE et al., 2006; LEONI et al., 2013, 2015a; LICE
et al., 2022; PERRETTI et al., 2001, 2017; SUGIMOTO et al., 2016).

No que diz respeito ao seu papel anti-inflamatério, a AnxA1 age como regulador
negativo na imunidade inata, atuando na transmigracao e ativacdo de neutrofilos,
monocitos e macrofagos (CHATTERJEE et al.,, 2005, GETTING; FLOWER,
PERRETTI, 1997). Em animais geneticamente deficientes de AnxA1 ou tratados com
bloqueadores de FPR2, a resposta inflamatéria inata € exacerbada (BABBIN et al.,
2008; LOCATELLI et al., 2014; MCARTHUR et al., 2020a; PERRETTI; GAVINS, 2003)
e o tratamento com AnxA1 recombinante ou com seus peptideos miméticos reverte a
exacerbacao da inflamacao em animais deficientes de AnxA1 (GIROL et al., 2013a;
QIN et al., 2015; VITAL et al., 2016). Anexina A1 (AnxA1), & inibidor da fosfolipase A2
(PLA2) de membrana. Essa acgéo inibitoria tem implicagbes significativas na cascata
do acido aracdénico, uma vez que a PLA2 esta envolvida na liberagao desse precursor
crucial. O acido araquiddnico, por sua vez, desencadeia a producao de eicosanoides,
como a prostaglandina e outros mediadores lipidicos da inflamacdo (FLOWER,;
ROTHWELL, 1994; LIM et al., 1998). Sabe-se que a proteina € capaz de reduzir a
diapedese de neutréfilos por meio da redugéo da expressao de moléculas de adesao
celular responsaveis pelo rolamento e firme adesao dos leucécitos a parede vascular,

que prejudica a subsequente migracao destes para o foco de lesao (GETTING;
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FLOWER; PERRETTI, 1997); modular a sintese de citocinas inflamatérias e anti-
inflamatérias (CHIANG; SERHAN, 2006), além de atuar como mediador da ac¢ao anti-
inflamatéria do sulfito de hidrogénio (BRANCALEONE et al.,, 2014) e reduz a
promocéo da inflamacéo pela proteina translocadora (TSPO) (PANTALEAO et al.,
2018).

Além de modular o influxo de leucécitos para o foco de inflamacao, em especial
de neutréfilos e mondcitos, a AnxA1 modula positivamente os processos de resolugcao
da inflamacéo e reparo tecidual (PERRETTI; D’ACQUISTO, 2009). Estudos in vivo e
in vitro mostram que a AnxA1 induz a apoptose de neutréfilo no foco de lesédo e a
subsequente fagocitose dos mesmos pelos macréfagos residentes e pela polarizacao
de macréfagos para o fen6tipo M2 (MCARTHUR et al., 2020; SCANNELL et al., 2007,
SOLITO et al., 2003). Este mecanismo, que, em conjunto, € chamado de eferocitose
€ fundamental para a resolucéo da inflamacao e sua inducado € alvo na pesquisa e
desenvolvimento de anti-inflamatérios (AIKAWA et al., 2018). Ademais, a AnxA1
endogena e exdgena modula a angiogénese, a proliferacdo de fibroblastos e a
secrecdo de citocinas anti-inflamatérias no modelo de regeneracdo tecidual,
confirmando sua agao efetiva nos mecanismos de reparo. De fato, a literatura mostra,
em modelos experimentais, que a AnxA1 ¢é uma ferramenta como potencial na
implantacéo de transplantes (COORAY et al., 2013; LACERDA et al., 2018).

Pelos mecanismos anti-inflamatérios e de reparo tecidual da AnxA1 citados
acima, seu efeito benéfico em doencas inflamatérias tem sido amplamente
demonstrado em modelos experimentais (BROERING et al., 2022; HARIDAS et al.,
2019; Ll et al., 2019a; LICE et al., 2022; MCARTHUR et al., 2020b). A AnxA1 emerge
como um mediador crucial em condi¢gdes de inflamagao, desempenhando um papel
resolutivo na recuperacao tecidual. A expressao local de AnxA1 é essencial para a
restauracao do tecido afetado (LEONI et al., 2013; VERGNOLLE; COMERA; BUENO,
1995), especialmente na DC (REISCHL et al., 2020; SENA et al., 2013). Estudos
recentes sugerem que niveis reduzidos de AnxA1 na DC estdo associados a
inflamacao descontrolada, perpetuando a doenca, e que analises diferenciais de
AnxA1 podem indicar padrées de gravidade da doenca (DE PAULA-SILVA et al.,
2016a; SENA et al., 2015a; VERGNOLLE et al., 2004). Além disso, foi observada a
expressao marcada de AnxA1 no célon de pacientes com DC e que alcangaram
remissao apos o uso de infliximabe. No entanto, a falta de AnxA1 enddgeno

demonstrou ser prejudicial na progressao da colite experimental, resultando em piores
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desfechos clinicos e histolégicos, e uma taxa de mortalidade mais elevada. Esses
resultados também indicam que a falta de AnxA1 pode impactar negativamente o
tratamento com infliximabe (DE PAULA-SILVA et al., 2021).

De modo geral, a literatura indica que a secrecao de AnxA1 é desencadeada
durante os periodos de atividade da DII. Defici€ncias nesse mecanismo exacerbam a
gravidade e prolongam a duracdo da doenca. Da mesma maneira, intervengdes
terapéuticas capazes de potencializar os niveis de AnxA1 demonstram resultados
mais eficazes (LEONI; NUSRAT, 2016). O uso do tripeptideo MC12, derivado da
estrutura da AnxA1, como tratamento na colite experimental em modelo de dimetil
sulfoxido (DSS) e acido trinitrobenzeno sulfénico (TNBS), ambos modelos que
mimetizam a colite que atinge a mucosa e a regiao trans mural, respectivamente.
MC12 demonstrou eficacia em reduzir parametros clinicos e inibir a ativagcao do fator
de transcricdo NF-kB (OUYANG et al., 2012).

Apesar de diferentes tipos celulares secretarem AnxA1 no célon inflamado, a
descoberta das vesiculas extracelulares contendo AnxA1 secretadas por neutréfilos e
células epiteliais intestinais proporcionaram o aprimoramento de um novo mecanismo
de aplicacao para a AnxA1 no tratamento da colite. O desenvolvimento de tecnologias
com grande potencial de entrega direcionada capazes de regular negativamente o
processo inflamatério e melhorar a cicatrizagcéo tecidual pode ser observado pelos
resultados encontrados por Leoni et al. (2015), que utilizou nanoparticulas poliméricas
revestidas com colageno |V contendo o peptideo mimético Ac2-26 (Ac2-26-Col-IV) e
aplicadas diretamente na mucosa intestinal ou intraperitoneal para o tratamento na
colite experimental. Ainda, avaliando o potencial da mesma nanoparticula sobre a
colite, Reischl et al. (2021) administrou de forma intraperitoneal Ac2-26-Col-IV para
terapia perioperatéria, que consistiu de avaliar a regeneracao tecidual ap6s excisao
de parte do intestino. O modelo foi baseado em casos de pacientes que necessitam
de remocao de parte do intestino resultante da cronificagdo do processo inflamatério
e consequente necrose tecidual.

Apesar de apresentarem resultados promissores, a utilizagdo de uma via de
administragdo nao invasiva € considerada de suma importancia para a aderéncia do
tratamento pelo paciente. Baseado nessa premissa, Li et al. (2019), desenvolveram
um sistema de entrega capaz de liberar o peptideo Ac2-26 em resposta a altas

concentragdes de ROS, atingindo o célon inflamado de maneira especifica, visto que
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altas concentragcdes de ROS sao encontradas em sitios inflamatérios. O tratamento
promoveu regeneracéao tecidual e reducéo da resposta inflamatéria gerada na colite
experimental. Baseado no exposto acima, é clara a participacdo da AnxA1 como
mediador para as Dlls, tanto na fase ativa da doenga como potencial tratamento para

essas enfermidades crénicas e sem tratamento efetivo.

Nanotecnologia

A nanotecnologia, uma das areas mais promissoras do século 21, combina o
estudo da nanociéncia com avancgos tecnoldgicos para a produ¢ao de materiais em
nanoescala, ou seja, produtos cujas dimensodes estao na ordem de mil milionésimos
de um metro (10° m) (DEAN; MANSOORI; FAUZI SOELAIMAN, 2005; MALIK;
MUHAMMAD; WAHEED, 2023). As nanoparticulas (NPs) sao estruturas
unidimensionais em nanoescala, com tamanhos variando de 1 a 100 nm. E importante
observar que nanoparticulas com dimensbdes superiores podem receber
denominagdes especificas, como nanocapsulas ou nanorods. Essas estruturas
podem ser compostas por diversos materiais, como polimero-lipideo, polimero-metal,
grafeno-metal, silica-metal, ou podem consistir em apenas um componente, como
polimero, lipideo, silica, metal ou carbono. A variacao na dispersao e interacédo de
seus componentes resulta em diferentes arranjos e composi¢cbes, destacando a
versatilidade dessas nanoparticulas na aplicagdo de diversas tecnologias e campos,
desde a medicina até a eletrénica (VERT et al., 2012).

Essa diferenca dimensional confere as nanoparticulas propriedades unicas que
as tornam especialmente relevantes em areas como diagnésticos avancados e
terapéutica direcionada. Além disso, € importante destacar que as nanoparticulas
apresentam uma grande area superficial, uma caracteristica intrinseca decorrente de
suas dimensdes reduzidas. Essa grande area superficial contribui para a notavel
capacidade de interagdo com uma variedade de componentes biolégicos, como
proteinas intracelulares e de membrana, enzimas e barreiras biologicas (ERDOGAR;
AKKIN; BILENSQY, 2019; FARAJI; WIPF, 2009; ZOLNIK et al., 2010). Devido a sua
meticulosa engenharia que otimiza caracteristicas fisicas, quimicas e mecanicas, as
NPs diferem significativamente de materiais maiores, resultando em uma gama de
novas aplicacdes, especialmente no campo biomédico (DENG et al., 2016; ZHANG et
al., 2008).
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As pesquisas relacionadas a administracao de NPs tém sido direcionadas a
diminuicao dos efeitos adversos de certos farmacos, a otimizagcao de doses e, entrega
direcionada de determinadas subtancias (BERNARDI et al., 2012; DIMER et al.,
2013). Nesse sentido, nanocapsulas constituidas de polimeros biodegradaveis tém se
mostrado mais promissoras, além de melhorar a aplicabilidade terapéutica e reduzir a
toxicidade identificada em outros tipos de NPs (BEGINES et al., 2020; GIRON et al.,
2019; POHLMANN et al.,, 2013), como por exemplo, a deposicdo de particulas
metalicas em 6rgaos filtrantes, muitas vezes proveniente da interagdo das NPs com o
sistema reticulo endotelial (YAO et al., 2019). Em relacdo a administracao oral, as
nanocapsulas poliméricas podem ajudar a ultrapassar a barreira gastrointestinal para
moléculas com limitacbes de absorcdo por via oral (FRIEDRICH et al., 2014,
RODRIGUES et al., 2016).

No contexto das Dlls, NPs de diferentes composi¢cdes tém sido aplicadas para
otimizar o uso dos tratamentos usuais das Dlls, os quais muitas vezes promovem
efeitos sistémicos indesejados, além de degradacédo da maior parte do medicamento
no TGI. Estudos demonstraram que a nanoencapsulacdo de NPs contendo 5-ASA
reduziu a degradagéo do medicamento e seus efeitos sistémicos relacionados ao uso
da medicacao, sendo até 80% absorvido no coélon (MLADENOVSKA et al., 2007,
VARSHOSAZ; JAFFARIAN DEHKORDI; GOLAFSHAN, 2006). Efeitos semelhantes
foram encontrados com a nanoencapsulacdo de budesonida ligada a NPs de
PLGA/Eudragit®S100, capaz de liberar o corticoide no coélon em concentragbes
efetivas (ZHOU; QIAN, 2018).

Em relacdo aos tratamentos com bioldgicos, foi descrito recentemente pelo
grupo de Kim et al. (2020) um lipossoma revestido com Eudragit®-S100 contendo
infliximab. Os lipossomas sao principalmente compostos de fosfolipidios, e a taxa de
liberacdo depende do numero de bicamadas fosfolipidicas, podendo interagir de forma
eficiente com o tecido intestinal. O estudo demonstrou que a entrega do farmaco
ocorreu de forma direcionada no célon, promovendo reducao da acao do TNFa de
forma mais eficiente do que pelo tratamento com infliximab de forma classica e, ainda,
reduziu os efeitos adversos (KIM et al., 2020). Outros compostos nao utilizados na
pratica clinica também demonstraram eficacia quando encapsulados. Neste sentido,

o acido glicirrizico foi encapsulado em nanocarreadores de PLGA- Eudragit®-S100,
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responsivos ao pH, que promoveu entrega eficiente no coélon e cicatrizagdo da mucosa
em curto prazo (ZEESHAN et al., 2019).

As pesquisas com NCs de nucleo lipidico tiveram inicio em meados dos anos
2000, quando um hibrido de NCs biodegradavel, foi desenvolvido pelo grupo das
professoras Adriana Pohlmann e Silvia Guterres, da Universidade Federal do Rio
Grande do Sul (UFRGS). Alteracbes supramoleculares das particulas foram
realizadas, como a adi¢ao do lipideo sélido, monoestearato de sorbitano disperso no
nucleo lipidico liquido das NCs (GUTERRES; ALVES; POHLMANN, 2007; JAGER et
al., 2009; VENTURINI et al., 2011). A estrutura supramolecular proposta para as
nanocapsulas de nucleo lipidico (LNCs) consiste de um nucleo com caracteristica
organogel, e uma parede polimérica situada na pseudointerface 6leo-agua (POLETTO
et al.,, 2012). Além disso, o desenvolvimento de uma estratégia de formacédo de
camadas pela interacao eletrostatica das substancias, permitiu a transformacao da
natiureza aniénica para catidnica pela adigao e revestimento com quitosana, formando
a nanocapsula de nucleo lipidico multicamadas (multiwall lipid nanocapsules - MLNC).
A formacao da MLNC se baseia da interacao eletrostatica entre o grupo amoénio da
quitosana e grupos carregados negativamente na superficie da LNC (BENDER et al.,
2012).

A partir da MLNC, Bender et al., (2014) desenvolveram uma estrutura composta
pelo complexo ligante metal-quitosana-lecitina, usando zinco (Zn?*) para funcionalizar
a superficie das nanocapsulas biodegradaveis. Esse metal reage com grupamentos
de histidina da proteina, permitindo a complexagédo a estrutura da nanocapsula. As
substancias ativas, de acordo com suas caracteristicas fisico-quimicas, podem
localizar-se na fase dispersante, adsorvida na parede polimérica, particionada entre a
fase dispersante e o nanocarreador, ou ainda no interior lipofilico da particula. Dessa
forma, as LNCs apresentam capacidade de controlar a velocidade de liberacao de
uma substancia encapsulada (JAGER et al., 2009), a rigidez particular e a capacidade
de penetracao em tecido biolégico (FIEL et al., 2011, 2013).

Diversos estudos tém evidenciado que as nanocapsulas sdo uma opcgao
promissora para otimizar a terapéutica de doencas (FRANK et al., 2015; GIRON et al.,
2019; SMITH et al., 2020). Em um trabalho utilizando LNC, contendo indometacina
carreada no nucleo, utilizadas no tratamento de glioblastoma in vivo por via oral, foi
observada a capacidade da LNC de atravessar a barreira gastrointestinal e

hematoencefalica de forma passiva, demonstrando maior acumulo e retencao desses
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farmacos encapsulados no tecido cerebral. Além disso, foi observada que tanto a
administracao pela via oral, quanto intraperitoneal nao apresentaram diferencas na
concentragao do farmaco do tecido cerebral, destacando que n&o ha impedimento na
eficacia dos tratamentos NPs quando administrados por diferentes vias (RODRIGUES
et al., 2016). Ainda, trabalhos que avaliaram o potencial antiproliferativo de
tratamentos associados a MLNC sobre células cancerosas observaram efeitos
consideravelmente maiores sobre a reducao da proliferagéo de células de cancer de
mama in vitro para MLNC-bromelina, quando comparado a bromelina ndo conjugada
(OLIVEIRA et al., 2017) e de células de melanoma in vivo e in vitro utilizando LNC
contendo acetileugenol no nucleo (DREWES et al., 2017). Além disso, a administracao
via oral e intraperitoneal de LNC contendo tracrolimos, um medicamento utilizado
como profilaxia para transplante de 6rgaos sélidos, demonstrou reducao significativa
no numero de leucdcitos migrados, sendo sua efetividade equivalente em ambas as
vias utilizadas e capaz de atravessar o trato gastrointestinal (TGl) sem ser degradado
(FRIEDRICH et al., 2014).

Embora as LNCs permitam o carreamento de compostos ativos no seu nucleo
lipidico, a plataforma desenvolvida permite a funcionalizagdo e o carreamento de
substancias também ligadas a parede polimérica da nanocapsula, como por exemplo,
os anticorpos direcionados a fracao eletronegativa de lipoproteina de baixa densidade
(LDL), utilizado por Cavalcante et al. (2021) e anticoporpo especifico para molécula
de adesao celular endotelial plaquetaria (anti-Pecam-1), utilizado por De Castro Le&o
et al. (2021), ambas MLNCs direcionadas para tratamento intravenoso da
aterosclerose. Com base na formulagdo da MLNC, que possibilita a funcionalizagao
da estrutura com proteinas biologicamente ativas, e visando o potencial terapéutico
associado a AnxA1 para controlar o processo inflamatério, surgiu a perspectiva
promissora de combinar a plataforma MLNC conjugando-a a AnxA1 como um
potencial tratamento para as Dlls.

Microparticula mesoporosa ordenada

O avanco na combinacao de diferentes materiais com potencial terapéutico tem
viabilizado a criacdo de novas abordagens terapéuticas (ANSELMO; MITRAGOTRI,
2016; LIN; HURLEY; HAYNES, 2012). Nos ultimos 10 a 15 anos, progressos
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significativos foram alcancados na adaptacao de estruturas em mesoescala. Dentre
esses avangos, a organizacao de materiais mesoporosos se destaca como um
exemplo representativo. Até os anos 1980, os materiais em mesoescala
apresentavam poros que limitavam-se a 1,2 nm. A motivagao para a pesquisa desses
elementos surgiu da necessidade de desenvolver materiais com mesoporos de maior
dimenséao, capazes de atender as demandas praticas. A partir da descoberta da
modelagem desses componentes surgiram as microparticulas mesoporosas. Esse
material apresenta uma extensa area superficial composta por nanoporos de
tamanhos ajustaveis que possibilitam a adsorcao eficiente, carregamento de
moléculas e ions-alvo, proporcionando acesso e difusdo eficientes a superficie
(DAVIS, 2002; KRESGE et al., 1992; YANAGISAWA et al., 1990; ZHAO et al., 1998a).
O primeiro material da classe das silicas mesoporosas a ser obtido com sucesso foi
MCM-41 (Mobil Composition of Matter) e sua aplicacdao era primordialmente para
catalise de reacbes. Desde entao, nas ultimas duas décadas, houve a incorporacgao de
materiais de silica mesoporosa para o desenvolvimento dessas estruturas em novos
formatos, e ajuste do tamanho dos poros apenas controlando a estrutura e o tamanho
das moléculas de surfactante na reacédo (BECK et al., 1992; KRESGE et al., 1992).

A silica mesoporosa do tipo SBA-15 (Santa Barbara Amorphous No. 15) foi
proposta inicialmente em 1998, apresentando caracteristicas melhores do que a
MCM-41. Com o objetivo de fornecer alta resisténcia térmica, hidrotermal e mecanica,
a sintese desses materiais mesoporosos acontece por um processo denominado
modelagem por cristal liquido, a qual utiliza como base o treta-etil ortosilicato (TEOS).
Considerada um marco na sintese das microparticulas mesoporosa, a SBA-15 adquire
um alto grau de ordenacao resultante da utilizacao de um molde polimérico, que em
meio acido, aliado a hidrélise de TEOS, resulta na condensag¢ao dos complexos SiO2
para formar redes tridimensionais de SiO2 sobre a estrutura de micelas formadas pelo
molde polimérico (LAN; ZHAO, 2022; ZHAO et al., 1998a, 1998b). A estrutura da SBA-15
apresenta um grande numero de grupos silanol (Si-OH) que sdo importantes para a
ligacao de proteinas na superficie da silica, além de excelentes propriedades, como
estrutura hexagonal altamente ordenada, mesoporos grandes e ajustaveis (8—50 nm)
e alta estabilidade térmica e mecanica como resultado da grande espessura da parede
de silica (YIU; WRIGHT; BOTTING, 2001; ZHAO et al., 1998a, 1998b).

A utilizacdo biolégica da silica mesoporosa demanda caracteristicas

especificas, como um tamanho de poro moderado (inferior a 200 nm) e uma ampla
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area superficial, favorecendo o contato eficaz com tecidos biolégicos. Essas
caracteristicas fornecem a SBA-15 grande potencial para aplicacdo em entrega de
substancias. Ainda, a funcionalizacado de SBA-15 com grupos como amina, tiol, nitrila,
fenila e cloro para a imobilizagdo de proteinas na silica mesoporosa (YIU; WRIGHT;
BOTTING, 2001). Observando as caracteristicas como tamanho, formato, superficie e
presenca de surfactantes, além de outros fatores como dose e via de administracao,
que sao cruciais para se obter um perfil seguro de uso, tomam a SBA-15 um material
com grande capacidade de biocompatibilidade e baixa toxicidade in vivo (HUDSON et
al., 2008; SOUID et al., 2012).

A utilizacao de SBA-15 como um sistema de entrega controlada de substancias
de diferentes propriedades quimicas € extensivamente estudada (GKILIOPOULOS et
al., 2022; PROKOPOWICZ et al., 2019; XU; RIIKONEN; LEHTO, 2013). A estrutura
de silica mesoporosa pode contribuir para o carreamento seguro de estruturas
proteicas, sendo capaz de proteger essas substancias contra a degradacao pelo pH
e acdes enzimaticas (PERDEW; BURKE; ERNZERHOF, 1996; ZHANG et al., 2019).
Neste sentido, Wang et al. (2012) carrearam soro o antigeno soro albumina bovina
(BSA) em nanoparticulas de silica mesoporosa (MSN) com diferentes tamanhos de
particula (130 nm, 450 nm e 1-2um) e a administracdo de MSN-BSA por via oral a
camundongos promoveu desenvolvimento de resposta imune produzindo IgG1 e
IgG2, contribuindo para as pesquisas sobre a aplicacdo da SBA-15 como adjuvante
para vacinagado por via oral. Outro trabalho observou efeito semelhante quando
administrado SBA-15, contendo antigeno especifico de Mycoplasma hyopneumoniae
por via oral em porcos. A administracdo oral foi capaz de produzir resposta imune
especifica para a bactéria, sendo observado aumento de anticorpos apenas nos
animais que receberam a vacina por via oral (MECHLER-DREIBI et al., 2021b). Ainda,
o tratamento adjuvante mostrou que camundongos imunizados pela via oral com as
particulas purificadas da proteina viral HbsAg, o principal componente da vacina
contra hepatite B, conjugado em SBA-15 apresentaram aumento na resposta imune,
reportando aumento nos titulos de IgA e IgG especificas para o virus (SCARAMUZZI
et al., 2011).

Quanto a toxicidade associada a SBA-15, um estudo que administrou por via oral
40 mg/kg de silica mesoporosa de area superficial em nanoescala, demonstrou rapida

excrecao nas fezes e urina. Nenhuma anormalidade histoldgica foi observada quando
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avaliadas a histologia do figado, baco, pulmbes e coracdo. No entanto, foram
observados efeitos toxicos aos rins, apresentando necrose tubular renal e hemorragia
e congestao vascular no intersticio renal para todos os camundongos tratados
nanoparticulas mesoporosas. Vale ressaltar que nanoparticulas mesoporosas tém
maior absorgcao pela mucosa intestinal e consequentemente maior excrecao renal,
podendo ultrapassar o limite de filtracdo glomerular e causar lesées renais (LI et al.,
2015). Sugere-se entao que a SBA-15 possa ser absorvida pela mucosa intestinal de
acordo com suas caracteristicas fisicas, no entanto por apresentar grande area
superficial, pode ser majoritariamente excretada nas fezes (ZHAO et al., 1998b). Além
disso, um estudo de toxicidade intestinal utilizando diferentes tipos de silica
mesoporosa tratadas oralmente, demonstrou que a SBA-15 ndo gerou toxicidade
intestinal na dose de 50 mg/kg administrados por 7 dias por via oral (YU et al., 2021).
Apesar do tratamento por via oral ser promissor e seguro, outras vias de administracao
como a subcutanea e intravenosa necessitam de mais estudos para aferir a seguranca
e efeito. Choi et al. (2015) demonstrou que a SBA-15 aplicada via subcutinea
observou a formacgao de nédulos na regido dorsal de camundongos. Esse resultado
foi associado a baixa absorgéo do material por essa via.

Devido as suas caracteristicas fisicas e quimicas, a SBA-15 apresenta potencial
promissor para o desenvolvimento de sistema de entrega controlado e célon
especifico, permitindo o carreamento de farmacos e proteinas de alto peso molecular.
Do exposto acima fica evidente que a implementacao de novas tecnologias e estudos
experimentais sdo necessarios para a implementacdo de abordagens terapéuticas
inovadora, de forma que o planejamento cuidadoso desses sistemas de entrega em
relacdo ao alvo e a via de administracdo possa resolver alguns dos problemas
enfrentados pelas novas classes de moléculas ativas, e otimizando o tratamento de

diversas doencas, em especial as Dlis.

Métodos alternativos para o estudo de DllIs

Apesar da aplicagdo de diversas abordagens terapéuticas no tratamento das
Dlls, muitas delas enfrentam desafios que resultam frequentemente em falhas
terapéuticas. E notavel que diversos fatores podem estar associados a falhas
terapéuticas, e muitos deles poderiam ser identificados por meio de estudos prévios.

De fato, entre 40 a 50% dos medicamentos falham durante a fase clinica devido a
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auséncia de efeito comprovado das substancias. Nesse contexto, para aprimorar as
terapias existentes e nao apenas introduzir novas moléculas terapéuticas, torna-se
crucial a busca por métodos de analise inovadores. Esses métodos visam avaliar tanto
a seguranca quanto a eficacia dessas abordagens em ensaios clinicos. A
implementacao de analises mais robustas e estudos aprofundados pode contribuir ndo
apenas para a compreensao das causas das falhas terapéuticas, mas também para
otimizar o desenvolvimento de tratamentos mais eficazes e personalizados para
pacientes com diferentes tipos de doencgas crénicas como o cancer e até mesmo as
Dlls (KIRIIRI; NJOGU; MWANGI, 2020; SUN et al., 2022; TEBON et al., 2023).

Os modelos tradicionais de estudos in vivo das Dlls compreendem,
principalmente, a indugdo quimica da doenca em modelos de DSS ou acido 2,4,6-
trinitrobenzeno sulfénico (TNBS), além do desenvolvimento de animais geneticamente
modificados com deficiéncias no sistema imune inato e sistema e adaptativo (BAYDI
et al., 2021; CHASSAING et al., 2014; NEURATH; FUSS; STROBER, 2000). Estes
modelos sdo vantajosos no sentido de replicar o sistema fisiolégico e todas as
interacdes que ocorrem durante a doenga, sendo indispensaveis para o estudo destas
doencas. Porém, a indugdo quimica da colite apresenta limitagbes como a
heterogeneidade no desenvolvimento da doenca, que se desenvolve de forma
diferente daquela observada em humanos, além do fato de as Dlls serem doencas
com mecanismos celulares e moleculares muitas vezes especificos da espécie,
caracteristicas que dificultam a associacdo desses resultados para humanos
(GOULD; JUNTTILA; DE SAUVAGE, 2015). Além disso, o uso de células humanas
imortalizadas, como Caco-2, T84 e HT-29, tem sido amplamente utilizado para
compreender a permeabilidade intestinal e compreender os mecanismos de
reparacao tecidual, mas sao limitadas quanto as interagcdes complexas que ocorrem
in vivo (JIMINEZ et al.,, 2015; O'CONNELL; WINTER; AHERNE, 2021; SOLLID;
JOHANSEN, 2008).

No cenario atual, o desenvolvimento de culturas celulares tridimensionais (3D)
utilizando células-tronco adultas ou progenitoras para recriar tecidos in vitro surge
como uma alternativa para superar as limitagcbes das culturas 2D. Denominadas
organoides, essas estruturas teciduais compartilham caracteristicas semelhantes as
dos érgéos, destacando-se como uma ferramenta valiosa para contornar as restricées

dos modelos in vitro de células em monocamada. Tornam-se, assim, uma op¢ao eficaz
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para estudos de toxicidade, modelos de doengcas e avangos na medicina
personalizada, reproduzindo as fungdes estruturais, funcionais e genotipicas de
orgaos especificos (JENSEN; TENG, 2020; KIM; KOO; KNOBLICH, 2020;
RODRIGUEZ-GARCIA et al., 2020).

Os organoides podem originar-se de dois tipos de células com capacidade de
diferenciacao e auto-organizacao que refletem a origem do 6rgao: (1) células-tronco
embrionarias pluripotentes e (2) células-tronco adultas (CLEVERS, 2016). A formacao
dessas estruturas baseia-se no rearranjo estrutural e morfogénico, resultante da
interacao fisica entre diferentes tipos celulares, considerando caracteristicas como
adesao, tensado, motilidade e contratilidade célula-célula (SASAI, 2013). A
compreensao da sinalizagao celular que ocorre in vivo nas criptas intestinais tornou
possivel o desenvolvimento dos organoides. O gradiente de substancias responsaveis
pelas fases de proliferacao e diferenciagdo celular € controlado pela adicdo de
inibidores ou componentes necessarios para a manutencdo das células-tronco
(CLEVERS, 2016).

A evolugao dos diversos tipos de organoides proporciona uma compreensao
mais aprofundada da organogénese e da fisiopatologia de diversas doencas. Na
abordagem das Dlls, por exemplo, a criagdo de "mini-6rgaos" tem se destacado como
um modelo mais acessivel em comparagéo com o uso de animais. Além disso, essa
abordagem possibilita discernir a contribuicdo relativa de diferentes componentes
teciduais para processos morfogenéticos complexos, oferecendo uma visao mais
precisa das caracteristicas especificas da doenca (CALA et al., 2023;
KRETZSCHMAR; CLEVERS, 2016; LI et al., 2014; NADAULD et al., 2014).

Organoides intestinais em 3D sao capazes de manter as caracteristicas e
funcdes da célula original por longos periodos, mesmo em cultura, sendo capazes de
sobreviverem por periodos mais prolongados in vitro, o que representa uma vantagem
significativa em comparagcdo com a capacidade limitada de propagacao das células
primarias (DOTTI et al., 2017; WANG et al.,, 2021). Essa abordagem inovadora
baseada em células-tronco resulta no desenvolvimento de organoides 3D, tanto
murinos quanto humanos. A diferenciagao in vitro das células-tronco Lgr5+ possibilita
a diferenciacéo em todos os tipos de células epiteliais do célon, assemelhando-se ao
intestino (CLEVERS, 2016; SATO et al., 2009). Dadas essas caracteristicas, o modelo
de organoides intestinais 3D permite a investigacao do impacto de agentes téxicos

ambientais na integridade da barreira intestinal (SHARMA et al., 2021), explorar a
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patogénese de patdgenos intestinais (SAYED et al., 2020a, 2020b), e avaliar a eficacia
de intervencgdes terapéuticas potenciais contra a Dlls (SAHOO et al., 2021).

A utilizacao de organoides na modelagem de doengas tem revelado insights
cruciais em diversos aspectos, incluindo a importancia da microbiota intestinal,
interagcdes do sistema imunolégico e o desenvolvimento de tratamentos
personalizados. No contexto da DII, onde os tratamentos visam predominantemente
a regulacao da resposta imune, o desenvolvimento de organoides a partir de células
obtidas por biépsias de pacientes se mostra uma ferramenta valiosa de triagem
(SARVESTANI et al., 2021), permitindo avaliar de forma mais confiavel e especifica a
abordagem farmacolégica para cada paciente (ANGUS et al., 2020; BAR-EPHRAIM;
KRETZSCHMAR; CLEVERS, 2020; O'CONNELL; WINTER; AHERNE, 2021).
Estudos comparativos entre organoides de pacientes com DIl e saudaveis destacaram
caracteristicas distintas nos pacientes com a doenca, como fenétipo inflamatério,
aumento da morte celular e alteragcées nas juncgdes celulares, que responderam aos
tratamentos comuns, como anti-TNF e glicocorticoides (D’ALDEBERT et al., 2020).

Essa abordagem avancada n&o apenas amplia nossa compreensao das
interacées entre agentes toxicos, patégenos e a barreira intestinal, mas também
oferece uma plataforma promissora para o desenvolvimento de intervencdes
terapéuticas especificas para DIl. Ao prolongar a viabilidade in vitro dos organoides e
ao utilizar o modelo de “intestino em placa de cultura®, conseguimos simular de
maneira mais precisa o ambiente colénico humano, proporcionando um contexto
relevante para estudos de toxicidade, investigagdo de patdbgenos e pesquisa
terapéutica direcionada a DIl. Este avanco, portanto, representa um passo significativo
na melhoria da modelagem in vitro e no desenvolvimento de estratégias terapéuticas
mais eficazes para doencas gastrointestinais (BASAK et al., 2017; SATO et al., 2011,
TIAN et al., 2023).
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O objetivo desse projeto foi formular e realizar a caracterizagao fisico-quimica
de novas estratégias terapéuticas sobre a colite experimental induzida pelo DSS

utilizando a AnxA1 e seu peptideo mimético Ac2-26, e avaliar a sua eficacia por

diferentes vias de administragdo em camundongos.
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Sintese e obtengcao da MLNC contendo AnxA1

A sintese das nanocapsulas foi realizada com o auxilio do grupo de pesquisa
da Profa. Dra. Adriana Raffin Pohlmann, do Instituto de Quimica, e da Profa. Dra.
Silvia Stanisguaski Guterres, da Faculdade de Farmacia, ambas da Universidade
Federal do Rio Grande do Sul, além do auxilio do aluno de doutorado Matheus de
Castro Leéo, aluno da Profa. Inar Castro, do Programa de Ciéncias dos Alimentos da
Faculdade de Ciéncias Farmacéuticas da USP.

As suspensdes de LNC utilizadas neste trabalho foram preparadas conforme
método ja descrito, chamado deposicéo interfacial de polimero pré-formado (JAGER
et al., 2009; MULLER C.R et al., 2001; VENTURINI et al., 2011). A fase organica foi
preparada pela dissolu¢ao do componente oleoso, um triglicerideo de cadeia média
(TCM), a lecitina, o monoestearato de sorbitano e a blenda polimérica de poli
(epsiloncaprolactona) (PCL) em um volume de 25 mL de acetona e 5 mL de éter. Esta
foi suspensao mantida sob agitacao e aquecimento a 40°C por 2 horas. Em um frasco
separado, o polissorbato 80 (tensoativo de carater hidrofilico) foi disperso em agua
ultrapura, permanecendo sob agitacdo, a 40°C por 2 horas (Tabela 1). Apds a
completa dissolugdo dos componentes de ambas as fases, a organica foi injetada na
fase aquosa utilizando-se um funil. A suspenséao resultante foi mantida sob agitacéo
moderada (125 rpm) por 10 minutos, permanecendo sob agitacdo, a 40°C. A
suspensao foi concentrada a um volume final de 10 mL em evaporador rotatério, para

eliminagao dos solventes orgénicos e concentragéo da suspenséo.

Tabela 1. Componentes da fase organica e fase aquosa da LNC.

Fase organica Fase aquosa
Matéria-prima Volume Matéria-prima Volume
PCL 0,100 g Agua MiliQ® 60mL

TCM 120 pL PS80 0,080g
Acetona 25mL
Lecitina 0,090 g

Etanol 5mL

Monoesterato de sorbitano 0,040 g

Fonte: o autor.
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Para revestir a LNC, uma solugado de quitosana (7 mg/mL) foi preparada por
meio da dissolugao do polissacarideo em uma solugédo aquosa contendo 1% de acido
acético. Uma proporcédo de 10% desta solugcéo foi adicionada por gotejamento a
solucao de LNC, sendo preparada comumente uma solu¢ao contendo 4,5 mL de LNC
e 0,5 mL de quitosana. A solucao foi mantida por 2 horas em agitacao, a temperatura
ambiente. Ao final deste periodo obteve-se a MLNC.

Para a funcionalizagdo da MLNC com AnxA1 foi necessaria a complexacao de
ions zinco (Zn?*) na MLNC. Para tanto, uma solugéo de acetato de zinco (25 pg/mL
diluidos com agua MilliQ®) foi preparada e incorporada ao complexo da MLNC. Em
seguida, a AnxA1 foi incorporada a estrutura polimérica da MLNC na concentracao de
200 pg/mL (Figura 5). A AnxA1 recombinante (rAnxA1) foi cedida pelo Dr. Chris

Reutlelinsgperger da Universidade de Maastrich, Holanda.

Figura 5. Representacéao grafica do rearranjo estrutural de LNC, MLNC e MLNC-
AnxA1
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TCM: Triglicerideo de cadeia média. Zn?*: zinco. AnxA1: Anexina A1. LNC: Nanocapsula de nucleo
lipidico. MLNC: nanocapsula multiparede de nucleo lipidico. MLNC-AnxA1: nanocapsula multiparede
de nucleo lipidico conjugada com AnxA1. Fonte: o autor.
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Analise fisico-quimica das nanocapsulas

Espectroscopia de correlagéo de fotons potencial zeta

A curva de distribuicdo de tamanho de particula, diametro hidrodinamico médio
(DLS) e indice de polidispersao (PDI) de todas as formulagdes foram determinados
por espectroscopia de correlagéo de fétons (PCS), usando um Zetasizer® Nano ZS
(Malvern, Reino Unido). Cada amostra foi diluida (500x) em agua ultrapura (MilliQ®)
filtrada (Millipore®, 0,45 um), conforme descrito por Cé et al. (2016).

Potencial zeta

O potencial Zeta de todas as formulagdes foi determinado a partir da mobilidade
eletroforética determinada por espalhamento de luz eletroforética em Zetasizer Nano
ZS (Malvern, Reino Unido). Cada amostra foi diluida (500x) em solugéo aquosa filtrada

(Millipore®, 0,45 pm) de NaCl (10 mmol/L) e o resultado expresso em milivolt (mV).

Analise de rastreamento de NPs (NTA)

A medicao da distribuicao de tamanho e a concentracao das formulagdes foram
determinadas por NTA (NanoSight LM10 & NTA 2.0 Analytical Software, NanoSight
Ltd). Foram obtidas informagdes visuais da luz espalhada pela particula em solugéo.
As imagens de video de luz espalhada pela particula em movimento browniano foram
seguidas em uma camera video CCD em tempo real. As formulagbes foram diluidas
20.000 vezes e cada videoclipe foi capturado por 60 segundos. O software analitico
NTA 2.0 (NanoSight ®) foi usado para os calculos. A analise foi realizada pela Dra.
Aline Alves em colaboragdo com o grupo da Profas. Adriana Pohllmann e Silvia
Guterres da Universidade Federal do Rio Grande do Sul.

Analise de pH

O valor de pH das formulag¢ées foi medido em potenciémetro (DM-22, Digimed,
Brasil), calibrado com tampao fosfato (pH 4,01 e pH 6,86) em cada amostra sem

diluicao prévia. As medidas foram obtidas com sensibilidade = 99%

Microscopia eletrbnica de transmissdo (MET)
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As nanoformulagdes foram submetidas a analise morfolégica em microscopio
eletrénico de transmissdo operando a 80kV. Amostras de nanocapsulas (100 pL)
foram diluidas em agua (1:10, v/v) e 20 pL da diluigdo foram depositados em grades
de cobre (300 mesh) revestidas com filmes de carbono. Em seguida, um contraste
negativo (solucdo de acetato de uranila 2%) foi adicionado a grade e mantido em
dessecador a vacuo por 24 horas. As fotomicrografias foram posteriormente
realizadas por técnicos treinados. A analise foi realizada pela Dra. Aline Alves em
colaboragdo com o grupo da Profas. Adriana Pohllmann e Silvia Guterres da

Universidade Federal do Rio Grande do Sul.

Quantificagé&o de AnxA1 conjugada a MLNC

O rendimento da complexacdo de AnxA1 na superficie da nanocapsula foi
determinado por um método indireto. Para isolar a fragcdo nao ligada de AnxA1, as
nanocapsulas vetorizadas foram colocadas em unidades de ultrafiltragcao-
centrifugacéo (100 kDa; Merck KGaA) e centrifugadas a 1840 x g durante 5 min
(Sigma® 1-14; SIGMA Laborzentrifugen GmbH, Alemanha). A fragdo nao ligada de
AnxA1 nas formulagdes foi quantificada por um método colorimétrico (QuantiProTM
BCA Assay Kit, Sigma-Aldrich, St. Louis, MO, EUA). De acordo com as instru¢cbes do
fabricante, uma curva de calibragao foi preparada usando diluicdes de BSA e AnxA1
(3 a 27 ug/mL). A absorbancia do produto da reacéao foi registrada em um leitor de
placas a 562 nm (Spectramax, Molecular Devices, Sunnyvale, CA, USA) onde o indice

de correlacéao foi de 0,9917.

Sintese e caracterizacao da SBA-15 contendo Ac2-26

Obtencao da SBA-15-Ac2-26

A microparticula SBA-15 foi sintetizada no Instituto de Fisica da Universidade
de Sao Paulo, Brasil, pelo pesquisador Luis Carlos Cides de acordo com trabalho
anterior (MATOS et al., 2001). Para a sintese da SBA-15 foram utilizandos 4 g de
Pluronic P123 (PEO20PPO70PEO20) (BASF, Alemanha), o qual foi dissolvido em 122 g

de solucao de HCI 2M e mantido sob agitacdo magnética e mecanica por 1 hora.
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Foram adicionados 8,6 g de tetraetilortossilicato (Sigma-Aldrich; St. Louis, EUA) e a
solucao foi mantida sob agitacdo por 24 horas. Apds esse processo, a mistura foi
submetida a tratamento hidrotérmico por 48 horas a 100 °C em autoclave,
posteriormente lavada com agua deionizada e seca em temperatura ambiente. O
molde de polimero foi entdo removido por calcinagéo a 540 °C em N2 por 2 horas e
ao ar por 4 horas.

O peptideo A2-26 foi adquirido da empresa Proteinmax - Sao Paulo, Brasil. A
incorporagdo de Ac2-26 resultou da dissolugdo do peptideo em agua MilliQ; em
seguida foi realizada a mistura de SBA-15:Ac2-26 (1:1), onde 1 mg/mL de Ac2-26 foi
adicionado a 1 mg de SBA-15. A mistura foi seca em estufa a 35°C até secagem
completa. Para o revestimento com Eudragit® L30-D55 (Evonik Industries AG -
Rellinghauser StraRe — Essen Germany) foi adicionada uma propor¢éo de 1:2 de SBA-
15-Ac2-26 e Eudragit®. O material foi seco em estufa a 35°C por 4 horas e depois

armazenado em congelador a -20°C.

Caracterizacdo por DLS do peptideo Ac2-26

A medicado do espalhamento dinamico de luz para analisar o tamanho de
particula foi realizada a temperatura ambiente, utilizando o equipamento Brookhaven
DM-5000 (Brookhaven Instruments, NY, EUA) com comprimento de onda de 635 nm.
A analise dos dados foi realizada utilizando o software BIC fornecido com a
equipamento. A amostra foi diluida para 1 mg/mL para mitigar a influéncia da interacao
interparticulas no coeficiente de difusdo das particulas e, consequentemente, nos
dados obtidos. Estas andlises foram realizadas pelo grupo da Profa. Marcia Fantini,
do Instituto de Fisica da Universidade de Sao Paulo.

Espalhamento de raios X de pequeno angulo - Small-angle X-ray Scattering (SAXS)

A analise por SAXS e adsorgédo de nitrogégio foram realizadas no Intituto de
Fisica da USP pelos pesquisadores e Pedro Leonidas Oseliero Filho e Luis Carlos
Cides. A analise por SAXS foi realizada em um instrumento Nanostar (Bruker, Buffalo,
EUA) equipado com um sistema microfoco Genix 3D (Xenocs, Massachusetts, EUA)
e um detector Pilatus 300k (Dectris, Baden Suiga). A distancia amostra-detector foi de
~667 mm, o que forneceu uma faixa efetiva do mddulo do vetor de momento de

transferéncia, q = 41sin(B)/A (onde 26 é o angulo de espalhamento e A = 1,5418 A é
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0 X- comprimento de onda do raio), de 0,015 a 0,30 A-1. Para os experimentos, a
agua deionizada (utilizada no preparo da amostra) e a mesma amostra dos ensaios
DLS foram medidas, em temperatura ambiente, em capilar de quartzo reutilizavel com
1,5 mm de didametro montado em caixas de aco inoxidavel. Amostras em p6 de SBA-
15 e SBA-15 adicionado ao peptideo foram colocadas em um porta-amostras entre
duas folhas de mica. Um conjunto de folhas de mica também foi medido para fins de
corregcdo de backgroung. O tratamento dos dados, que inclui integracdo azimutal,
subtracado de fundo e normalizacdo de escala absoluta (para a amostra liquida), foi
realizado utilizando o software XSACT fornecido pela Xenocs.

A determinacéo da isoterma de adsorcao de nitrogénio (Nitrogen Adsorption
Isotherm, NAI) foram obtidas no equipamento ASAP2020 (Micromeritics®, Atlanta,
EUA) utilizando gas nitrogénio. Nessa técnica, nitrogénio é adsorvido pelos poros (ou
seja, o gas entra e preenche os poros) e posteriormente dessorvido (ou seja, o gas
sai dos poros) em temperatura constante. Estas analises foram realizadas pelo grupo
da Profa. Marcia Fantini, do Instituto de Fisica da Universidade de Universidade de

Sao Paulo.

Conjugacgéo de SBA-15 e Ac2-26 a corantes fluorescentes

Para aplicagdo de SBA-15 e Ac2-26 em ensaios de rastreio da
microparticula/peptideo in vivo e internalizacao celular in vitro, a microparticula SBA-
15 e o peptideo Ac2-26 foram funcionalizados com fluorérofos. A SBA-15 foi
funcionalizada previamente com 3-aminopropiltrimetoxissilano (APTES), o que
permitiu a ligacdo de grupos amina presentes na estrutura do fluoréforo isotiocianato
de fluoresceina (FITC)(Sigma-Aldrich; St. Louis, EUA). A conjugacao foi realizada
conforme protocolo descrito por Appiah-Ntiamoah et al. (2015). Apdés marcacgao, a
SBA-15-FITC foi analisada por medidas SAXS para confirmacgcao da conjugacao do
fluoréforo. A SBA-15-FITC foi entdo armazenada em congelador a -20 °C.

A conjugacéao do peptideo foi realizada em colaboragdo com o laboratério do
Professor Marco Anténio Stephano, FCF, USP. O peptideo Ac2-26 foi conjugado com
o corante Cianina 5.5 (Cy5.5 - Lumiprobe Corporation, Hunt Valley, USA). Ac2-26 foi
dissolvido em tampao salina de fosfato (PBS) (pH de 7,4) para atingir uma

concentragcao de 1,0 mg/mL. Simultaneamente, 1 mg de corante Cy5.5 foi dissolvido



71

em 1 mL de DMSO 1 mM. O peptideo e o corante Cy5.5 foram misturados na
propor¢cao molar de 1:10, e qualquer excesso de corante foi removido por dialise
usando uma membrana de 10 mm com ponto de corte de 500 Da. O peptideo marcado
com Cy5 foi purificado com Sephadex G-25 e depois liofilizado. A analise por
espectrofotometria a 215 nm (Shimadzu Scientific, Marlborough, EUA) confirmou o
sucesso do processo de rotulagem. O rendimento do peptideo marcado com Cy5.5 foi

de dez frascos, cada um contendo 450 pg.

Estabilidade de Eudragit-SBA-15-Ac2-26

Foram preparadas diferentes solugbes mimetizando o pH estomacal e
intestinal. A solugéo gastrica foi preparada utilizando NaCl (0,2 g) e HCI (0,7 mL) e o
volume completado para 100 mL e o pH ajustado para 1,2. Ja a solucéo intestinal foi
preparada com KH2PO4 (0,68 g), NaOH (2N — 7,7 mL), o volume completado para 100
mL de H20 e o pH ajustado para 6,8 (Mariano-Neto 2014). A solugdo de Eud-SBA-15-
Ac2-26 (5 mg) foi misturada a solugdo tampéao e a quantificagcdo da concentragéo de
peptideo liberado foi analisada em diferentes tempos. Para quantificar o peptideo
liberado foi utilizado O QuantiPro™ BCA Assay Kit (Sigam-Aldrich) capaz de detectar

proteinas nas concentragcdes de 0,5 to 30 pg/mL.

Experimentagao animal

Animais

Foram utilizados camundongos C57BI/6, machos com 8 a 10 semanas e
pesando de 20 a 25 g. Os animais foram fornecidos pelo Biotério da Universidade
Federal do Estado de Sao Paulo (UNIFESP) e mantidos em ciclo de 12 horas
claro/escuro, temperatura de 20 a 25°C, com agua e ragéo ad libitum. A execugéo do
presente estudo foi aprovada pela Comissdo de Etica no Uso de Animais da
Faculdade de Ciéncias Farmacéuticas da Universidade de S&o Paulo.
CEUA/FCF/USP - Protocolo n° 598 - MLNC-AnxA1 (Anexo 1 e 2). CEUA/FCF/USP -
Protocolo n® 653 — SBA-15-Ac2-26 (Anexo 3).
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Colite experimental

A colite experimental foi induzida pela ingestdo de dextram sulfato de sédio
(DSS - MW 40,000, Dextran Products Limited, Ontario, Canada) veiculado na agua
dos animais durante 6 dias, sendo trocado a cada dois dias para que os animais
recebessem doses constantes. Os tratamentos foram veiculados aos animais do 6°
dia ao 9° dia de experimento (Figura 6). No 10° dia de experimento, os animais foram
anestesiados e o sangue coletado pela aorta abdominal ap6s abertura ventral. Em
seguida, o célon foi removido a partir da juncao ileocecal até a proximidade do anus,
lavado com solugao isotbnica e avaliado macroscopicamente (peso e comprimento).
Finalmente, o 6rgao foi fragmentado para analises histoldgicas (co6lon distal), celulares
(c6lon médio) e de citocinas pré e anti-inflamatérias (célon proximal). Ainda,
parametros clinicos (peso corporeo, diarreia e sangramento retal) foram avaliados
diariamente (Dia 0 ao dia 10), para analise da evolugdo da doenca e o indice de
Atividade da Doenca (IAD) calculado a partir da soma dos parametros avaliados.

Figura 6. Cronograma de indugao da colite experimental e tratamentos

Dias de experiemento

C57BL/6 0 1 2 3 4 5 6 7 8 9 10
| | | | | | | | |
* .,,, T | | | | 1 | T @
Q l Tratamentos diarimente: Fm.] de
/ H20/AnXA1/ SxpenmEn
DSS 2% DSS 2% DSS5 2% MLNC/MLNC-AnxA1

Tratamentos diarimente:
PBS/SBA-15-Eud/
Sba-15-Ac2-26-Eud

No dia 0 foram realizadas as coletas de fezes e afericdo do peso, e o iniciou da indugdo da doenca pela
adicao de 2% de DSS a agua dos animais. A coleta de fezes e aferigao do peso foi realizada diariamente
durante os 10 dias de experimento. O DSS foi removido no 6° dia de experimentagao e os tratamentos
foram inciados no mesmo dia, seguindo-se até o 9° dia. No 10° dia os animais foram eutanasiados.
Fonte: o autor.

Tratamentos

MLNC-AnxA1

Os tratamentos com MLNC-AxA1 foram administrados via oral, intravenoso e
intraperitoneal. No tratamento por via oral, os animais foram tratados com AnxA1 (100
ug/mL) ou MLNC-AnxA1 (100 pg/mL — 3,1x10'? particulas) em um volume final de 250
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uL. O tratamento intravenoso foi realziado com AnxA1 (10 yg/mL), MLNC (7,5x101°
particulas/mL) ou MLNC-AnxA1 (10 ug/mL — 7,5x10"'° particulas/mL) em um volume
final de 50 pL. O tratamento intraperitoneal foi conduzido com AnxA1 (12,5 pg/mL),
MLNC (9,6x10"" particulas/mL) ou MLNC-AnxA1 (12,5 pg/mL - 9,6x10'
particulas/mL) em um volume final de 200 pyL. Os grupos controle, que receberam
apenas DSS 2%, receberam os volumes equivalente a cada via de administracao de

agua MilliQ (veiculo utilizado na diluicao e preparag¢ao dos outros grupos).

SBA-15-Ac2-26

Para o tratamento com SBA-15-Ac2-26, os animais foram divididos em quatro
grupos: Naive, DSS, DSS+SBA-15-Eudragit (200 pg) e DSS+SBA-15-Ac2.26-
Eudragit-SBA-15-Ac2.26 (200 ug/200 ug). Os tratamentos foram preprados em PBS
pH 5 em um volume final de 400 uL/animal. O grupo DSS foi tratado com 400 pL de
PBS pH 5. Os tratamentos foram realizados diariamente por via oral, entre os dias 6
e9.

Processamento histologico

Fragmentos coletados da parte distal do célon foram fixados por 24 horas de
incubacao em paraformaldeido a 4%. Posteriormente, foram desidratados em etanol
graduado 100%, 90% e 70%, clarificados em xilol e embebidos em parafina para
analises histopatolégicas e imuno-histoquimicas de acordo com nossos manuscritos
anteriores (De Paula Silva 2016, 2021; Da Rocha 2020).

A analise histopatologica foi realizada em cortes de 4 ym. As amostras foram
coradas com solucdo de hematoxilina e eosina e analisadas com objetiva de alto
aumento (40x) em AxioCam acoplada a microscopio Zeiss (Carl Zeiss, Jena,
Alemanha). A analise do escore histopatolégico foi realizada de forma cega por dois
analistas conhecedores das caracteristicas do tecido intestinal. O escore considerou:
edema tecidual, displasia/histoarquitetura alterada, edema de cripta, infiltrados
inflamatorios e ulceragdes. A analise de escore histolégico foi adaptada de de Paula-
Silva, (2020) e (Geboes et al. (2000). Foram considerados valores de 0 a 4 onde: 0 =
auséncia total; 1 = discreta; 2 = moderada; 3 = intensa; 4 = total descaracterizacao do
tecido. Dez fotos foram capturadas de cada corte histolégico usando uma objetiva de
alto aumento de 20x e as pontuagdes foram avaliadas em uma escala que varia de 0
ad4.
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Imunohistoquimica

As secgdes de colon foram desparafinizados, hidratados e incubados com
tampao citrato de sodio (pH 6,0) a 96°C por 30 minutos. A atividade da peroxidase
endégena foi bloqueada com peréxido de hidrogénio a 3%, lavado trés vezes apds
cada 10 minutos de incubacdo. Em seguida, o bloqueio de sitios de ligacao
inespecificos foi realizado com BSA,1% diluido em tampéo salina Tris (TBS) por 1
hora. As seccgbes obtidas foram incubadas com anticorpos descritos na Tabela 2, e
mantidos a 4°C. No dia seguinte, as secc¢des foram lavadas e incubadas com anticorpo
secundario conjugados com HRP (Abcam, Cambridge, Reino Unido) (1 hora, em
temperatura ambiente, ao abrigo da luz) e detectados com 3,3'-diaminobenzidina
(DAB - Dako Omnis, Agilent, Santa Clara, California, EUA). Por fim, as sec¢bes foram
contrastadas com hematoxilina e as laminas montadas. A analise de marcagcao dos
anticorpos foi realizada utilizando o microscopio Imager. A2 Zeiss (Carl Zeiss, Jena,
Alemanha). A quantificacdo dos nucleos proliferativos, células MUC2+ e CD163+
foram avaliada pelas fotografias utilizando uma objetiva de 40x em dez campos da
camada mucosa e quantificados para cada campo avaliado.

A porcentagem de area marcada de Claudina-1 e ZO-1 e a quantificacédo de
células positivas para PCNA, Ki67, MUC-2 e CD163 foram obtidas utilizando o
software Imaged. Os resultados foram expressos como média + erro padrao da média

(EPM) de porcentagem da area marcada.

Tabela 2. Anticorpos utilizados para imunohistoquimica

Anticorpos Diluicao Fabricante Experimento
Claudina 1 1:50 Abcam MLNC/SBA
Z0-1 1:50 Abcam MLNC
PCNA 1:10 Santa Cruz MLNC/SBA
Ki67 1:100 Abcam MLNC

MUC-2 1:100 Invitrogen SBA
CD163 1:100 Bioss Antibodies Inc SBA

Fonte: o autor

Analise celular da lamina propria

Apo6s a coleta de material dos animais, fragmentos do célon foram coletados e
processados para extracdo das células de lamina prépria, conforme descrito
previamente por Sena et al. (2015) e adaptado em nosso laboratério. Tecidos
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adjacentes foram retirados e as amostras foram imersas em 5 mL de solugcéo de PBS-
gentamicina, em gelo. O conteudo dos fragmentos intestinais foi aberto
longitudinalmente para remoc¢éo do conteudo fecal e colocado em tubo de 15 mL
contendo solucdo de Hanks (isenta de Ca?* e Mg?*) e mantidas em gelo sob agitacéo
durante 15 minutos, para remocao das células epiteliais de mucosa. Esse processo
de lavagem foi repetido duas vezes e a solugcao de Hanks trocada entre as lavagens.
O tecido foi lavado em PBS para e incubado com 2 mL de solugéo de colagenase Il e
IV, a 37°C, sob agitacao, por 20 minutos, sob agitacdo a cada 5 minutos. Em seguida,
foram adicionados 2 mL de PBS contendo 10% de soro fetal bovino (SFB) em cada
tubo, e as células extraidas separadas do restante do tecido com o auxilio de um cell
strainer. Essa solucao foi centrifugada a 1200 g, por 5 min, e o sobrenadante foi
descartado. Por fim, as células foram ressuspendidas em 1 mL de PBS + 10% de SFB
e mantido em gelo para inicio imediato da técnica de citometria de fluxo.

Células isoladas da lamina prépria foram contadas em camara de Neubauer e
a concentragao de 1x108 células foram utilizadas para analise de citometria de fluxo.
As amostras foram incubadas em tampao FACS contendo os diferentes anticorpos
(Tabela 3) anticorpos Ly6G (granulocitos), F4/80 (células apresentadoras de antigeno)
e CD4 (linfécitos T). As concentragdes e marcagdes foram feitas de acordo com as
instrucdes do fabricante e analisadas em citbmetro de fluxo BD Accuri™ C6. Para as

analises, 50.000 células foram detectadas e quantificadas por porcentagem.

Tabela 3. Anticorpos conjugados com fluoréforos utilizados para citometria de fluxo

Anticorpos  Diluigao Fabricante Fluoréforo
CD80 1:50 BD Bioscience PE
CD206 1:25 BD Bioscience FITC
F4/80 1:100 BD Bioscience PerCP-Cy5.5
Ly6G 1:100 BD Bioscience APC

CD: cluster of differentiation; PE: phycoerythrin FITC: fluorescein isothiocyanate; PerCP-Cy5.5: PerCP-
Cyanine5.5; APC: Allophycocyanin.

Avaliagao in vivo e ex vivo de SBA-15 e Ac2-26 no trato gastrointestinal

O rastreio da SBA-15 no trato gastrointestinal (TGI) foi avaliado por SBA-15-
FITC revestido com Eudragit. Eudragit-FITC-SBA-15 (400 ug/400 pL) foi administrado
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oralmente a camundongos saudaveis. Os animais foram eutanasiados 6 ou 18 horas
ap6s o tratamento para retirada do TGI. A distribuicdo de Eudragit-SBA15-Ac2-
26Cy5.5 foi analisada ap6s 3 horas e 8 horas e o TGl analisado ex vivo nos mesmos
intervalos de tempo.

As imagens de fluorescéncia ex vivo foram adquiridas utilizando o equipamento
IVIS ® Lumina LT Series lll (Xenogen Corp., Alameda, CA, EUA), com as seguintes
parametros para obtencdo das imagens: excitacao/emisséo 465/520, tempo de
exposicao automatico, F/stop 4 e binning de 4. Para analise de intensidade de
fluorescéncia selecionamos uma regiao de interesse e normalizamos pelas areas
correspondentes. Os sinais adquiridos foram analisados utilizando o Living Image®
Software versao 4.7.2 (PerkinElImer®) em unidades de fétons/s. As analsies foram
realizadas no laboratério do Professor Lionel Fernel Gamarra, localizado no Instituto

Israelita de Ensino e Pesquisa Albert Einstein.

Analises in vitro

Macréfagos murinos da linhagem celular Raw 267.7 e células Caco-2 (células
epiteliais derivadas de intestino humano) foram obtidos do banco de célula do Rio de
Janeiro (BCRJ®) e foram utilizados para realizagao dos ensaios de citotoxicidade pelo
ensaio de reducéao do (3-(4,5-Dimethylthiazol-2-yl)-2,5-DiphenyltetrazoliumBr) (MTT),
morte e captacao celular. A linhagem celular de macrofagos de camundongo J774A.1
(ATCC®; Washington DC, EUA) também foi utilizada para ensaios de captacao
celular. As células Raw 264.7 e J774A.1 foram mantidas com meio de cultivo
celular Dulbecco’s Modified Eagle Medium (DMEM) (Gibco™, Estados Unidos)
suplementado com 10% de SFB (Gibco™) e 1 mM de piruvato em estufa a 37°C com
5% de CO2. Células Caco-2 foram cultivadas com meio Dulbecco's Modified Eagle
Medium (DMEM) (Gibco™) suplementado com 20% de SFB (Gibco™). Para

realizacao dos experimentos foram utilizadas as passagens celulares 8 a 15.

Ensaio de citotoxicidade por MTT

As células Raw 264.7 foram plagueadas (1x10%) em microplacas de 96 pocos e
mantidas a 37°C com 5% de CO2. Apds 24 horas, os tratamentos foram realizados de

acordo com os parametros apresentados nas Tabelas 4 e 5, e analisados ap6s 24 e
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48 horas de incubacao. Como controle positivo de citotoxicidade foi empregado
dimetilsuféxido (DMSO) a 10%. O crescimento celular foi revelado pelo ensaio de
MTT. Foram adicionados 10 uyL de MTT (5 mg/mL) por pogo e a placa mantida por 3
horas em estufa a 37°C e 5% CO2. Ao término desse periodo, o sobrenadante foi
retirado e adicionados 100 uL de DMSO para a dissolugao dos cristais de formazan
formados pela reducdo do MTT. A densidade optica (DO) de cada pogo foi
determinada em espectrofotdmetro de microplacas em 570 nm (Asxys Expert 34 Plus,
Microplate Reader G020 150, Eugendorf, Salzburg, AUSTRIA).

Os resultados em densidade o6ptica (DO) realizados em triplicata foram

analisados empregando como indicador a porcentagem de viabilidade.

Tabela 4. Tratamentos de MLNC utilizados no ensaio de MTT

Concentracao de particulas e AnxA1/mL

1 2 3 4
AnxA1 50 ng 500 ng 2500 ng 5000 ng
MLNC 1,55x10° 15x10° 77,5x10° 150x10°

MLNC-AnxA1  1,55x10° 15x10° 77,5x10° 150x10°

Fonte: o autor.

Tabela 5. Tratamentos de SBA-15 utilizados no ensaio de MTT

Concentragao de particulas e Ac2-26 (pg/mL)

1 2 3 4
Ac2-26 0,5 5 10 50
SBA-15 0,5 5 10 50
SBA-15-Ac2-26 0,5 5 10 50

Fonte: o autor.

Viabilidade e morte celular

Para analisar o tipo de morte gerada pelas MLNCs, células Raw 264.7 foram
plagueadas (5x10%) em placas de 24 pogos e tratadas apenas com as concentragées
que apresentaram maior reducao da atividade mitocondrial no ensaio de MTT. Assim,
os tratamentos consistiram em: AnxA1 (5000 ng), MLNC (150x10° particulas/mL) e
MLNC-AnxA1 (77,5x10° e 150x10° particulas/mL). A morte celular foi aferida 24 e 48
apos as incubacgdes. Apos os tratamentos, os sobrenadantes foram coletados e as



79

células que permaneceram aderidas foram removidas com a adi¢cdo de solucao de
tripsina (Gibco™). Em seguida, foram centrifugadas a 1200g por 5 minutos, e
ressuspendidas em 200uL de tampao de ligagado para a marcagao com Anexina V
conjugada com aloficocianina (AnxV-APC) (diluicao 1:20) e com 7-aminoactinomicina
D (7-AAD) (diluicao 1:200), ambos os anticorpos provenientes da BD Biosciences,
Franklin Lakes, NJ, USA. As células foram incubadas por 30 minutos ao abrigo da luz
e a temperatura ambiente. Em seguida, foi realizada a leitura por citometria de fluxo
utilizando o equipamento Accuri C6 (BD Biosciences, Franklin Lakes, NJ, USA).
Foram reportados 10 mil eventos e os resultados expressos em porcentagem (%). O
grupo duplo negativo para marcacao AnxV-7-AAD indica as células viaveis, marcacao
unica com AnxV indica as células em apoptose, marcacao unica com 7-AAD indica
as células em necrose e o grupo duplo positivo para AnxV-7-AAD indica gro upo de

células em apoptose tardia.

Captacao (Uptake) celular de MLNC e SBA-15-Ac2-26

MLNC

A analise da internalizacao de MLNCs por células Raw 264.7 foi realizada por
microscopia hiperespectral de campo escuro (CytoViva®). Laminulas livres de poeira
e extra limpas (Nexterion Glass D # D263T; Schott) foram inseridas em placa de 6
pocos. Na parte superior de cada laminula, foram adicionados 8x10* células/poco.
Foram testadas apenas as maiores concentragées de MLNC (15x10° particulas/mL)
e MLNC-AnxA1 (15x10° particulas/mL) que nao alteraram a viabilidade celular, apds
incubacgéo por 2 ou 24 horas. Um grupo controle foi mantido na presenca de DMEM
10% SFB (nao tratado [NT]). Em seguida, as células foram lavadas trés vezes com
solucao de PBS suplementado com 5% de SFB. As laminulas foram colocadas entre
as laminas livres de poeira e extra limpas (NexterionR Glass B; Schott, NY, EUA) e
laminulas (Nexterion Glass D # D263T; Schott). As células foram fotografadas usando
o sistema de imagem CytoViva Ultra Resolution (CytoViva, Inc., AL, EUA) montado
em um microscépio Olympus BX51 (ampliacdo de 1500 x; Olympus Corporation,
Toquio, Japao), equipado com uma abertura numérica (NA) de fluorita 100 x éleo de
iris de 0,6-1,30 objetiva e fonte de luz 75 W Xe. As imagens 6pticas foram obtidas
usando uma camera Retiga EXi CCD de imagem Q (Olympus Corporation, PA, EUA)

e camera digital Dage XL CCD com software de processamento de imagem (DageR;
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DAGE-MTI de MC, Inc., MI, EUA). As analises no microscopio foram conduzidas pelas
Dra. Mayara Uchiyama, em colaboragdo com o grupo do Prof. Koiti Araki, do Instituto

de Quimica da Universidade de Sao Paulo.

Liberag&o in vitro de SBA-15-FITC e SBA-15-Ac2-26-Cy5.5

O peptideo Ac2-26 marcado com Cy5.5 foi incorporado a SBA-15 (seguindo o
protocolo de incorporagao) e empregado para testar a liberacao do peptideo nas
células. A captacdo de SBA-15-Ac2-26Cy.5.5 e SBA-15-FITC foi medida por
citometria de fluxo (BD, Accuri C6, Estados Unidos) em macréfagos de camundongo
Raw 264.7 e células Caco-2. A presenca do peptideo Ac2-26-Cy5.5 foi analisada apoés
30 minutos, 2, 6 e 24 horas de incubagdo com SBA-15-Ac2-26Cy.5.5. Células Caco-
2 foram utilizadas para medir a absorcdo de SBA-15-FITC apo6s 4 e 24 horas de
incubacao. Apds o periodo de tratamentos, as células foram recolhidas, lavadas duas
vezes e ressuspendidas em PBS. Para quantificar a porcentagem de células positivas,
foram coletados pelo menos 10.000 eventos. Os eventos foram coletados com a
delimitacdo da populagéo principal de células saudaveis, e o percentual foi definido
em relagcéo a condicao nao tratada.

Células J774A.1 foram semeadas em placas de 24 pocos como descrito
anteriormente. A citocalasina D (20 pM) foi adicionada por 1 hora e removida antes do
tratamento com SBA-15-FITC (10 pg/mL). A captagao celular foi verificada 4 e 24
horas ap6s o tratamento, utilizando imagem celular (CELENA ® Logos Biosystem,
EUA) e dez campos para cada condicdo experimental foram analisados. A

porcentagem de células fagociticas foi quantificada utilizando o software ImageJ.

Polarizacdo de macréfagos derivados da medula-6ssea pela MLNC-AnxA1

O experimento foi realizado de acordo com o método previamente estabelecido
por Ying et al. (2013). Inicialmente, camundongos C57BI/6 foram anestesiados e
eutanasiados para coleta dos fémures esquerdo e direito para coleta do lavado
medular, utilizando uma solucéo de PBS gelado contendo 2% de SFB. Em seguida o
pool de medulas foi ressuspendido utilizando agulhas de 21G para dissociar as células
e passa-las através de cell strainer de 70 ym para remogao de outros tecidos. As
células foram lavadas com solugcao de NH4Cl 0,8% e incubas em gelo para remocao

das células vermelhas. Apés centrifugacao por 5 minutos, 500 x g a 4°C, as células
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foram ressuspendidas com meio BMDM, composto por meio IMDM (Iscove’s Modified
Dulbecco’s Media) (Gibco™, Grand Island, New York, USA), 20% de sobrenadante de
cultura de células L929, o qual é rico em fator de crescimento de mondcitos (M-CSF)
e 10% de SFB. As células foram contadas e plaqueadas na concentragédo de 5x10°
células/pogo em placa de 24 pocos e mantidas no meio BMDM por 7 dias para
diferenciacao celular. Ap6s a padronizagcao da diferenciacao e obtencédo de 90% de
macréfagos diferenciados em cultura (dados nao apresentados), as células foram
tratadas com LPS de Escherichia coli O111:B4 (Sigma-Aldrich Co, Saint Louis, MO,
USA (100 ng/mL) e mantidas por 24 horas nessa condicdo para diferenciacdo em
macrofagos M1. Apbs esse periodo foram realizados os tratamentos com
dexametasona (500 ng/mL), AnxA1 (500 ng/mL), MLNC (15x10° particulas/mL) ou
MLNC-AnxA1(15x10° particulas/mL contendo 500 ng de AnxA1).Como controle
positivo para polarizacao foi utilizado o corticdide dexametasona (500 ng/mL) (Aché
Laboratérios Farmacéuticos S.A., Brasil). Apdés 48 horas de tratamentos, o
sobrenadante foi retirado e armazenado para analise das citocinas interleucina-10 (IL-
10) (BD OptElA™ - BD, Becton Dickinson, New Jersey, EUA) e (TGFp)
(eBioscience™, California, EUA) por ensaio de ligagdo enzimatica (Enzyme Linked
Immuno Sorbent Assay — ELISA) de acordo com o manual de cada fabricante. A
caracterizacao do fenétipo celular foi realizada pela marcacdo de anticorpos
conjugados a fluoréforos previamente listados na Tabela 3. As células foram
removidas e marcadas com os anticorpos F4/80, CD80 e CD206 para diferenciacao
de macrofagos M1 e M2. A analise foi realizando utilizando o equipamento Accuri C6
(BD Biosciences, Franklin Lakes, NJ, USA). A porcentagem de cada populagao celular

foi reportada utilizando pelo menos dez mil eventos por amostra.

Organoides intestinais

Producé&o e cultura de organoides de colon murino

Camundongos C57BL/6 foram mantidos de acordo com o protocolo
Institutional Animal Care and Use Committee (IACUC) da Universidade de
Massachusetts Lowell, Estados Unidos. Os organoides foram desenvolvidos a partir
do célon de camundongos (n = 3), conforme descrito em estudos prévios (SAYED et
al., 2020b, 2021; SAYED; CHAKRABORTY; DAS, 2023). Os tecidos foram digeridos
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pela enzima colagenase, a 37°C durante 20-30 minutos. As células foram entao
fitradas e cultivadas em meio condicionado (CM) a 50%, o qual proporciona a
proliferacdo das células-tronco adultas extraidas do tecido. Para o desenvolvimento
dos organoides €& necessario a adicao de uma solugdo que mimetiza a matriz
extracelular. Para isso foi utilizado Matrigel® (Corning) para cultivo de organoides.
Meio CM fresco a 50% foi adicionado a cada 2-3 dias e os organoides utilizados nos

experimentos estavam em passagens iniciais (p2-p8).

Desenvolvimento de monocamadas polarizadas diferenciadas em suportes permeaveis de 96
pOgos

Organdides cultivados saudaveis foram tripsinizados em células Unicas e
diferenciados em monocamadas polarizadas derivadas de enteroides (EDMs),
conforme descrito anteriormente com pequenas modificagcdes (SAYED et al., 2020b,
2021; SAYED; CHAKRABORTY:; DAS, 2023). Os suportes permeaveis de 96 pogos
(HTS Transwell®, Corning Incorporated®, EUA) foram revestidos com Matrigel®
(Corning Incorporated®, EUA) diluido (1:40). Cerca de 5x10* células foram suspensas
em meio condicionado a 5% e semeadas no transwell. A diferenciacao das células em

EDMs ocorreu em 2-3 dias e as céluals foram entéo utilizadas nos experimentos.

Tratamento das EMDs diferenciados com LPS e AnxA-1 ou Ac2-26

As EDMs diferenciados foram desafiados ou nao (nao tratados) com LPS (E.
coli, O111:B4, Sigma-Aldrich) na concentracdo de 500 ng/mL nos compartimentos
basolateral e apical por 24 horas. AnxA1 e Ac2-26, na concentracdo de 50 ng/mL,
foram adicionados com o LPS durante todo o tempo experimental. As células foram

monitoradas microscépicamente quanto a morfologia e viabilidade.

Mensuragdo da resisténcia elétrica transepitelial (TEER) e avaliagdo do ensaio de
permeabilidade transepitelial FITC-Dextran

A permeabilidade nas células epiteliais intestinais diferenciadas foi medida por
duas abordagens: o ensaio de permeabilidade de FITC-dextram e TEER. Para as
medidas de TEER, foi utilizado o medidor de resisténcia epitelial Voltimetro Millicel-
ERS (Millipore®, ©Merck, Alemanha) para medir o valor de TEER em diferentes
momentos. Os valores de TEER foram expressos como Ohm x cm?2. Para o ensaio de

permeabilidade transepitelial FITC-Dextram, utilizamos isotiocianato de fluoresceina
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conjugado ao dextram (peso molecular médio 40.000, ©Sigma-Aldrich). Ao final do
experimento, 100 pL de FITC-dextram (1 mg/mL) foram adicionados ao
compartimento apical do transwell, os meios foram recolhidos do compartimento
basolateral ap6s 1 hora e a fluorescéncia mensurada a 490 nm (excitagéo) e 520 nm

(emissao) por leitor de placas Tecan (Tecan Trading AG, Suica).

Quantificagéo de citocinas liberadas das EDMs

Os sobrenadantes foram coletados da parte basolateral das EDMs desafiados
ou nado com LPS +/-, AnxA1 ou Ac2-26. A concentracao de ligante 1 de quimiocina
(CXCL-1) de camundongo foi medido usando CXCL1/KC DuoSet™ ELISA de
camundongo (©R&D Systems, EUA) de acordo com as instrugdes do fabricante. As
concentragdes de citocinas CXCL-1 foram comparadas nos EDMs +/- LPS +/- ANXA1
ou Ac2-26.

Quantificagao dos niveis de RNA por RT-qPCR

Apoés desafio com LPS +/-, as EDMs tratadas com Anxa1 ou Ac2-26 foram
lisados e o RNA isolado utilizando o kit Quick-RNA MicroPrep (©Zymo Research
Corporated, EUA) de acordo com as instrugbes do fabricante. O RNA foi entao
utilizado para sintetizar DNA complementar (cDNA) usando gScript cDNA SuperMix
(©Quantabio, EUA) de acordo com as instru¢des do fabricante. O RT-qgPCR foi
realizado usando 2x SYBR Green qPCR Master Mix em um equipamento Bio-Rad
CFX Opus 96 Real-Time PCR System (©Bio-Rad, EUA) usando os primers listados
na Tabela 6.
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Tabela 6. Sequencia de primers utilizados nesse estudo

Primers

Forward primer (3’- 5’)

Reverse primer (3’- 5’)

18S rRNA

GTAACCCGTTGAACCCCATT

CCATCCAATCGGTAGTAGCG

Mouse GAPDH

CATCACTGCCACCCAGAAGACTG

ATGCCAGTGAGCTTCCCGTTCAG

Mouse Z0O-1 GGGAGGGTCAAATGAAGACA GGCATTCCTGCTGGTTACAT
Mouse Occludin CCTCCAATGGCAAAGTGAAT CTCCCCACCTGTCGTGTAGT
Mouse Claudin-1 CCCCCATCAATGCCAGGTATG AGAGGTTGTTTTCCGGGGAC
Mouse Claudin-2 CCTTCGGGACTTCTACTCGC TCACACATACCCAGTCAGGC
Mouse Cadherin AACCCAAGCACGTATCAGGG GAGTGTTGGGGGCATCATCA

Mouse MCP-1 AAGTGCAGAGAGCCAGACG TCAGTGAGAGTTGGCTGGTG

Mouse IL-10 ATTTGAATTCCCTGGGTGAGAAG CACAGGGGAGAAATCGATGACA

Mouse Fpr1 CATTTGGTTGGTTCATGTGCAA AATACAGCGGTCCAGTGCAAT

Mouse Fpr2 GAGCCTGGCTAGGAAGGTG TGCTGAAACCAATAAGGAACCTG

Fonte: o autor

O cycle threshol (ct) foi determinado e normalizado para o gene enddgeno (18S
rRNA e GAPDH). O método AACt foi utilizado para o calculo. A alteragcao relativa de

duplicacao do nivel de transcri¢ao foi calculada (Fold change).

Avaliagdo das proteinas de integridade de TJ por microscopia confocal

As EDM foram plaqueadas em suportes franswell de 96 pogos e o fundo dos
suportes removidos e fixados em metanol a 100% (-20°C durante 20 minutos) ou
paraformaldeido a 4% (PFA, ©Sigma-Aldrich) a temperatura ambiente durante 15-20
minutos. As EDMs fixadas em PFA foram incubados a temperatura ambiente durante
10 minutos com glicina 100 mM. Apés a fixacao, todos as EDMs foram lavados com
PBS, permeabilizados com saponina a 0,1% a temperatura ambiente durante 10
minutos e bloqueados com tampéao de bloqueio (saponina a 0,1% e BSA a 2%) durante
1 hora. As células foram marcadas utilizando anticorpo anti-ZO-1 (1:500)
(©Proteintech Group, EUA) ou anti-claudina-2 (1:100, ©Abcam) diluidos em BSA a
1%, saponina 0,05 % e mantidas por 16 horas, a 4°C. Apos as etapas de lavagem, as
células foram incubadas com anticorpo secundario IgG Alexa Fluor 594 (1: 500,
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Thermo Fisher) e DAPI (1:1000, Sigma-Aldrich) para coloragao nuclear durante 1 hora
a temperatura ambiente. As membranas EDM foram colocadas em uma lamina de
vidro, montadas com solucado para montagem ProLong™ Glass (©Thermo Fisher
Scientific, EUA) e cobertas com uma laminula. As imagens foram tiradas com objetiva
de 40x usando um microscopio confocal de varredura a laser Leica SP8 Il (©OLeica

Microsystems, EUA). A intensidade da coloracao foi avaliada pelo software ImageJ.

Analise estatistica

As analises estatisticas foram realizadas com o software GraphPad Prism
Software 10.1. As analises clinicas in vivo foram avaliadas por ANOVA Two-Way
seguido de pés-teste de Bonferroni. Os resultados obtidos para RT-PCR foram
comparados usando um Teste f de Student bicaudal. Para as demais analises, foram
utilizados One-way ANOVA seguido dos pos-teste de Tukey. Os valores de p<0,05
foram considerados significantivos. Os resultados foram expressos como média *
EPM.



Resultados
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MLNC-AnxA1 como plataforma de entrega da AnxA1

Formulagao da MLNC-AnxA1

Inicialmente, para padronizacao foram preparados 3 lotes individuais de LNC,
MLNC e MLNC-AnxA1, os quais foram avaliados para os parametros de polidispersao
(PDI), tamanho (nm), potencial zeta (¢ — mV) e pH. As solu¢bées de nanocapsulas
foram avaliadas macroscopicamente e ambas as solugbes apresentaram aspecto
homogéneo, branco opalescente. Quando comparados, os tamanhos das
nanocapsulas, MLNC (1524 nm 3,89) e MLNC-AnxA1 (162,8 nm 11,61),
apresentaram diametro médio superior a LNC (1295 nm 13,57), sendo
estatisticamente significativo (p<0,05). A dispersao das particulas, representado pelo
PDI, foi significativamente maior nos grupos MLNC e MLNC-AnxA1 quando
comparadas ao grupo LNC (0,114 £0,01); no entanto, a dispersédo de particulas no
grupo MLNC-AnxA1 (0,216 +0,02) foi reduzida quando comparado ao grupo MLNC
(0,269 +0,01). O potencial zeta da LNC (-12,5 mV +1,37) apresentou valor negativo, e
positivo para MLNC (15,5 mV +0,70) e MLNC-AnxA1 (16,2 mV %1,71), ndo sendo
observada diferenca entre as nanocapsulas contendo quitosana. A adicdo de
quitosana a estrutura da LNC causou reducéo significativa do pH quando comparados
aos demais grupos (p<0,01). A analise de concentragdo de particulas por mL foi
realizada no equipamento NanoSight e demonstrou que a concentragéo de particulas
por mL foi reduzida significativamente quando comparados os grupos LNC (3,6x10"3
part/mL £6,5x10'%) e MLNC-AnxA1 (1,5x10"3 part/mL +4,8x10'?) (Tabela 6).
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Tabela 7. Analise fisico-quimica das nanocapsulas

Nanocapsulas

Parametros LNC MLNC MLNC-AnxA1
Dh 129 + 3.57 152 £3.89 163 £11.61 **
PDI 0.11 £0.01 0.27 £ 0.01 *** 0.22 £0.01 *** §
mV -12.5+1.37 15.5+£0.70 *** 16.2£1.71 ***
pH 4.52 +0.02 4.24 + 0.09 ** 4.23 £0.03 **
PND (x10'3/mL"") 3.63 + 0.66 2.75+£0.65 1.55+£048 *

Valores expressos em erro padrdo da média £+ SEM (n = 3). * p < 0.05, ** p < 0.01, ***
p < 0.001 vs LNC. § p<0.05 vs MLNC.

Ademais, a analise de rastreamento de NPs realizada no equipamento
NanoSight demonstrou que as nanocapsulas funcionalizadas com AnxA1 sobrepdem
as revestidas com quitosana (Figura 7), demonstrando que ocorre conjuga¢cao com a
proteina de forma eficiente. Em relagao a eficiéncia de encapsulagéo, ou seja, quanto
de AnxA1 foi conjugada a MLNC, a suspensao apresentou 92,22% (+1,47) para a
AnxA1 apoés realizada ultra filtragao-centrifugacao da MLNC-AnxA1.

Figura 7. Sobreposicao das NPs funcionalizadas com AnxA1 sobre as nanocapsulas
revestidas com quitosana
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Grafico obtido do equipamento NTA e processada com o software NTA 2.0 Analytical Software (NanoSight ®).

Utilizando a solugao de MLNC-AnxA1, foram obtidas imagens de microscopia
eletronica de transmissao (MET) em diferentes aumentos. As imagens demonstraram

que MLNC-AnxA1 manteve o formato esférico quando comparada a imagens de
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micrografia realizadas em trabalhos anteriores (BENDER et al., 2014, CEetal, 2016)
com a LNC e MLNC (20k, 50k, 100k e 300k) (Figura 8).

Figura 8. Analise de microscopia eletrénica de transmisséo

As nanocapsulas MLNC-AnxA1 foram analisadas utilizando diferentes ampliagdes. (A) 50x barra = 500
nm; (B) 100x barra = 200 nm; e (C) 300x barra = 100 nm.

Administracdo oral da MLNC-AnxA1 nao apresentou eficacia terapéutica para a
colite ulcerativa experimental

ApOs a caracterizagao fisico-quimica da MLNC-AnxA1, a eficacia terapéutica
das nanocapsulas foi investigada no modelo experimental de colite. Os camundongos
receberam DSS 2% durante 6 dias para indugcédo da colite e a partir do 6° dia, os
animais receberam tratamento por via oral com AnxA1 (100 pg/mL) ou MLNC-AnxA1
(100 pg/mL — 3,1x10'? particulas). Como esperado, a ingestao de DSS foi capaz de
induzir colite como observado pelos parametros clinicos de perda de peso, escore de
consisténcia das fezes, de presenca de sangue nas fezes, comprimento do intestino e
indice de atividade da doenca, os quais foram similares aos dados obtidos
anteriormente (DE PAULA-SILVA et al., 2016b; SENA et al., 2015b). De acordo com
a Figura 9 (A-E), os tratamentos com AnxA1 ou MLNC-AnxA1 por via oral ndo foram
capazes de alterar os danos causados na colite quando comparados com o grupo

controle.



91

Figura 9. Tratamento com MLNC-AnxA1 por via oral apés colite experimental induzida
pelo DSS.
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(A) Porcentagem de perda de peso; (B) Escore de sangue; (C) Escore de fezes; (D) IAD; (E)
Comprimento do intestino. Os dados s&o expressos como + erro padrdo da média de 5 animais por
grupo. ## p < 0,01 vs naive. v.o: via oral. Naive: nenhum tratamento.

Para analisar os efeitos dos tratamentos sobre a estrutura do intestino, foram
realizadas analises histopatolégicas. Os animais tratados tanto com MLNC-AnxA1,
quanto com AnxA1 apresentaram dano tecidual semelhante ao grupo que recebeu
apenas o DSS. Pela analise do corte histolégico, foi possivel observar displasia (seta
preta fina), edema (seta vermelha), degeneracdo das criptas (seta preta cheia),
ulceracdes na mucosa (seta amarela) e intenso infiltrado inflamatério (seta verde) nos
3 grupos de animais (DSS, DSS+MLNC-AnxA1, ou AnxA1), quando comparados com
o grupo naive (Figura 10).
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Figura 10. Micrografia histolégica obtida da regiao distal do intestino.
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Seccgdes histoldgicas com 4 um de espessura, coradas com hematoxilina e eosina e observadas em
um aumento de 10x demonstram a auséncia de efeito terapéutico de MLNC-AnxA1 e AnxA1 sobre o
intestino inflamado. Displasia (seta preta fina), edema (seta vermelha), degeneracéo das criptas (seta
preta cheia), ulceragdes na mucosa (seta amarela) e intenso infiltrado inflamatério (seta verde).

Administracao intraperitoneal, mas nao intravenosa, de MLNC-AnxA1 foi eficaz
no tratamento da colite experimental

Dada a falta de eficacia terapéutica da administracéo oral do tratamento com
MLNC-AnxA1 na colite experimental, optou-se por explorar outras vias de
administragao, incluindo intravenosa (i.v.) e intraperitoneal (i.p.). Foram estabelecidos
cinco grupos experimentais, abrangendo diferentes condi¢des: o grupo naive, sem
DSS e tratamentos; o grupo controle, que recebeu apenas DSS; DSS+MLNC-AnxA1
(i.v.), DSS+MLNC-Anxa1 (i.p.) e DSS+AnxA1 (i.v.). Os protocolos de tratamento
seguiram o mesmo cronograma previamente utilizado para a administracao oral.
Dentre os parémetros clinicos analisados, observou-se reducao significativa nos
escores de fezes, de sangue e no IAD nos animais tratados com MLNC-AnxA1 (i.p.),
quando comparados ao grupo controle que recebeu apenas DSS. O comprimento do
intestino nos animais tratados com MLNC-AnxA1 (i.p.) foi equivalente ao grupo naive
e significativamente maior do que nos animais que receberam apenas DSS, sugerindo
que o tratamento com MLNC-AnxA1 i.p. favoreceu a recuperacgao tecidual apés o dano
causado pelo DSS. Surpreendentemente, a administracdo tanto de MLNC-AnxA1
quanto de AnxA1 via i.v. ndo apresentou diferencas significativas em nenhum dos

parametros clinicos avaliados em comparagéo com o grupo controle (Figura 11A-F).
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Figura 11. Painel clinico do tratamento i.p. e i.v. de MLNC-AnxA1.
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(A) Porcentagem de perda de peso; (B) Escore de fezes; (C) Escore de sangue; (D) IAD; (E)
comprimento do intestino; (F) Imagens capturadas dos intestinos coletados no dia da eutanasia,
comparando o comprimento entre cada grupo. Os dados sdo expressos como + erro padrdo da média
de 6 animais por grupo *p < 0,05, **p <0,01, ***p<0,001 vs controle. #&p<0,001 vs MLNC-AnxA1(i.v). #
p<0,05, #p<0,01 vs naive.

Com base nos resultados previamente obtidos, um novo experimento de colite
foi realziado com o intuito confirmar a efetividade do tratamento via i.p. € analisar o
perfil celular da l1amina propria. O tratamento i.p. com MLNC-AnxA1 foi eficaz na
reducao dos sintomas da colite. Observou-se reducéao significativa na perda de peso,
na diarreia e no indice de atividade da doenca (Figura 12A-D), bem como a
restauracdo da integridade estrutural do célon, evidenciada pela recuperacdo do

comprimento intestinal no 10° dia apés a ingestao de DSS (Figura 12E-F).



94

Figura 12. Papel da terapia com MLNC-AnxA1 na atividade da colite induzida por DSS
e na estrutura intestinal.
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Os camundongos foram tratados com DSS 2% para desenvolver colite e foram tratados com rAnxA1
(12,5 pyg/mL), MLNC (9,6x1011 particulas) ou MLNC-AnxA1 (9,6x1011 particulas/12,5 pg) entre os dias
6 e 9. (A ) Percentual de perda de peso corporal; (B) Escore de diarreia; (C) Escore de sangue oculto;
(D) DAI; (E) Comprimento intestinal; (F) Avaliagdo anatémica do célon. n = 6 camundongos/grupo. *p
< 0,05, **p < 0,01, ***p < 0,001 vs DSS.

LNC, nanocapsula com nucleo lipidico; MLNC, nanocapsula com nucleo lipidico multiparede; MLNC-
AnxA1, nanocapsula de nucleo lipidico multiparede de complexo metalico; DAI, indice de atividade da

doenca.

A partir dos leucécitos extraidos da lamina prépria foi possivel observar que a
ingestao de DSS aumentou significativamente a porcentagem de neutréfilos (Ly6G™;
Figura 13A) e macréfagos (F4/80+; Figura 13B), refletindo aumento na quantidade de
macréfagos do tipo M1 (F4/80/CD80+; Figura 13C). Nenhum dos tratamentos reduziu
a quantidade de neutréfilos e macréfagos (Figura 13A e 13B); no entanto, o tratamento
com MLNC-AnxA1 reduziu a quantidade de macréfagos do tipo M1 (F4/80/CD80+;
Figura 13C), e tanto os tratamentos com AnxA1 quanto MLNC-AnxA1 aumentaram a
quantidade de macrofagos do tipo M2 (F4/80/CD206+; Figura 13D).
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Figura 13. MLNC-AnxA1 regula positivamente a polarizacao de macréfagos M2 na
lamina prépria.
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As células foram dissociadas por atividade enzimatica da matriz extracelular e 2x105 células foram
utilizadas para marcacao de anticorpos. (A) Ly6G+, (B) F4/80+, (C) F4/80+CD80, (D)+. F4/80+CD206+,
n = 6 camundongos/grupo. *p<0,05, **p<0,01 vs DSS. #p <0,05, #p <0,01 vs Naive.

O tratamento intraperitoneal com MLNC-AnxA1 recuperou a histoarquitetura e
proteinas relacionadas a proliferacao e estrutura epitelial

A ingestao de DSS causou danos severos ao tecido colénico de camundongos
e atingiram a pontuacao histolégica mais alta em todos os parametros (Figura 14A):
edema tecidual (linha pontilhada), displasia/alteracao da histoarquitetura (seta preta),
edema de cripta (seta amarela), infiltrados inflamatérios (seta branca) e ulceras (seta
preta). Os camundongos tratados com MLNC apresentaram pontuagdes histoldgicas
elevadas, semelhantes as do grupo DSS (Figuras 14G e H), enquanto o tratamento
com AnxA1 promoveu melhorias nas pontuag¢des histolégicas, reduzindo alguns
parametros como edema e displasia/alteracdo da histoarquitetura (Figura 14E e F).
No entanto, apenas o tratamento com MLNC-AnxA1 levou a recuperagcéo da
histoarquitetura colénica durante a colite, diminuindo o edema de cripta, infiltrados
inflamatérios e Ulceras, em comparagao ao grupo DSS (Figuras 141 e J). O grupo naive

apresentou histoarquitetura normal, como esperado (Figura 14B).
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Figura 14. Analise histopatolégica da regido proximal do célon.
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(A) Pontuacao histopatologica representada por unidades arbitrarias. As secgbdes foram avaliados
cegamente e as alteragbes consideradas foram destacadas. Edema tecidual (linha pontilhada),
displasia/histoarquitetura alterada (ponta de seta preta), edema de cripta (ponta de seta amarela),
infiltrados inflamatdrios (ponta de seta branca) e ulceragdes (seta preta). (B) Naive apresentando
histoarquitetura normal, com epitélio cilindrico simples (quadrado preto); (C e D) grupo DSS; (E e F)
grupo AnxA1; (G e H) grupo MLNC; (I e J) grupo MLNC-AnxA1. n = 6 camundongos/grupo. Barra de
escala: 50 um. Secdes: 4 um. Aumento éptico de 20x. *p<0,05 vs DSS. §p<0,05 vs AnxA1. &p <0,05 vs
MLNC. #p<0,01 vs Naive.

Ademais, a area marcada para as proteinas de juncao epitelial Claudina-1 e
Z0-1 foi reduzida nos camundongos DSS (Figura 15B e G) em comparagado com o
grupo naive (Figura 15A e F). Os tratamentos com AnxA1 e MLNC-AnxA1 restauraram
a expressao de Claudina-1 (Figura 5H e J) e apenas MLNC-AnxA1 restaurou a
expressao de ZO-1 (Figura 5E) em tecidos inflamados. O tratamento com MLNC
apresentou o mesmo resultado que o DSS para a expressao de Claudina-1 (Figura
151).
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Figura 15. Efeitos do tratamento com MLNC-AnxA1 nas juncdes epiteliais.
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As secgbes da primeira linha representam a expresséo de ZO-1 e as secgbes da segunda linha
representam a expressao de Claudina 1 no tecido do colon. (A e F) Grupo Naive; (B e G) grupo DSS;
(C e H) grupo AnxA1; (D e I) grupo MLNC; (E e J) grupo MLNC-AnxA1. Os graficos representam a
porcentagem (%) de area marcada para ZO-1 (K) e Claudinal (L). (M) Sec&o de controle. n=6
camundongos/grupo. Fotos: aumento 6ptico 40x. Secg¢des: 4 um. Barra de escala: 100 ym. *p<0,05,
**p<0,01 vs DSS. &p <0,05, 3&p <0,01 vs. #p<0,05, #p<0,01 vs Naive.

Adicionalmente, o numero de nucleos proliferativos na camada mucosa foi
avaliado contando células positivas para PCNA e Ki67 (Figura 16F e L). Para ambos
os alvos, apenas o tratamento com MLNC-AnxA1 aumentou o niumero de nucleos
positivos, principalmente na regiao basal, o que juntamente com os demais resultados
€ indicativo de epitélio regenerativo (Figura 16E e K). Nos outros grupos de tratamento
houve um baixo nimero e desorganizacao estrutural de células positivas para PCNA
(Figura 16G, H, | e J) e Ki67 (Figura 16A, B, C e D), que se distribuiram irregularmente
por toda a extensdo das celulas epiteliais. Além disso, foi encontrada coloragao
aumentada na zona apical do tecido nos grupos tratados com DSS, AnxA1 ou MLNC,

0 que pode ser indicativo de areas de displasia.
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Figura 16. Efeitos do tratamento com MLNC-AnxA1 na regeneracao e renovacao
epitelial no coélon danificado pela colite induzida por DSS.
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Ki67 e PCNA séao representados em objetivas de 20x e 40x. (A e G) Grupo Naive; (B e H) grupo DSS;
(C e l) grupo AnxA1; (D e J) grupo MLNC; (E e K) grupo MLNC-AnxA1. A quantificagdo dos nucleos
proliferativos corados com Ki67 (F) e PCNA (L) s&o apresentadas nos gréaficos. n=6
camundongos/grupo. Sec¢des: 4 ym. Barras: 50 ym e 20 um. * p<0,05 vs DSS. & p <0,05 vs MLNC.
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MLNC-AnxA1 apresentou baixa citotoxicidade para macrofagos in vitro

Com base nos resultados in vivo, foram iniciados experimentos in vitro para
elucidar o papel da MLNC e MLNC-AnxA1 sobre macréfagos murinos. Foram
utilizadas células Raw 264.7 e, incialmente, foram realizados ensaios para verificar a
viabilidade celular frente aos tratamentos. O ensaio de MTT, o qual avalia a fungao
mitocondrial, foi utilizado como teste de triagem da viabilidade. Os resultados obtidos
demonstraram que as concentracdes de MLNC 68x10° e 136x10° e de MLNC-AnxA1
77,5x10° e 150x10° apresentam atividade mitocondrial inferior a 75% apés 48 horas,
sugerindo efeito citotéxico. As redugdes estdo mostradas nas barras 3 e 4 da Figura
12, para os tratamentos com MNLC e MLNC+AnxA1. Os demais tratamentos com
MLNC, MLNC-AnxA1 e AnxA1 apresentaram atividade mitocondrial superior a 75%

em todos os tempos de tratamento (Figura 17).

Figura 17. Viabilidade celular relacionando a atividade mitocondrial pela técnica de
reducao do MTT
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Os tratamentos da célula Raw 264.7 foram feitos com diferentes concentragdes de AnxA1 (1) 50, (2)
500, (3) 2500 e (4) 5000 ng/mL; MLNC (1) 1,3x10°9, (2) 13x109, (3) 68x10° e (4) 136x10° particulas/mL)
e MLNC-Anxa1 (1) 1,55x109, (2) 15x108, (3) 77,5x10° e (4) 150x10° particulas/mL) mantidas por trés
tempos: 24 e 48 horas. Como controle positivo para dano mitocondrial foi utilizado o DMSO (D) 5%.
Como controle negativo foi utilizado PBS para resultado basal (B). Os dados s&o expressos como +
erro padrdo da média de 4 experimentos individuais.

Para identificar o impacto na viabilidade celular, células Raw 264.7 foram

tratadas com MLNC e MLNC-AnxA1 apenas nas concentragdes que causaram menor
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atividade mitocondrial no ensaio de MTT e com a maior concentracao de AnxA1.
Como marcadores de citotoxicidade foram utilizadas a dupla marcagao de Anexina V
e 7-AAD, e como marcador de célula viavel foi utilizada a calceina 0,01 M. Observou-
se viabilidade superior a 75% apenas no grupo que recebeu AnxA1 em todos os
tempos analisados, enquanto os demais tratamentos com MLNC e MLNC-AnxA1
apresentaram reducdo da viabilidade celular. Os tratamentos com MLNC (136x10°
particulas/mL (barra 3)) e MLNC-AnxA1 (77,5x10° (barra 3) e 50x10° (barra 4)
particulas/mL contendo, respectivamente, 2500 e 5000 ng/mL de AnxA1 na LMNC
aumentaram significativamente a frequéncia de células necréticas e em apoptose

tardia ap6s incubacao de 72 h (Figura 18).

Figura 18. MLNC e MLNC-AnxA1 promoveram aumento de células necréticas e em
apoptose tardia apds 72 horas de incubacao.
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Células Raw 264.7 foram tratadas AnxA1, MLNC ou MLNC-AnxA1 e analisadas em diferentes tempos.
(A) Porcentagem de células viaveis marcadas com calceina 0,01M; (B) Porcentagem de células em
apoptose marcadas com Anexina V; (C) Porcentagem de células em necrose marcadas com 7-AAD;
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(D) Porcentagem de células em apoptose tardia identificadas pela dupla marcagéo com anexinaV e 7-
AAD. *p<0,05 vs nao tratado e **p<0,01 vs ndo tratado. N experimental = 4.

MLNC-AnxA1 foi internalizada por macréfagos e promoveu resposta anti-
inflamatoria

Os resultados obtidos no ensaio de citotoxicidade indicaram duas
concentragbes seguras para analise pelos ensaios de captagcao celular. As
concentragdes empregadas para avaliacao da capacidade de captacao celular foram
de MLNC (13x10° particulas/mL) e MLNC-AnxA1 (13x10° particulas/mL). Utilizando a
técnica de microscopia confocal de campo escuro de alta resolugdo, que demonstra
maior refringéncia no interior celular & possivel observar a presenca de NPs no
citoplasma celular, que ocorre pelo aumento da absorcao de luz por essas NCs. As
imagens obtidas demonstram internalizacdo em células Raw 264.7 de MLNC apés 2
horas de incubacgdo, enquanto nédo foi observado internalizagcdo de MLNC-AnxA1
neste mesmo tempo de incubacdo. Apo6s incubagdo com 24 horas foi possivel
perceber que ambas, MLNC e MLNC-AnxA1, se encontravam no interior celular,
demonstrando que a presenca de AnxA1 na estrutura da nanocapsula aumentou o

tempo para captacao celular (Figura 19).
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Figura 19. Analise de uptake celular em células Raw 264.7 por CytoViva®
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Células Raw 264.7 foram plaqueadas na concentragdo de 8x104 células/pogo e tratadas nos tempos
de 2 e 24 horas com MLNC (13x10° particulas/mL) e MLNC-AnxA1 (13x10° particulas/mL). As células
foram fotografadas usando o sistema de imagem CytoViva Ultra Resolution (CytoViva, Inc., AL, EUA)
montado em um microscépio Olympus BX51 (ampliagdo de 1500 x; Olympus Corporation, Téquio,
Japao) equipado com uma abertura numeérica (NA) de fluorita 100 x 6leo de iris de 0,6-1,30 objetiva e
fonte de luz 75 W Xe e as imagens comparadas com o grupo n&o tratado ([NT]).

Com base nos resultados in vivo que nos conduziram para um efeito mais
pronunciado do tratamento da MLNC-AnxA1 sobre macréfagos, foram realizados
experimentos in vitro para elucidar o papel da MLNC e MLNC-AnxA1 sobre a
polarizagdo destas células. Macréfagos primarios obtidos de medula éssea de

camundongos C57BIl/6 foram diferenciados primeiramente em macréfagos pré-
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inflamatorio M1 pela adicao de LPS (100 ng/mL). Ap6s 48h de tratamento com AnxA1,
MLNC ou MLNC-AnxA1, apenas MLNC-AnxA1 aumentou a porcentagem de células
F4/80*CD206*, com fenoétipo M2 (Figura 20A). Foi observada diminuicdo da
porcentagem de células F4/80*CD80* apenas no tratamento com AnxA1 (500ng/mL)
(Figura 20B). Ainda, o tratamento com MLNC-AnxA1 sobre macréfagos M1 foi capaz
de aumentar significativamente a concentracao de TGF (Figura 20C). Ademais, nao

houve diferenga na concentracao de IL-10 no sobrenadante celular (Figura 20D).

Figura 20. 3 MLNC-AnxA1 estimula a polarizacao de macréfagos com fenétipo M2
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(A) Macréfagos F4/80+CD80+, (B) Macréfagos F4/80+CD206+, (C) TGF no sobrenadante de cultura,
(D) IL-10 no sobrenadante de cultura. *p<0,05, **p<0,01 e ***p<0,001 vs LPS (100 ng/mL). #p<0,05 e
#p<0,01 vs Dexametasona (500 ng/mL).
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Concluindo, os dados apresentados acima mostraram a MLNC foi capaz de
carrear a rAnxA1, e que a MLNC-AnxA1 foi efetiva para tratar a colite experimental
pela via i.p. sendo que os efeitos observados foram mais significativos que os
desencadeados pela rAnxA1 livre. No entanto, o projeto tinha como propdésito carrear
a AnxA1 ou seu peptideo mimético Ac2-26 por via oral, como uma propsota de um
tratamento nao invasivo. Abaixo seguem os resultados das estratégias empregadas

para atingir este objetivo e as eficacias terapéuticas obtidas.

SBA-15 funcionou como plataforma de entrega do peptideo Ac-2-26 por via oral

A solugcado Ac2-26 é composta por particulas semelhantes a bastonetes

Ac2-26 foi disperso com sucesso em agua deionizada a uma concentracao de
6 mg/mL, permitindo experimentos futuros que poderiam exigir concentragbes mais
elevadas. E interessante observar que a amostra foi mais viscosa que a agua pura e
levemente turva, o que indicou a provavel existéncia de grandes agregados, sendo
essas caracteristicas atenuadas apés a diluicdo. Para analisar tais agregados, foram
realizados ensaios de DLS. A Figura 21A mostra a fungao de autocorrelagcéo obtida
(circulos preenchidos em preto), C (1) foi ajustado com um metodo adequado para o
modelo (no caso, Non-Negatively constrained Least Squares, NNLS). A partir do
ajuste satisfatério, avaliou-se a distribuicdo de tamanho ponderada por intensidade,
volume e numero (inseridos na Figura 1A). A intensidade espalhada é diretamente
proporcional ao quadrado do volume da particula (ou, de maneira equivalente, ao seu
raio/diametro elevado a sexta potencia). Conforme observado, existem trés
populacdes de particulas com tamanhos (23 £ 1) nm, (109 £ 28) nm e (58 + 18) um,
sendo a primeira a mais numerosa.

Considerando os resultados, nenhum desses conjuntos corresponde ao
peptideo sozinho, com apenas 3.089,46 Da de peso molecular, conforme informado
pelo fabricante, mas sim a sua estrutura supramolecular automontada e até mesmo
agregados. Para confirmar esta caracteristica, foram realizados experimentos SAXS

na mesma amostra usada para DLS.
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Figura 21. Parametros fisicos de SBA-15, Ac2-26 e SBA-16-Ac2-26
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(A) Funcdo de autocorrelagéo (circulos pretos preenchidos) ajustada pelo método NNLS (linha
continua). Insercéo: Distribuicdes de didmetro hidrodinamico do peptideo ponderadas por numero,
volume e intensidade. (B) Dados SAXS do peptideo em solugao (circulos preenchidos) ajustados pelo
método IFT (linha continua azul) e o modelo do cilindro (linha continua vermelha). Insergdo: A fungéo
p(r) obtida, do IFT, e a fungéo de distribuicdo de tamanho do raio do cilindro, N(D), do ajuste do modelo.
(C) Dados de SAXS (circulos pretos preenchidos) de SBA-15 pura e de SBA-15 incorporada com Ac2-
26 (amostra SBA15-Ac2-26) ajustado pelo modelo SBA-15 (linha continua vermelha). As curvas foram
deslocadas verticalmente para uma visualizagdo mais clara. (D) Dados de NAI de SBA-15 pura e SBA-
15 incorporado com Ac2-26 (amostra SBA-Ac-26). Inserc¢ao: Distribuicdo do tamanho dos poros (PSD,
adsorcao e dessorgao).

Os dados obtidos a partir da analise de SAXS estao mostrados na Figura 21B
(circulos preenchidos em preto) e foram ajustados pela /ndirect Fourier Transform
(IFT), que permite obtermos informagdes da particula no espaco real, representado
pela funcao de distribuicdo de distancia de pares, implementada no software WIFT
(GLATTER, 1977). A partir do ajuste (linha continua azul), foi obtida a chamada
distribuicao de distancias de pares, p(r), (inser¢éo da Figura 21B, linha continua azul),
que fornece o maior comprimento da particula de ~23 nm (onde p(r ) = 0), compativel
com os resultados do DLS relativos a populagdo com os menores objetos. Além disso,

a distribuicao de distancias de pares, p(r), sugeriu a presenca de particulas alongadas,
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com formato de bastonete. Neste contexto, foi realizado um teste no qual os dados de
SAXS foram ajustados a um modelo de cilindro simples. Também foi utilizada uma
distribuicao de tamanho log normal para os valores dos raios, como em trabalhos
anteriores (Pinto Oliveira, 2011). O ajuste satisfatorio obtido (Figura 21B, linha
continua vermelha), corroborou a hipotese do formato cilindrico. Neste caso, os
objetos possuem raio médio de ~3 nm, de acordo com a distribuicao de tamanho
obtida (insercao da Figura 21B, linha vermelha continua) e comprimento de ~80 nm.
O primeiro valor ficou fora do comprimento da escala definido pelo valor minimo da
faixa q, portanto nao pode ser determinado com precisao. Assim, o valor determinado
pela funcao p(r), ~23 nm, foi assumido como o comprimento do cilindro. Em suma, os
resultados de SAXS e DLS sugerem arranjo do peptideo em particulas em forma de

bastonete com comprimento de 23 nm e didmetro de 6 nm, aproximadamente.

Microparticula mesoporosa SBA-15 foi eficiente para ancorar o Ac2-26

A incorporacéao do peptideo a SBA-15 foi de cerca de 88,8% * 1,2 (n=4), medida
pelo método de ligacdo ao corante de Bradford. As medi¢cbes de SAXS foram
realizadas em amostras seca de SBA-15 e SBA-15-Ac2-26 (Figura 21C). Para
descrever quantitativamente sua nanoestrutura e eventuais diferencas, procedemos a
analise dos dados utilizando o modelo totalmente detalhado por Losito et al 2021a. Os
principais parametros de ajuste, bem como seus valores, estao resumidos na Tabela
8, e seu significado é explicado a seguir: R e T correspondem ao raio do nucleo e a
espessura da parede, respectivamente, do cilindro nucleo-parede que modela os

mesoporos, sendo g,,; 0 desvio padrao compartilhado da distribuicdo de tamanho log-

N Apni . . n
normal de R e T. O parametro —22 jrforma sobre a densidade eletrénica de

Pparede
4 = Y H “ Hpg L) A
contraste do nucleo em relagdo a parede. Para idealmente “vazio”, A;’c& =0
shell
. A , . . PPN . . . .
Diferente de, Azcﬂ # 0 € um indicio da existéncia de algum material no interior dos
shell

mesoporos. a € o parametro de rede e o, quantifica a distorcao da rede em relagao a
uma rede hexagonal 2D ideal (para uma rede ideal , g, = 0). Por fim, AP é o fator de
Porod (proporcional a ¢~* lei decadente) e monitora a presenca de grandes

agregados, enquanto o fator RGpolymer analisa o contraste de densidade eletrénica

relativa e quantifica a presenca de material dentro dos mesoporos. Como esperado,

ambas as curvas possuem parametros estruturais com valores préximos, exceto o
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parametro AP. Em comparag¢ao ao SBA-15 puro, seu valor aumentou 3 vezes com a
adicao do peptideo, o que sugere a presenca de material na macroporosidade do
SBA-15. Além disso, o pardmetro Appicieo/APparede @UMeNtou ligeiramente com a
incorporagcao do peptideo, indicando que uma fragcdo do material esta dentro dos
mesoporos. Considerando que a porcentagem de ancoragem peptidica foi de 88%,
conforme discutido anteriormente, possivelmente a maior parte do Ac2-26, em sua
forma agregada/automontada, esta na macroporosidade SBA-15.

Para obter mais informagdes sobre o preenchimento dos poros de SBA-15 pelo
peptideo, foram realizados experimentos NAI. Os resultados de sor¢éo relacionados
as amostras de SBA-15, puras e carregadas com Ac2-26 (peptideo:silica, 1:35% em
peso), sdo mostrados na Figura 21D. A isoterma de ambas as amostras mostra loops
de histerese com ramificagcées acentuadas de adsor¢ao e dessorcao, o que indica
uma estreita distribuicdo de tamanho de poros. As distribui¢ées de tamanho dos poros
tanto para a adsor¢cdo quanto para a dessorgéo foi obtido com base nos métodos
Brunauer—Emmett—Teller (BET) e Barrett—Joyner—Halenda (BJH) (insercao da Figura
21D) juntamente com outros parametros resumidos na Tabela 7. Embora a
distribuicdo do tamanho dos poros de ambas as amostras seja muito semelhante, os
dados apresentados na Tabela 7 mostram uma reducao de cerca de 55% na area
superficial (mesopicroporosidade interna x macroporosidade externa) apds a
incorporagao do peptideo na SBA-15. Considerando também a redugéo de ~62% no
volume disponivel dos mesoporos, o que pode indicar seu preenchimento ou bloqueio
da entrada dos poros. Podemos concluir assim que o peptideo esta localizado dentro

da porosidade da silica (mesoporos e/ou macroporos).



108

Tabela 8. Propriedades estruturais e texturais das amostras de SBA-15

P Parametro fisico avaliado em Amostras
Técnica 2l
cada tecnica SBA-15 SBA-Ac2-26
R [nm] 4.37(1) 4.37(9)
T [nm] 2.56(3) 2.53(2)
Orer [%] 7.2(2) 7.8(9)
A
SPeore. 0.000(1) 0.006(1)
SAXS Apshen
a [nm] 11.33(1) 11.33(1)
o, [nm] 0.044(6) 0.041(4)
AP x 1078 7.2(7) 20.8(2)
R6 porymer [A] 6.7(6) 8.1(5)
BET area superficial
768 (1 342 (1
(/9] " &
Diminuicao area o 55
superficial [%o]
BJH Volumedo
mesoporo [cm®/g] Lty 9.65.01)
Preenchimentodo poro _—
NAI (%] 62
Diédmetro medio dos
poros(ads) [rum] 241 95{1)
Didmetro médio dos
poros(des) [nm] rall) 7.8{1)
Espessura da parede 19 (1) 1.8 (1)

[nm]

Amostra SBA-15 e SBA-15 incorporada com Ac2-26 (amostra SBA-Ac-26) obtida pelas técnicas SAXS
e NAI O erro esta apresentado entre parénteses.

Em conjunto com os resultados do SAXS, a hipétese de que provavelmente a
maior parte do peptideo estava na macroporosidade SBA-15 foi reforcada. Além disso,
ficou evidente a possibilidade de aumento da concentracdo do peptideo, com o
cuidado de preservar uma distribuicdo homogénea, uma vez que ainda existia “espaco
livre” na porosidade do SBA-15.
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SBA-15 nao causou citotoxicidade e liberou Ac2-26

A marcacao com fluoréforo foi empregada para investigar a captagéo de SBA-
15 e a liberagdo do Ac2-26 pelo SBA-15 nas células. A medicdo SAXS mostrou a
incorporacdao do fluor6foro ao SBA-15 sem alteragbes robustas no perfil de
espalhamento do SBA-15 (Figura 22).

Figura 22. Dados de analise de SAXS para SBA15-FITC
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Dados de SAXS (circulos pretos preenchidos) de SBA-15 pura e de SBA-15 incorporada com FITC
(amostra SBA-FITC) ajustado pelo modelo SBA-15 (linha continua vermelha). L1:corresponde ao nome
do lote de SBA-15 utilizado. APTES: 3-aminopropiltrimetoxissilano

A captagdo de SBA-15 por células epiteliais colonicas diferenciadas
demonstrou baixa potencial de internalizagéo de microparticulas (Figura 23A e D) bem
como em organoides col6nicos 3D (Figura 23B), que indicam que SBA-15 pode ser
pouco absorvido no intestino. Além disso, analises adicionais de citometria de fluxo
confirmaram esses dados (dados nao apresentados). No entanto, o aumento da
permeabilidade epitelial ou mesmo a ruptura da barreira epitelial que ocorre durante a
inflamacao intestinal pode favorecer o influxo de microparticulas para o tecido.

Os dados apresentados na Figura 23C mostraram que os macroéfagos murinos
J774 internalizaram a microparticula por fagocitose, uma vez que a porcentagem de
ingestao foi bloqueada pela citocalasina D com uma concentragdo de 20 uyM. A
captacao de microparticulas aumentou com o tempo (Figura 23E e F) e ndo causou

citotoxicidade até 48 horas de incubacao (Figura 23G).
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Para avaliar a entrega de Ac2-26 por SBA-15, as células epiteliais Caco-2 foram
incubadas com SBA-15 marcado com Ac2-26-Cy5.5. O ensaio de citometria de fluxo
detectou fluorescéncia emitida por Ac2-26-Cy5.5 nas células epiteliais apdés 30
minutos de incubagao, que aumentou progressivamente apés 6 horas de incubacgao
(Figura 23H). Além disso, dados semelhantes foram encontrados em macréfagos Raw
264.7, o que também evidencia a capacidade do SBA-15 de entregar o peptideo em

fagécitos (Figura 23H).
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Figura 23. Internalizacdo de SBA-15-FITC e SBA-15-Ac2-26-Cy5.5
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(A) Fotos representativas de EDMs diferenciados tratados com FITC-SBA por 24 horas. (D) A
porcentagem de absor¢éo de microparticulas foi determinada. (B) Imagens representativas mostraram
organoides murinos 3D desafiados com microparticulas e cultivados por 6 dias. (C) Imagens
representativas mostraram macréfagos J774 desafiados ou ndo com microparticulas por 24 horas na
presenca ou auséncia de inibidores de fagocitose (citocalasina D). (E) e (F) representam a quantificacéo
da captacdo de FITC-SBA apos 4 horas (4h) e 24 horas (24h) apds o tratamento. G Em todas as
imagens, o verde dentro da célula representa a internalizagéo das microparticulas. Citotoxicidade por
ensaio MTT utilizando macrofagos murinos Raw 264.7. Concentragdes de Ac2-26, SBA e Ac2-26-SBA
1, 2, 3 e 4 correspondentes a 0,5, 5, 10 e 50 pg/mL, respectivamente. H Grafico representativo
mostrando a porcentagem de células Caco-2 ou Raw 264.7 positivas para Ac2-26-Cy5 em diferentes
momentos: 30 minutos (30min), 2 horas, 6 horas e 24 horas. O lado inferior esquerdo representa a
mediana do histograma Caco-2 e Raw 264.7 de fluorescéncia (linha superior) e a porcentagem usando



112

altura de dispersao direta (FSC-H) versus emisséo de fluorescéncia para Cy5. Os dados foram obtidos
do software de citometria de fluxo Accuri C6 apds 30 min e 24 horas. D conforme determinado pelo
teste t de Student paramétrico. E e F conforme determinado por ANOVA unidirecional e comparacdes
multiplas de Tukey. H determinou comparag¢des multiplas de ANOVA Two-Way e Tukey. *<p 0,05, **<p
0,01 e ****p< 0,0001. ##HHtp< 0,0001.

Eudragit-SBA-15 foi distribuido no trato gastrointestinal (TGl) e entregou o
peptideo Ac2-26 no intestino

A analise de dissolugao in vitro mostrou que o peptideo Ac2-26 foi liberado do
Eudragit-SBA-15 em uma solucéo de pH proximo ao encontrado no duodeno (Figura
25).

Figura 24.Ensaio de liberacao do peptideo em diferentes pH
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Eud-SBA-15-Ac2-26 foi colocado em solugdo com diferentes pH e a liberagdo de Ac2-26 pela SBA-15
quantificada. O resultado esta expresso em porcentagem de liberagdo de peptideo em relacdo a

concentracéo inicial de 2 mg. **** p< 0,0001 vs pH 1,2.

Para confirmar se o peptideo foi entregue no intestino, Eudragit-SBA-15-Ac2-
26-Cy.5.5 foi administrado por via oral, e a intensidade da fluorescéncia foi alcancada
no TGl apés 3 horas de administragdo, permanecendo por até 8 horas de analise
(Figura 25A).

Para avaliar o transito de Eudragit-FITC-SBA-15 nas condi¢des do TGl e a
capacidade de atingir o intestino grosso, rastreamos o tratamento por 6 e 18 horas
ap6s a administracdo oral em camundongos. A medicdo dos sinais detectou o
Eudragit-FITC-SBA-15 nos intestinos delgado e grosso as 6 horas e 18 horas ap6s a

administracao, respectivamente (Figura 26B). Os dados obtidos mostraram que o
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Eudragit-SBA-15 permanece no TGl durante pelo menos 18 horas, o que pode levar
a libertacao sustentada do peptideo no intestino, o que pode ser um fator relevante e

desejado para a eficacia terapéutica do Eudragit-SBA-15-Ac2-26 por via oral em DII.

Figura 25. Biodistribuicao ao longo do TGl de Eudragit-SBA15-Ac2-26Cy5.5
Eudragit-FITC-SBA-15

A

Photons/s

Os camundongos foram tratados por via oral e a intensidade da distribuicdo € representada por fétons/s.
(A) distribuicdo de Eudragit-SBA15-Ac2-26Cy5.5 foi analisada ap6s 3 horas e 8 horas in vivo (parte
superior) e o TGl analisado separadamente ex vivo (parte inferior) nos mesmos tempos. A cor amarela
representa a maior intensidade no tecido. (B) Biodistribuicdo de Eudragit-FITC-SBA-15 ex vivo ao longo
do TGl apos 6 horas e 18 horas. A cor vermelha representa a maior intensidade no tecido.

Administracdo oral do Eudragit-SBA15-Ac2-26 reduziu sintomas clinicos e
inflamagao no intestino

A administracdo de DSS por via oral desencadeou o pico da doenga no dia 6, e
a retirada do DSS resulta na recuperacéo inicial do tecido a partir do dia 10. Assim, o
tratamento oral com Eudragit-SBA-15-Ac2-26 comecgou no pico da doencga (dia 6) e foi
mantida até o inicio da fase de recuperacao (dia 10). Os dados obtidos mostraram que
a administracao oral de Eudragit-SBA-15-Ac2-26 preveniu a perda de peso e induziu
a recuperacao do comprimento do célon, levando a um menor DAI, apesar de nao

alterar a consisténcia e sangue nas fezes (Figura 26A-F).
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Figura 26. Perfil clinicode camundongos com colite induzida por DSS tratados com
Eudragit-SBA-15 ou Eudragit-SBA15-Ac2-26
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(A) Porcentagem de perda de peso corporal; (B) Escore de consisténcia das fezes; (C) Escore de
sangue nas fezes; (D) IAD; (E) Medida de comprimento do colon; (F) Avaliagdo anatémica do colon.

n = 10 animais/grupo. * p<0,05, ** p < 0,01, *** p< 0,001 vs DSS. & p<0.05, && p<0,01, &&& p< 0.001
vs Eudragit-SBA-15.

Ainda, o tratamento inibiu o influxo de neutréfilos e macréfagos para o intestino
inflamado (Figura 27A e B), reduziu a secreg¢ao das citocinas inflamatérias TNFa e
CXCL-1 e aumentou a secrec¢ao da citocina anti-inflamatéria IL-10 (Figura 27C-E). Os
efeitos benéficos do tratamento foram devidos a carga de Ac2-26, uma vez que o
tratamento com Eudragit-SBA-15 nao preveniu sintomas clinicos e pardmetros de

inflamacao (Figura 26A-F).
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Figura 27. Perfil celular e secreto6rio do célon
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(A) Porcentagem de macrofagos isolados da lamina propria (CD45%/F4/80%); (B) Porcentagem de
neutréfilos isolados da lamina propria (CD45*/Ly6G*); (C) TNF-a; (D) CXCL-1; (E) IL-10. n = 10

animais/grupo. * p<0.05, **p<0.01, ***p< 0.001, ****p<0,0001 vs DSS. 4p<0,05, &p<0,01, &&p<0,001
vs Eudragit-SBA-15.
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Administracdo oral do Eudragit-SBA15-Ac2-26 recuperou a histoarquitetura
intestinal

A analise histolégica do tecido mostrou que a administragdo de DSS induziu
ulceras, abscessos nas criptas, degeneracao hidrépica vacuolar, edema submucoso
e infiltrado macico de células inflamatérias na mucosa/submucosa. Essas alteragdes
foram reduzidas e a arquitetura histolégica do célon foi recuperada pelo tratamento
oral com Eudragit-SBA-15-Ac2-26 (Figura 28A).

Para descrever os mecanismos envolvidos na protecdo da arquitetura
intestinal causada pelo tratamento com Eudargit-SBA-15-Ac2-26, a expressao de
marcadores de regeneragcao tecidual foi realizada por imuno-histoquimica. A
administragdo de DSS levou a uma menor expressao de claudina-1, um componente
importante das jungdes epiteliais, essencial para a integridade da barreira intestinal;
reducao do marcador mucina-2, associado as células caliciformes, levando a secrecao
prejudicada de muco; reduziu a proliferacdo de células epiteliais e reduziu a

quantidade de macréfagos M2 anti-inflamatérios no tecido. O tratamento oral com
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Eudragit-SBA-15-Ac2-26 resgatou todos estes prejuizos na arquitetura do tecido

causada pela administracdo do DSS (Figura 28B-E).

Figura 28. Histopatologia e imunohistoquimica da regido proximal do célon
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(A) Escore histopatolégico representado por unidades arbitrarias. As secgdes foram avaliadas
cegamente e as alteragdes consideradas foram destacadas. Edema tecidual (colchetes), infiltrados
inflamatoérios (ponta de seta preta) e ulceragcbes (seta vermelha). Grupo naive apresentando
histoarquitetura normal. Secgbes de coélon de camundongos submetidas ao IHC. (B) Secdes
representativas e porcentagem (%) de area marcada para marcador Claudina-1. (C) Secgbes
representativas e numero de células positivas por campo para marcador MUC-2. (D) Seccbes
representativas € numero de células positivas por corte para o marcador PCNA. (E) Sec¢des
representativas e numero de células positivas por campo para o marcador CD163. n = 10
animais/grupo. Barra de escala: 50 um. Seg¢des: 4 um. *p < 0,05, **p < 0,01, ***p < 0,001, ****p < 0,0001
vs DSS; &p < 0,05, 3&3&p < 0,0001 vs DSS + Eudragit-SBA-15.
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Associados, o conjuto de dados fisico-quimicos da caracterizacdo da
incorporagao do peptideo ao SBA-15, da cinética de transito do SBA-15 in vivo e da
liberacdo do peptideo Ac2-26 tanto in vivo como in vitro, bem como da efeicacia
terapéutica por administracao oral forneceram dados promissores para a utilziacao da

plataforma SBA-15- Eudragit para entrega do peptideo no intestino inflamado.

Analise em Organoides Intestinais: Impacto de rAnxA1 e Ac2-26 nas Jun¢ées
Epiteliais

Anxal aumentou TEER e suprimiu o comprometimento da integridade da
barreira causado pelo tratamento com LPS

Para avaliar o efeito da rAnxA1 nas TJs epiteliais da barreira intestina,
desenvolvemos organoides 3D baseados em células-tronco do célon murino.
Resumidamente, as células-tronco foram isoladas do célon do camundongo através
de tratamentos com colagenase e depois cultivadas como organoides 3D. Os
enteroides foram, entdo, diferenciados em monocamadas epiteliais intestinais
polarizadas que se assemelham aos diferentes tipos de enterdcitos e colondcitos in
vivo (Figura 29A). As células epiteliais polarizadas foram desafiadas com LPS para
induzir o modelo intestinal inflamado e o efeito da rAnxA1 foi avaliado (Figura 29B,;
A50= rAnxA1. 50 ng/mL) Utilizamos duas abordagens para avaliar a permeabilidade
da barreira intestinal: a resisténcia elétrica transepitelial (TEER) e o ensaio de
permeabilizacdo FITC-dextram. Primeiro, observamos que rAnxA1 (aumentou o TEER
dos EDMs néo inflamados em comparagao com os nao tratados (Figura 29C). Como
esperado, o tratamento com LPS alterou as TJs epiteliais intestinais, levando a
reducao no TEER (Figura 29C, 1E) e aumento na permeabilizacdo do FITC-dextrano
(Figura 29F). Os efeitos anteriores sobre a integridade da barreira causados pleo LPS

foram suprimidos e revertidos na presenga de rAnxA1 (Figura 29C, 1E e 1F).
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Figura 29. O tratamento com ANXA1 diminui a permeabilidade intestinal mediada
por LPS em EDMs
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(A) Fluxograma mostrando o desenvolvimento de organoides murinos 3D do célon de camundongos.
Os organoides foram divididos em células Unicas que sao diferenciadas in vitro em células epiteliais
polarizadas em uma placa de 96 pocos.(B) Diagrama mostrando o desenho experimental. Os EDMs
polarizados foram tratados ou ndo com rAnxA1 (A50; 50ng/mL) e desafiados com LPS. A integridade
da barreira intestinal foi avaliada por TEER, as células foram utilizadas para PCR e IF, e os
sobrenadantes foram coletados para ensaios de ELISA. (C) Imagens representativas de microscopia
de EDMs néo tratados, EDMs desafiados com LPS, EDMs desafiados com LPS e tratados com rAnxA1
e EDMs tratados com AnxA1. A ampliacdo € de 20x, barra de escala de 50 um. (D) Alteracdo percentual
no TEER em EDMs néo tratados ou tratados com rrANXA1 por 24 horas. (E) Alteragao percentual no
TEER em EDMs desafiados com LPS e tratados ou ndo com AnxA1. *p<0,05, **p<0,01 conforme
determinado pelo Teste t de Student. (F) (Esquerda) Diagrama mostrando o principio do ensaio de
permeabilizacado FITC-dextram. (Direita) As medigdes de fluorescéncia da permeabilizacdo de FITC-
dextrano em EDMs na mesma condigdo descrita em (E). **** p<0,0001 conforme determinado pelo
teste One-Way ANOVA. NT, n&o tratado. EDM, enteroid derived monolayer.
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O tratamento com rAnxA1 modificou a transcricdo das proteinas juncionais
epiteliais intestinais

Estudos anteriores relataram que ZO-1, ocludina, claudina-1 e claudina-2 sao
bons marcadores para TJs epiteliais intestinais no modelo EDMs (Sharma et al.,
2021). Desta forma, os efeitos do tratamento com rAnxA1 na transcricdo desses
marcadores apos o desafio com o LPS foram avaliados (Figura 30A) . Como esperado,
0 LPS reduziu o nivel de transcricao de TJs epiteliais, como ocludina e ZO-1 (Figura
30B e C), e o tratamento com rAnxA1 reverteu esses efeitos do LPS. O nivel de mRNA
de claudina-2 foi regulado positivamente nos EDMs desafiados por LPS e o
tratamento com rAnxA1 diminuiu os niveis de mRNA para esta molécula de juncao
epitelial (Figura 30D). Nao houve diferenca significativa na transcricado de claudina 1
(Figura 30E). Em relagcao a proteina de juncao aderente, o nivel de transcricdo da
caderina (CDH1) foi regulado negativamente nos EDMs desafiados por LPS, que foi
protegido na presenca de rAnxA1 (Figura 30F). Os efeitos anteriores do LPS e AnxA1
em varios transcritos de jungdes epiteliais ndo foram correlacionados com aumento

nas expressdes dos receptores AnxA1: FPR1 e FPR2 (Figura 30G e H).
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Figura 30. AnxA1 reverte as alteracbes mediadas por LPS na transcricao de
proteinas de TJs e de juncao aderente
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(A) Diagrama mostrando os principais alvos do ensaio RT-qPCR. Os niveis de transcrigdo das proteinas
TJs (ZO-1, ocludina, claudina-1 e claudina-2) e jungao aderente (caderina). A expressao génica relativa
de ocludina (B), ZO-1 (C), claudina-2 (D), claudina-1 (E), caderina (F), FPR1 (G) e FPR2 (H) foi
comparada em EDMs néu tratadas (branco), EDMs +LPS (preto) e EDMs + LPS+ AnxA1 (azul). *, ** e
**** os valores médios de p sao inferiores a 0,05 0,01 e 0,0001, respectivamente, conforme
determinado pelo Teste t de Student.

Em seguida, avaliamos a intensidade da coloragado de ZO-1 e claudina-2 por
microscopia confocal nos EDMs expostos a LPS. A intensidade do ZO-1 foi menor nos

EDMs desafiados com LPS do que nos EDMs nao tratados, enquanto o tratamento
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com rAnxA1 aumentou a intensidade da coloragdo com Z0O-1, confirmando os niveis
de mRNA (Figura 31).

Figura 31. O tratamento com AnxA1 reverte o dano causado pelo LPS na proteina
de integridade da barreira intestinal ZO-1

Nao tratado

LPS

LPS+A50

EDMs (ndo tratados), desafiados com LPS (LPS), desafiados com LPS e tratados com ANXA1
(LPS+A50), foram corados para ZO-1 (vermelho, e examinados por microscopia confocal . DAPI foi
usado para coloragéo de nucleos. Imagens tiradas (40x) e barra de escala de 50 ym.

Além disso, a expressao da proteina formadora de poros, claudina-2, foi baixa
nos EDMs nao desafiados e aumentou ap6s a estimulagcdo com LPS. O tratamento
com rAnxA1 reduziu a intensidade de claudina 2 nos EDMs desafiados por LPS
(Figura 32). Coletivamente, os dados obtidos mostraram que o desafio com LPS
mediou a ruptura das TJs epiteliais intestinais através da supressao dos marcadores
de TJs (ZO-1) e aumentou o marcador claudina-2, associado ao aumento da
permeabilidade da barreira, tanto na transcricdo quanto na expressao da proteina
(Figura 31 e Figura 32).
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Figura 32. O tratamento com AnxA1 reverte a expressao da proteina de formacéao
de poros na barreira intestinal Claudina-2

EDMs (nédo tratados), desafiados com LPS (LPS), desafiados com LPS e tratados com ANXA1
(LPS+A50), foram corados para Claudina-2 (vermelho, e examinados por microscopia confocal . DAPI
foi usado para colorag&o de nucleos. Imagens tiradas (40x) e barra de escala de 50 ym.

Nao tratado

LPS

LPS+A50

O tratamento com rANXA1 afetou as citocinas inflamatdrias mediadas pelo LPS

Em seguida, avaliamos o efeito do tratamento com rAnxA1 na produgéo de
citocinas inflamatérias. O sobrenadante e lisado celular de EDMs desafiados com LPS
e tratados ou ndo com rAnxA1 foram coletados para analises. O LPS aumentou a
liberagdo de CXCL-1 e o nivel de transcricao de MCP-1 (Figura 33A e B); e os
tratamentos com rAnxA1 reverteram os efeitos anteriores. Em seguida, observamos

que o tratamento com rAnxA1 aumentou o nivel de transcri¢cao de IL-10 (Figura 33C).
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Figura 33. O tratamento com AnxA1 diminui as citocinas inflamatérias em células
epiteliais
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(A) O nivel de CXCL-1 no sobrenadante foi medido por ELISA. (B) O nivel de mRNA de MCP-1 foi
medido no lisado celular por RT-gPCR bem como o de IL-10 (C). A expressdo de mRNA na célula ndo
tratada foi colocada como 1. * p<0,05, **p<0,01.

O peptideo Ac2-26 mimetizou os efeitos do tratamento com rAnxA1 no modelo
EDM

O peptideo Ac2-26 representa o N-terminal da proteina ANXA1 e inclui 26
aminoacidos (Figura 34A). Para avaliar o efeito do Ac2-26 na integridade da barreira
intestinal e na resposta inflamatoria, tratamos a inflamagcdo mediada por LPS nos
EDMs com Ac2-26 e depois avaliamos o efeito do Ac2-26 na integridade da barreira
intestinal. O tratamento com o peptideo Ac2-26 reduziu significativamente a queda no
TEER mediada pelo LPS (Figura 34B). O efeito anterior foi mediado pelo aumento dos
niveis de transcricido de TJs e proteinas de juncédo aderentes (ocludina, ZO-1 e
caderina) e pela supressao da expressao de claudina-2 (Figura 34 C-F). Além disso,
0 Ac2-26 restaurou o efeito prejudicial do LPS nas jungdes epiteliais, aumentando a
expressdo e distribuicao do ZO-1 (Figura 34G). Em relagdo ao efeito sobre a
expressao génica das citocinas, o tratamento com peptideo Ac2-26 regulou
negativamente de forma significativa a expressao de citocinas inflamatérias (CXCL-1
e MCP-1) e regulou positivamente a expressado da citocina anti-inflamatéria, 1L-10
(Figura 34H-J).
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Figura 34. Ac2-26 mantém a integridade da barreira intestinal e tem efeito
antiinflamatério
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(A) Esquema mostrando do peptideo Ac2-26. B) Efeito do peptideo Ac2-26 no TEER de EDMs
desafiados ou ndo com LPS. A queda relativa do TEER foi calculada em relagdo ao TEER dos EDMs
nao tratadoscom Ac2-26, expressos como como 1. O nivel de mRNA de TJs e proteinas aderentes,
como ocludina (C), ZO-1 (D), claudina-2 (E) e caderina (F) foi avaliado por RT-gPCR em EDMs
desafiados por LPS tratados ou ndo com Ac2-26. A expressao génica relativa foi calculada, em relagédo
as EDMs desafiados com LPS, expressos como 1. (G) A integridade das EDMs foram analisadas para
marcagdo com ZO-1 (vermelho) e DAPI (azul) foi usado para coloragdo de nucleos. (H) O nivel de
CXCL-1 no sobrenadante de EDMs desafiados com LPS e peptideo LPS+Ac2-26 foi medido por ELISA
e o valor relativo de CXCL-1 calculado. (I) O nivel de mRNA de MCP-1 foi medido no lisado de EDMs
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por RT-gPCR. O nivel de transcricdo de MCP-1 nos EDM desafiados por LPS foi expresso como 1. (J)
O nivel de mRNA de IL-10 foi medido no lisado de EDMs por RT-gPCR. * p<0,05, **p<0,01, ***p<0,001.
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O avancgo no tratamento das Dlls representa uma colaboracao global entre
pesquisadores, considerando a complexidade da génese da doenca, natureza crénica
e recorrente das enfermidades, resposta inadequada dos pacientes as
farmacoterapias existentes e os sintomas fisicos e psicossociais, que, associados,
oneram os sistemas de saude. A via oral é a preferida para administracdo de
medicamentos no tratamento da DII, pois ndo € invasiva, permite alta adesdao do
paciente e flexibilidade no ajuste da dose, e entrega 0 medicamento diretamente na
regido do célon. A nanotecnologia oferece uma alternativa inovadora medicamentos,
entre os quais os anti-inflamatérios, principalmente por possibilitar o carreamento de
substancias diretamente ao local de inflamacgéao, evitando efeitos sistémicos (GIRON
et al., 2019; HUA et al., 2015; IRVING; VICTORIA, 2007; MUDSHINGE et al., 2011).
A veiculacao de moléculas de proteinas de baixo peso molecular e peptideos nao é
trivial, uma vez que estas sdo alvos de enzimas presentes nos diferentes
compartimentos do organismo (HUA, 2020; LOU et al., 2023). Considerando que as
estruturas da AnxA1 e do peptideo Ac2-26, o projeto foi idealizado para desenvolver
formulagbes farmacéuticas para veiculagcdo dos mesmos para o tratamento de Dlls.
Demonstramos a funcionalizagéo eficiente da AnxA1 em MLNC e a incorporagao do
peptideo Ac2-26 em SBA-15, e as eficacias terapéuticas dos mesmos na colite
induzida em camundongos.

As LNCs tem demosntrado alta efetividade no carreamento de substancias e
tem como principal vantagem seu alto grau de estabilidade, além de possuirem duas
interfaces para alocar substancias de diferentes caracteristicas de solubilidade, sendo
0 nucleo capaz de alocar substancias lipossoluveis e a superficie polimérica capaz de
ancorar proteinas e outras substancias de carater hidrossoluvel (POHLMANN et al.,
2013; VENTURINI et al., 2011). As suspensbes de LNC utilizadas neste trabalho
foram preparadas conforme método ja descrito (JAGER et al., 2009; MULLER C.R et
al., 2001; VENTURINI et al., 2011), chamado deposicao interfacial de polimero pré-
formado. A formacado da MLNC se baseia da interacao eletrostatica entre o grupo
aménio da quitosana e grupos carregados negativamente na superficie da LNC,
indicando a interagdo da quitosana com a lecitina na interface particula-agua
(MOSQUEIRA et al., 2000; VENTURINI et al., 2011).

O potencial eletrocinético de um sistema coloidal € medido por meio do
potencial zeta, o qual expressa a diferenca de potencial entre 0 meio de disperséo e
a camada estacionaria de fluido ligada a particula (RABINOVICH-GUILATT et al.,
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2004). O potencial zeta pode afetar principalmente a captacao celular das NPs. A
membrana celular € composta de proteoglicanos sulfatados negativamente, a
interacao eletrostatica dessa superficie celular aniénica a NPs catiénicas resulta em
uma ligacdo altamente idnica que facilita a captacao celular (SAHAY; ALAKHOVA,
KABANQV, 2010; WILHELM et al., 2003).

A mudanca de polaridade da LNC para a MLNC observada no potencial zeta é
atribuida a interacao dos componentes lecitina, composta principalmente de
fosfatidilserina que apresenta caracteristica dipolar, que interage com a quitosana,
carregada positivamente. Assim, a formacdo da MLNC se baseia na interacao
eletrostatica entre o grupo aménio da quitosana e grupos carregados negativamente
na superficie da LNC, indicando a interagdo da quitosana com a lecitina na interface
particula-agua (MOSQUEIRA et al., 2000; PATTNI; TORCHILIN, 2015). A principal
técnica utilizada para analise do potencial zeta é o espalhamento de luz eletroforético,
sendo esse parametro considerado um importante ponto de estabilidade de NPs em
suspensao (KATHE; HENRIKSEN; CHAUHAN, 2014). Os valores observados para
LNC e MLNC correspondem aos encontrados em trabalhos anteriores que utilizaram
nanocapsulas revestidas com os mesmos materiais (BENDER et al., 2012; CE et al.,
2016) e a adicao de AnxA1 a nanocapsula nao alterou a polaridade da mesma

Além do potencial zeta, que dita o potencial de interagdo de par‘ticulas com
células e tecidos, o tamanho dessas particulas presentes em cada solugao € outro
parametrdo que ativa os mecanismos de internalizagéo celular de NPs (BAHARI,
HAMISHEHKAR, 2016; DANAEI et al., 2018; RENNICK; JOHNSTON; PARTON,
2021). Alguns nanocarreadores se acumulam em tecidos alvo ou sofrem agregacao
e, como consequéncia afeta a distribuicdo do tamanho das particulas ou indice de
heterogeneidade na solucgao, identificado pelo PDI. O valores de PDI podem variar de
0 a 1, sendo os valores préximos de 0 sdo considerados monodispersos e indicam
que a NP tera absorcao pela célula, enquanto que valores de PDI maiores que 0,7
indicam que a amostra tem uma distribuicdo de tamanho de particula ampla, o que
dificulta a interagdo com as células (STETEFELD; MCKENNA; PATEL, 2016). Os
valores obtidos pela MLNC foi 0,22 e semelhante a estudos prévios que empregaram
LNC, MLNC e MLNC conjugada com proteina (BENDER et al., 2014; CAVALCANTE
etal., 2021; CE et al., 2016; DE CASTRO LEAO et al., 2021; VENTURINI et al., 2011).
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As propriedades fisico-quimicas da MLNC-AnxA1 proporcionaram a
continuidade para os estudos in vivo, sendo que o primeiro objetivo seria avaliar a
eficacia da MLNC-AnxA1 pela administragao oral. Em trabalho prévio do nosso grupo
de pesquisa, Rodrigues et al. (2016) mostrou que a LNC é resistente ao pH estomacal
e de ser capaz de atravessar barreiras enddgenas. Ademais, os resultados obtidos no
trabalho publicado por Michalowski et al., (2020), indicavam que a estrutura
supramolecular obtida pela parede multipla e a ligagao covalente da proteina ao metal
seriam suficientemente robustas para proteger a Anexina A1 da degradacdo nos
compartimentos gastrointestinais. No entanto, a administragao oral de MLNC-AnxA1
nao foi efeicaz sobre os sintomas da colite, sugerindo que as ag¢des in vivo dos
componentes fisiologicos no TGl possam ter deslocado a proteina da estrutura
supramolecular, com consequente inativacao da AnxA1.

A nanotecnologia vem ganhado espaco na pesquisa e desenvolvimento de
estratégias terapéuticas para as DIl, sendo a administragao realizada, principalmente,
pelas vias oral ou intravenosa (GIRON et al., 2019; YANG; MERLIN, 2019). Apesar
da administracao via oral possuir as vantagens de ser menos invasiva e de facil
adesao a terapias, muitas vezes a via intraperitoneal é utilizada como um método
alternativo a via oral para evitar a degradacao de biofarmacos pelo TGl e aumentar a
absorcdo de formulagbes em suspencao (AL SHOYAIB; ARCHIE; KARAMYAN,
2020). Nosso estudo demonstrou que a administracao intravenosa de MLNC-AnxA1
e rAnxA1 nao inibiu a sintomatologia da colite induzida em camundongos, Embora,
nao desvendamos o que possa ter ocorrido com MNLC-AnxA1 no compartimento
central, supomos que a nanocapsula utilizada nao foi capaz de ser distribuida para o
tecido inflamado, ou a rAnxA1 foi deslocada da MNLC e até mesmo degradada pelas
enzimas plasmaticas. . No entanto, o tratamento intraperitoneal com MLNC-AnxA1 foi
capaz de reduzir de forma eficiente os sintomas clinicos da doencga e inibir resposta
inflamatéria e promover regeneracgéao tecidual.

A administracdo de NPs pela via intraperitoneal pode aumentar a resposta
farmacolégica e reduzir a toxicidade de medicamentos em diversos casos
(BRANQUINHO et al., 2017; DENG et al.,, 2016; MOSQUEIRA et al., 2004). A
cavidade peritoneal é formada por um liquido composto de agua, eletrélitos e outras
substancias provenientes do intersticio. Possui uma quantidade significativa de
leucdcitos, sendo principalmente macréfagos, seguido de uma pequena quantidade

de linfécitos do tipo B1 e B2 produtores de imunoglobulinas do tipo IgA (BAIN et al.,
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2016; BLACKBURN; STANTON, 2014). Essas células sao abundantes no omento, um
tecido adiposo localizado logo abaixo das células mesoteliais, que recobre os érgaos
peritoneais, tornando esse local ideal para gerar respostas imunoldgicas a antigenos
ou patdégenos na cavidade peritoneal (MIRONOV; GUSEV; BARADI, 1979; WILKOSZ
et al., 2005). Além de possuir uma grande rede de capilares sanguineos, vasos e
nodulos linfaticos que se juntam ao sistema circulatério venoso através do ducto
toracico e do ducto linfatico direito, o periténio visceral € composto por camada Unica
de células mesoteliais escamosas com microvilosidades, que contém grande numero
de vesiculas pinociticas que facilitam a absor¢cao das moléculas (ISHIGURO et al.,
2018; VAN BAAL et al., 2017).

Durante a resposta inflamatéria, as células mesoteliais e estromais sao
responsaveis pela secrec¢ao de citocinas e quimiocinas, promovendo a quimiotaxia de
leucdcitos do peritdbneo e da circulagdo, com acumulo principalmente de neutréfilos e
macrofagos M1 (BENEZECH et al., 2015; MEZA-PEREZ; RANDALL, 2017). Diante
de uma resposta inflamatéria exacerbada, caracteristica da colite, destaca-se o
incremento acentuado de citocinas e quimiocinas na parede intestinal. Essas
substancias, produzidas pelas células na lamina propria em resposta ao dano tecidual
e a invasiao da microbiota residente, desencadeiam a quimiotaxia de leucécitos da
circulacao. Esse fenémeno, por sua vez, sugere um possivel aumento do contingente
de células imunes na regiao peritoneal. Notavelmente, os nossos dados, indicam que
a eficacia do mecanismo de entrega da rAnxA1 é otimizada quando administrada
intraperitonealmente por nanocapsulas, as quais podem atuar sobre células do
peritbneo ou sobre as células da parede intestinal. Ha indicios de que essas
nanocapsulas podem ser internalizadas pelas células do mesotélio visceral, agindo
diretamente sobre o intestino inflamado (SINIS et al., 2018).

E importante ressaltar que a administracéo i.p. de todas os tratamentos MLNC;
AnxA1 ou MLNC-AnxA1 inibiram o recrutamento de neutréfilos para a lamina prépria,
0 que nao seria esperado para a MLNC, uma vez que se conhece que a AnxA1 inibe
o recrutamento de neutréfios para foco de lesao inflamado (HAYHOE et al., 2006;
SUGIMOTO et al., 2016). Resulatdos anteriores do nosso grupo mostraram que
tratamentos com LNCs contendo poli e-caprolactona apresentaram redugcdo da
capacidade migratoria de leucécitos. Os resultados obtidos mostraram que os efeitos

anti-inflamatérios das nanocapsulas foram dependentes da inibicao da via de MAP-
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quinase e da mobilizacdo e influxo de calcio intracelular (SANDRI et al.,
2019)(SANDRI et al., 2019).Desta forma, o resultado obtido com a MLNC sugere
investigacbes adicionais sobre a super-estrutura nanométrica sobre fungcbes de
neutréfilos. No entanto, a administragcdo de MLNC-AnxA1 induziu a polarizagdo de
macrofagos para o perfil M2 da eferocitose, tanto in vivo quanto in vitro, induziu
também a secrecao de TGFbeta, e teve papel altamente benéfico na estruturacéo
tecidual. Os resultados evocados pela LMNC-AnxA1 foram superiores ao induzido
pela préopria AnxA1 livre, o que demonstra que maior efetividade da foram
nanaoestruturada.

A administracao oral de medicamentos é considerada menos invasiva e permite
alta adeséo do paciente e flexibilidade no ajuste da dose. No entanto, pequenas
moléculas e proteinas apresentam baixa biodisponibilidade por via oral e requerem
abordagens técnicas farmacéuticas adequadas para resistir ao ambiente propicio para
a degradacao de substancias, uma vez que os desafios se encontram na presenca de
bactérias, enzimas e aos diferentes pHs no TGl (YUN; CHO; PARK, 2013). Com base
nas acdes benéficas robustas de AnxA1 sobre Dlls e nos resultados obtidos para o
tratamento de colite experimental induzida por DSS com MLNC-AnxA1 pela via
intraperitoneal, inferimos aqui que o peptideo mimético Ac2-26 de AnxA1 poderia ser
incorporado em um sistema de entrega colon-especifico. Assim, o Ac2-26 foi
conjugado na microparticula de silica mesoporosa ordenada SBA-15 e revestido com
um polimero Eudragit® L30 D55, o qual apresenta resistencia a pHs inferiores a 7 e
poderia proteger o SBA-15-Ac2-26 dos danos indesejados do TGl para fornecer Ac2-
26 na area inflamada do coélon.

A SBA-15 apresenta estrtutura de alta resisténcia térmica, hidrotérmica e
mecanica (ZHAO et al., 1998a), conferindo sua capacidade de resistir ao pH e as
acoes enzimaticas (MARIANO-NETO et al., 2014). Os componentes estruturais da
SBA-15 contém muitos grupos silanol essenciais (Si-OH) (ZHAO et al., 1998a, 1998b)
para ligar substancias em sua estrutura. SBA-15 também apresenta alta area
superficial, grande volume de poros e distribuicdo de tamanho de nanoporos e
mesoporosos, em torno de 10 nm. Juntas, essas propriedades permitem o transporte
seguro de pequenas moléculas através do TGl (LU et al., 2010; MECHLER-DREIBI et
al., 2021a; ROSENHOLM; SAHLGREN; LINDEN, 2010; SARKAR et al., 2023;
SCARAMUZZI et al., 2011; XU; LEI; YU, 2019). De fato, através da modelacao dos
dados SAXS, em combinagdo com os resultados do NAI, foi possivel concluir que



134

grande parte do peptideo Ac2-26 adicionados € carregada nos mesoporos de SBA-
15. Em contraste, a concentracao remanescente esta, de alguma forma, na superficie
da silica, cenario semelhante ao observado em estudos anteriores nos quais os
autores carregaram proteinas, em vez de peptideos (LOSITO et al., 2021; TREZENA
et al., 2022). Conforme sugerido por Rasmussen et al. (2019), em estudo que avaliou
o potencial da SBA-15 como veiculo para a anatoxina diftérica (dANA), focalizando
sua aplicagdo em vacinas orais. Os resultados indicaram que a estrutura da dANA
permaneceu estavel apos o processo de secagem. A liberacao no ambiente intestinal
mimético em pH 6,8, monitorada por SAXS, foi gradual, com destaque apés 6 horas.
A imunizacao oral de camundongos com SBA-dANA resultou na producéo significativa
de anticorpos especificos, destacando o SBA-15 como um adjuvante promissor para
vacinas orais. Essa abordagem sugere uma plataforma viavel para o desenvolvimento
eficaz de vacinas orais e macroporosidade SBA-15 sdo capazes de proteger o
conteudo bioloégico adsorvido frente a condi¢des ambientais adversas, como o TGI.
Pela indicacéo de que havia Ac2-26 na superficie da silica, SBA-15-Ac2-26 foi
revestida com Eudragit®, um copolimero anidnico responsivo ao pH produzido a partir
de metacrilato de metila e acido metacrilico. Apresenta caracteristicas de solubilidade
dependentes do pH, permanecendo estavel sob condigdes acidas, mas dissolvendo-
se em pH basico (pH> 7,0) para facilitar a liberacdo do medicamento, que em
condigdes fisiologicas pode comecar na porgao ileo distal (THAKRAL; THAKRAL,;
MAJUMDAR, 2013). Eudragit € um carreador de medicamento eficiente em pH acido,
pois carrega carga negativa significativa permitindo sua absorgao preferencialmente
em locais de inflamacao (BARBOSA et al., 2019; HOLMEN LARSSON et al., 2009; LI
et al., 2020). A analise da tomografia de imagem corroborou que o Eudragit-SBA-15
administrado por via oral permaneceu no TGl por um periodo prolongado, adequado
para a entrega de medicamentos ao intestino. Além disso, a absorgéo de Eudragit-
SBA-15 pelas células epiteliais intestinais in vitro em modelos celulares
bidimensionais ou tridimensionais foi deficiente, reforcando a hipétese de que o SBA-
15 nao € absorvido no intestino e pode ser excretado pelas fezes (ZHAO et al., 1998a).
Dados adicionais abordaram o Eudragit-SBA-15 como uma plataforma adequada para
entregar o peptideo no intestino, ja que Ac2-26 foi detectado no epitélio (células Caco-
2) ap6s incubacao in vitro com SBA-15-Ac2-26, e Eudragit-SBA-15 entregou Ac2-26

no intestino apds administracao oral.
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Os efeitos benéficos do Ac2-26 na sintomatologia da DIl estao relacionados a
sua ligacao ao FPR1 no epitélio inflamado (LEONI et al., 2013, 2015b)(Leoni 2013;
Leoni 2015). Ainda, o Ac2-26 atua como AnxA1, ligando-se a ambos os receptores
para promover efeitos anti-inflamatérios e reparo tecidual (COORAY et al., 2013). E
muito bem estabelecido que o Ac2-26 liga-se a FPR2 em neutréfilos e macréfagos,
inibindo o desenvolvimento de inflamagbes inatas e facilitando a resolugdo do
processo (DALLI et al., [s.d.]; RUGER et al., 2020; ZHENG et al., 2023). Nas Dlls,
AnxA1 é expressa e liberada por neutréfilos e macréfagos na lamina propria e medeia
a eferocitose via ligacao ao receptor FPR2 (DE PAULA-SILVA et al., 2016, 2021). Com
base nos conceitos bem estabelecidos do Ac2-26 na inflamacao e na DIl, bem como
na distribuicdo do Ac2-26 in vivo ap6s administragéao oral da Eudragit-SBA-15-Ac2-26
no intestino, podemos supor que o tratamento promoveu efeito benéfico de forma
rapida, detectados pela acentuada reducao da perda de peso 24 horas ap6s o primeiro
tratamento, que se manteve nas trés administracées seguintes uma vez ao dia durante
a fase de recuperacao da doenca.

A eficacia do tratamento oral da colite ndo péde ser comparada a administracao
livre de Ac2-26 devido a baixa biodisponibilidade dos peptideos por ingestdo oral
(LANGGUTH et al., 1997). No 10° dia de doenga, o tratamento inibiu o influxo de
neutréfilos € monécitos no tecido inflamado e reduziu os niveis de citocinas pro-
inflamatorias secretadas no tecido. Este ultimo efeito poderia refletir o menor niumero
de células inflamatérias. Os niveis da citocina anti-inflamatéria e pro-resolucao IL-10
foram aumentados pelo tratamento e podem ser relacionados a alta quantidade de
macréfagos CD163, marcador de macréfagos M2, no tecido dos camundongos
tratados. De fato, o Ac2-26 apresenta efeito semelhantemente a AnxA1, limitando o
trafego de macrofagos e neutréfilos para locais inflamados (GIROL et al., 2013b;
HAYHOE et al., 2006; LIM; PERVAIZ, 2007) e inibe a secre¢cao de citocinas pro-
inflamatorias pelas vias transcricional e pés-transcricional (REISCHL et al., 2021b;
WALTHER; RIEHEMANN; GERKE, 2000).

Ac2-26 & um peptideo de resolugcao reconhecido, que polariza macréfagos M2
e induz a apoptose de neutrofilos para eferocitose adicional por macréfagos (GIROL
et al.,, 2013b; HAYHOE et al.,, 2006; LI et al., 2019b; LIM; PERVAIZ, 2007;
MCARTHUR et al., 2020b; REISCHL et al., 2021b). Nossos resultados corroboram
outro estudo que utilizou o tratamento local de NPs de PLGA-Colageno IV como

carreadores do peptideo Ac2-26 via intra mucosal e observaram resposta clinica
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semelhante ao nosso, além de aumento da regeneracéo tecidual e reducdo da
resposta inflamatéria promovendo resolucao da inflamacgéo de forma mais rapida apés
uma unica injecao da nanoparticula de Ac2-26 (LEONI et al., 2015; REISCHL et al.,
2021). Ainda, a entrega alvo-especifica utilizando as caracteristicas quimicas do érgao
também foram utilizadas por Li et al., (2019). Ao utilizar o revestimento polimérico
sinsivel a ROS, visto que altas concentragcbes de ROS sédo encontradas em sitios
inflamatérios, o tratamento com NPs contento Ac2-26 apresentou resultados anti-
inflamatérios promissores similares aos encontrados em nosso trabalho.

A complexidade dos mecanismos celulares e moleculares da regeneracao
tecidual nas DIl envolve uma ampla diversidade de alvos como marcadores do
processo. Optamos por quantificar o perfil de células imunes na lamina propria, a
expressao de moléculas de jungao epitelial (tight junctions - TJ) e marcadores de
proliferacdo celular. Macréfagos sao células amplamente identificadas em todos os
tecidos do organismo e possuem uma grande plasticidade celular, permitindo alterar
seu fendtipo dependendo do microambiente e da fase da infamagdo (MOSSER,;
EDWARDS, 2009). O aumento da resposta anti-inflamatéria induzida tanto por MLNC-
AnxA1 quanto SBA15-Ac2-26 foi observado em nossos resultados, com o aumento
do numero celular de macréfagos M2 anti-inflamatérios na lamina préopria. Esse
resultado sobre a polarizacao de macréfagos in vivo corroborou os efeitos anti-
inflamatorios ja elucidados para a AnxA1 e reforcam a importancia dessa proteina no
controle da resolugéo da inflamacao (MCARTHUR et al., 2020; MORAES et al., 2017).

Os resultados obtidos para o experimento de polarizagdo de macréfagos
utilizando células primarias obtidas de medula de camundongos demonstraram que
MLNC-AnxA1 proporcinou aumento na porcentagem de macréfagos com fenétipo M2
(CD206+), bem como o0 aumento da produc¢ao de TGF[3, ambos resultados indicativos
de resposta anti-inflamatéria. Embora, mostramos que o tratamento com MLNC-
AnxA1 polarizou os macréfagos de M1 para M2, nos surpreendemos com o fato de a
AnxA1 nao apresentar esse efeito. A literatura abrange diversos trabalhos que
demonstram esse papel para a proteina, como mencionado anteriormente. No
entanto, quando observadas as concentragbes utilizadas, nos deparamos com
concentragdes muito maiores do que a por nés utilizada. Como visto no trabalho de
McArthur et al. (2020) que utilizou 10 nM para polarizar macréfagos, quando

comparado ao nosso estudo, que utilizou 500 ng/mL, que resultou em solugao 0,075



137

nM de AnxA1, podemos concluir que a encapsulacao da AnxA1 otimizou a resposta
da proteina em macréfagos em concentragdo muito menor do que as utilizadas na
literatura (LI et al., 2011; LOCATELLI et al., 2014; XU et al., 2021), sendo este dado
inédito para a MLNC e AnxA1 e demonstra a importancia de integrar a nanotecnologia
com a farmacologia, como visto reduzindo a utilizacdo de compostos e obtendo-se
resultados farmacologicos consistentes (ZHANG et al., 2018).

As TJ sao proteinas responsaveis por controlar a polarizagao de células
epiteliais e endoteliais, bem como a sua formagéao morfoldgica e funcional, controlando
a permeabilidade paracelular por meio da seletividade de carga e tamanho das
moléculas em contato. O conjunto de proteinas que formam esse eixo celular pode
ser dividido em proteinas transmebrana e citosélicas . Zonula Occludens-1 (ZO-1) é
uma proteina TJ citosodlica reguladora e essencial para a polimerizagao de outra TJ, a
Claudina 1. A hemostasia gastrointestinal € dependente da fungcéo dessas proteinas,
e alteracbes no ZO-1 afetam a expressao e fungdes de outros TJ. Portanto, niveis
dindmicos estaveis dessas proteinas sdo fundamentais para o funcionamento normal
da barreira epitelial (HOROWITZ et al.,, 2023; UMEDA et al., 2006). Ambos
tratamentos com MLNC-AnxA1 e SBA15-Ac2-26 interferiram na expressdo das
juncdes epiteliais. A expressao de Z0O-1 foi reduzida no epitélio de camundongos com
colite induzida por DSS, sendo essa expressao recuperada a niveis normais apos o
tratamento com MLNC-AnxA1. Esse resultado pode estar associado também a
composi¢cao da MLNC a qual contém quitosana em sua estrutura. A administragcao oral
de doses mais elevadas de do polissacarideo quitosana durante a fase resolutiva da
inflamagéo melhorou a recuperacéo dos parémetros clinicos e histologicos, incluindo
a expressao de ZO-1(SOMMER et al., 2021).

A Claudina 1, desempenha um papel relevante na homeostase intestinal,
devido a sua localizagdo transmembranar nas células epiteliais intestinais (CUZIC et
al., 2021; POPE et al., 2014). Em nosso modelo de colite, a expresséo de Claudina 1
foi reduzida e localizada no epitélio danificado do grupo de camundongos DSS. Os
tratamentos com MLNC-AnxA1 e SBA15-Ac2-26 recuperaram a expressao de
claudina-1 no tecido, especialmente em criptas reorganizadas. Portanto, os dados
aqui mostrados evidenciam que tanto a AnxA1 quanto Ac2-26 liberados pela MLNC e
SBA-15, respectivamente, promovem a expressao de proteinas TJ sendo capaz de

reestabelecer a estrutura da cripta.
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Efetivamente, a acao fisiolégica da AnxA1 sobre as juncdes celulares foi
evidenciada em células endoteliais da barreira hematoencefalica, conforme
demonstrado por Cristante et al. (2013). Nesse cenario, a deficiéncia na expressao
dessa proteina esta associada a origem de doencgas neurodegenerativas. E relevante
destacar que, em situagdes assim, o tratamento agudo com rAnxA1 foi capaz de
restaurar a expressao das juncdes celulares, contribuindo para a redugcdo do
desenvolvimento de doencas cerebrais. Além disso, evidenciou-se que o tratamento
in vitro com rAnxA1 resulta no aumento da expressao de Claudina 1 e ZO-1 no epitélio
uterino durante a fase de fixagao dos blastocistos (HEBEDA et al., 2020). Associados,
estes dados sustentam a AnxA1 como uma proteina essencial para a estabilizacao
das TJ, e aqui mostramos, pela primeira vez, o efeito da AnxA1 funcionalizada no
rearranjo das TJs no epitelio intestinal durante a colite. Explorando os efeitos
promissores da AnxA1 na expressao de TJ, buscamos uma abordagem para elucidar
o papel da AnxA1 e de seu peptideo mimético Ac2-26 de forma especifica sobre
células epiteliais intestinais. Para evitar a interferéncia do sistema imune, optamos por
empregar o modelo 2D de monocamada derivada de enteroides. Esse modelo,
também denominado “intestino em placa de cultura”, € capaz de mimetizar a barreira
intestinal devido a capacidade de diferenciacao celular das células-tronco adultas, as
quais sao utilizadas para o desenvolvimento de organdides.

Varios mecanismos estdo associados a perda da barreira intestinal, como
diminuicdo da expressdo de TJs e proteinas de jungcdo aderente, mudang¢a na
expressao de claudinas e modulagéo do citoesqueleto (LECHUGA; IVANOV, 2017).
O mecanismo de mudanca de expressao de claudina ocorre pela regulagédo positiva
de claudinas formadoras de poros no epitélio inflamado, especialmente a claudina 2
(IVANOV; NAYDENOV, 2013). A regulacéao positiva de claudina 2 € identificada em
varios cenarios de inflamacéo intestinal e proporciona o aumento da permeabilidade
da barreira (SAHOO et al., 2021; WEI et al., 2021; ZHANG et al., 2013). O aumento
da permeabilidade intestinal leva a translocacdo de bactérias e endotoxinas (LPS)
através da mucosa danificada para a circulagdo, causando inflamacao sistémica
(LECHUGA; IVANQV, 2017; LI et al., 2023). A presenca de LPS no intestino e na
circulagcao ativa varias vias de sinalizagdo por meio da ligacdo do receptor TLR4-4 e
da estimulacdo do fator de transcricao NF-kB, levando a liberagcdo de citocinas
inflamatérias (FITZGERALD et al., 2003). Neste estudo, desafiamos os EDMs com
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LPS para induzir a ruptura de TJ nas camadas epiteliais, como mostrado por um
aumento na queda de TEER e na permeabilizacdo do dextrano FITC nos EDMs
desafiados por LPS ao longo do tempo. A ruptura na integridade da barreira intestinal
pode ter ocorrido pela diminuicdo na expresséao de ocludina, ZO-1 e caderina € a um
aumento na expressao da proteina TJ formadora de poros, claudina 2. Os tratamentos
AnxA1 e Ac2-26 reverteram todos os efeitos prejudiciais mediados por LPS sobre as
EDMs expostos. Estas descobertas sugerem que AnxA1 e Ac2-26 tém um efeito
protetor direto no epitélio intestinal, afetando a transcricdo de varias proteinas de
juncao epitelial.

Em seguida, avaliamos o efeito de AnxA1 e Ac2-26 nas citocinas inflamatérias
liberadas pelas células epiteliais apos estimulo inflamatorio. Para este fim, avaliamos
o nivel de CXCL-1 e MCP-1 como as principais citocinas pro-inflamatoérias liberadas
pelas células epiteliais intestinais no modelo intestinal 2D [Sayed et al., 2020a; Sayed
et al., 2020b]. AnxA1 e Ac2-26 reduziram as citocinas pro-inflamatérias mediadas pelo
LPS e aumentaram o nivel da citocina anti-inflamatéria IL-10. Embora os linfocitos e
macrofagos sejam as principais fontes de IL-10 no intestino, as células epiteliais
também secretam IL-10 (NGUYEN; ALIAMAEI; STADNYK, 2021).

A IL-10 atua sobre as células epiteliais intestinais e contribui para varios papéis
na homeostase intestinal, como regular a liberagdo de citocinas, para manter a
integridade da barreira intestinal e promover a tolerancia do epitélio e afetar as agoes
celulares (Nguyen et al., 2021). Curiosamente, a IL-10 € uma citocina importante para
a barreira intestinal e o TEER, uma vez que regula a expressdo das TJs,
principalmente reduzindo a expressao de claudina 2 (ZHENG et al.,, 2017),
aumentando a expressao da juncao de adesado E-caderina e do componente dos
desmossomos, desmogleina 2 (XUE et al., 2016). Nossos dados in vivo em modelo
de colite experimental ja indicavam a relagdo da AnxA1 e IL-10, no entanto em um
microambiente com a presenca de células imunes. Estudos anteriores mostraram que
os efeitos anti-inflamatérios de AnxA1 e Ac2-26 sao decorrentes, principalmente, de
acdes em ceélulas do sistema imunolégico, incluindo a diminuicdo da migracado de
células do sistema imunoldgico para a area inflamada e o aumento da apoptose dos
neutréfilos (LEONI; NUSRAT, 2016; PERRETTI; D’ACQUISTO, 2009a). Como ja
salientado, as a¢bes anti-inflamatérias da AnxA1 sdo mediadas pelos receptores e
FPR1 e 2 presentes nhas membranas celulares. Aqui, relatamos que um possivel efeito

anti-inflamatério de Anxa1 e Ac2-26 é mediado pelas células epiteliais.
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A reorganizacéao epitelial que ocorre na fase de regeneracao tecidual na colite
experimental € dependente de vias de sinalizacao de proliferacao celular, alteragées
morfologicas e diferenciagéo celular. PCNA e Ki67 sao proteinas nucleares envolvidas
nesses procesos. PCNA participa das vias de sintese e reparo de DNA, enquanto Ki67
esta envolvido na proliferacao celular e na transcricao de RNA ribossémico (MROUJ
et al., 2021; RANDALL-DEMLLO et al., 2016). Corroborando a reorganizacao das
criptas visualizadas em animais tratados com MLNC-AnxA1, foi também observado
aumento da proliferacao celular na regido da base da cripta intestinal, regido essa
onde estdo localizadas as células células-tronco e as células em diferenciacéo, e
constituem um centro de sinalizagcao fundamental para a formacéao da barreira celular
intestinal (HSU; LI, FUCHS, 2014). Além disso, o tratamento com AnxA1
funcionalizado por MLNC reduziu a proliferagdo de células que se estende a regiao
apical. Este efeito é observado no crescimento desorganizado e células proliferadas
em aproximadamente dois tergcos do comprimento da cripta podem ser indicativos de
displasia celular (JURIKOVA et al., 2016; RANDALL-DEMLLO et al., 2016). O
tratamento com SBA15-Ac2-26 proporcionou o aumento do numero de células
positivas para PCNA. Apesar da distribuicdo das células PCNA+ ocorrer de forma
desorganizada, percorrendo a cripta em diregdo a parte apical, a combinagao desse
resultado com a histologia, o escore histoldgico e os sintomas clinicos do grupo tratado
com SBA15-Ac2-26 indicam proliferacdo nao associada a displasia e sim a
regeneracao tecidual. No estanto, para confirmar essa hipétese seria necessario a
utilizagcao de outro marcador de proliferagéo celular.

A formulagdo da nanocapsula de PCL é considerada biocompativel e
biodegradavel (POHLMANN et al., 2013), no entanto, alguns de seus compostos
podem interferir em funcbes celulares e alterar a resposta celular fisioldgica,
promovendo efeitos toxicos (IVANOV, 2008). O ensaio de MTT, o qual avalia a funcao
mitocondrial, foi utilizado como teste de triagem para viabilidade e demonstrou que as
concentracdes (3) e (4) de MLNC e MLNC-AnxA1 (Tabela 3), apés incubacao de 48
horas apresentam atividade mitocondrial inferior a 75%. A citotoxicidade observada
pode estar relacionada a alguns componentes da estrutura da nanocapsula, como o
surfactante Tween 20. Como observado em um trabalho realizado por Eskandani et
al. (2013) que utilizou o MTT para avaliar o crescimento celular, o Tween 20 foi capaz

de reduzir o crescimento de células HUVEC e A549 de forma concentracao
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dependente, além de causar danos ao DNA, fragmentacao de cromatina e induzir as
células a apoptose. Outro trabalho avaliando a citotoxicidade de LNCs sobre células
Raw 264.7, identificou que o componente surfactante com fung emulsificantes e
solubilizantes, Solutol®, presente na estrutura da nanocapsula, também causava
efeitos tdxicos, sendo que este foi o Unico componente identificado como téxico, e
quando testada a LNC completa (contendo o surfactante), nao foram observados
efeitos tdxicos quando comparado com o surfactante isolado (LE ROUX et al., 2017).
De acordo com as caracteristicas do sistema coloidal empregado no presente
trabalho, a analise de citotoxicidade por um método colorimétrico que utiliza a
dispersao de luz, como o MTT, nao é considerada a melhor alternativa para analise.
Além disso, o resultado pode estar associado a alteragdo do metabolismo
mitocondrial, e ndo a auséncia de viabilidade diretamente (DE CRISTO SOARES
ALVES et al., 2020; STEPANENKO; DMITRENKO, 2015). Células viaveis e com
membranas celulares integras apresentam um conjunto de enzimas denominadas
esterases que atuam de forma eficiente. Dessa forma, outra alternativa para analise
direta de viabilidade é a marcagdo com calceina. Por se tratar de um método bem
padronizado na literatura, apresenta alta sensibilidade. Essa substancia incolor reage
com as esterases, que removem o0s grupos éster e tornam a molécula fluorescente,
ficando retida no citoplasma celular de células integras (BRATOSIN et al., 2005;
LICHTENFELS et al., 1994). Foi observado que o tratamento com MLNC ou MLNC-
AnxA1 reduziu o a porcentagem de células viaveis apos 48 horas, diferentemente da
AnxA1 que nao causou toxicidade. Os resultados observados demonstraram que a
toxicidade de MLNC e MLNC-AnxA1 na maior concentragao de particulas apresenta
diferenca significativa na porcentagem de células em necrose apos 48 horas de
tratamento. Esse resultado corrobora com outros estudos que utilizaram a
nanocapsula de PCL e observaram aumento de apoptose e necrose quando
comparados os grupos MLNC contendo anticorpos em relagdo ao anticorpo livre
(BRUINSMANN et al.,, 2020; DE CRISTO SOARES ALVES et al., 2020). Esse
resultado sugere que o efeito toxico encontrado no ensaio de morte celular é relativo
a nanocapsula, e ndo a AnxA1.
A citotoxicidade de SBA-15 é extensivamente reportada pela literatura em
diferentes tipos celulares, dentre eles a célula epitelial intestinal Caco-2 e células
endoteliais HUVEC Ainda, as concentragbes utilizadas nesses estudos sao pelo

menos quatro vezes maiores do que as utilizada em no presente trabalho (ALMASI et
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al., 2020; HEIKKILA et al., 2010; ZHAO et al., 2021). Nossos resultados demonstraram
que 50 ng/mL de SBA-15 nao apresentou efeitos toxicos para macréfagos e células
Caco-2 (dados ndo apresentados) sendo concentracdo de SBA-15 testada foi
baseada nas concentragdes de Ac2-26 utilizadas na literatura.

As NPs podem interagir de diferentes formas com células do sistema imune e
serem captadas por diferentes mecanismos de endocitose de acordo com o tipo
celular estudado e as caracteristicas fisico-quimicas da NP utilizada (FARACE et al.,
2016; GILLERON et al., 2013). A capacidade de internalizagdo ou captacdo de NPs
pelas células é o principal critério a ser levado em consideragdo antes da sua
utilizacado in vivo, em especial o diametro e o PDI atributos a nanocarreadores
lipidicos, que podem alterar a internalizacado celular, estabilidade, eficiéncia do
encapsulamento, o perfil de liberacdo do medicamento, a biodistribuicdo e a
mucoadesado (AZHAR; BAHARI;, HAMISHEHKAR, 2016). Sabe-se que o uptake
celular ocorre de forma quase exclusiva via endocitose, que é o processo de
transporte ativo de materiais para o interior da célula. Esse processo ocorre
principalmente por (1) endocitose dependente de clatrina e dinamina, (2) endocitose
independente de clatrina, mas dependente de dinamina para endocitose rapida
conduzida por ligante de proteinas de membrana especificas, (3) endocitose
independente de clatrina e dinamina, (4) macropinocitose e (5) fagocitose.

Nosso resultado demonstrou que MLNC foi internalizada por macréfagos apoés
2 horas de tratamento, no entanto MLNC-AnxA1 necessitou de um tempo superior,
sugerindo que a presenga da proteina AnxA1 em sua estrutura possa estar alterando
o mecanismo de endocitose, sendo necessario um tempo superior a 2 horas de
tratamento para internalizacdo. Esse resultado corrobora outros estudos que
utilizaram LNC e observaram uptake da nanocapsulas em diferentes tipos celulares,
como células de melanoma e endoteliais (DREWES et al., 2017b; PEREIRA et al.,
2018; SANDRI et al., 2019). Ainda, um estudo realizado por Cavalcante et al. (2016),
utilizando células Raw 264.7 tratadas com a MLNC funcionalizada com anticorpo
reportou internalizacao celular ap6és 3 horas de tratamento, corroborando nosso
resultado o qual demonstrou ser necessario um tempo superior a 2 horas para a
endocitose da MLNC-AnxA1. O estudo também avaliou os mecanismos de endocitose
das NCs e concluiu que o mecanismo responsavel pela internalizacao das NCs ocorre

por meio de pinocitose, principalmente via macropinocitose e com pequena
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participacao de vias dependentes de dinamina. Por se tratar da mesma NC utilizada
em nosso trabalho e também possuir uma proteina em sua camada polimérica,
sugere-se que a MLNC-AnxA1 foi internalizada por mecanismo semelhante. No
entanto, estudos utilizando bloqueadores de endocitose sao necessarios para
confirmar essa hipotese.

Usualmente particulas com tamanho superior a 500 nm sé&o internalizadas via
fagocitose (MORENO-MENDIETA et al., 2022). De acordo com os resultados obtidos
para as analises fisicas de SBA-15, investigamos o mecanismo de captacédo dessas
particulas por macréfagos J774A.1 e Raw 264.7. Macrofagos foram capazes de
internalizar SBA-15 epds 4 horas de incubacgado, sendo esse resultado mais
proeminente em 24 horas. A fagocitose foi confirmada como mecanismo responsavel
pela internalizagcdo da SBA-15 pela pré-incubacdo das células com o inibidor de
fagocitose, citocalasina B. Ainda, nossos resultados demonstraram baixa
internalizacao de SBA-15 sobre células epiteliais intestinais, resultado este confirmado
pelos modelos de EDM e citometria de fluxo (dados ndo apresentados). Esse
resultado corrobora a literatura que descreve a SBA-15 como um veiculo para
liberacao rapida de substancias, sendo sua absorgao intestinal baixa (LI et al., 2015;
ZHAO et al., 1998a).

Apesar da baixa internalizacdo de SBA-15 por células epiteliais intestinais,
nossos resultados demonstraram que o Ac2-26 foi propriamente liberado, sendo
detectado tanto em macrofagos quanto células Caco-2. Este resultado sugere que a
SBA-15-Ac2-26-Eud pode ser considerada um veiculo promissor para o tratamento
da colite, oferecendo um mecanismo eficaz de liberacao local do peptideo. Essa
descoberta destaca o potencial terapéutico dessa formulacdo no contexto do
tratamento da colite, abrindo caminho para investigacées mais aprofundadas e

desenvolvimento clinico.
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Os resultados obtidos no presente trabalho revelam que as plataformas MLNC
e SBA-15 desenvolvidas foram eficazes para a incorporacao de rAnxA1 (92%) e Ac2-
26 (88%) em MLNC e SBA-15, respectivamente. A funcionalizacdo do MLNC
demonstrou ser uma ferramenta eficaz para a entrega, via intraperitoneal, de
moléculas hidrofilicas, oferecendo acgbes anti-inflamatérias e pro-resolucédo na
reparacao de tecidos danificados nos disturbios intestinais. A reversao dos sintomas
da colite experimental, associados a recuperagao tecidual, ressaltou o potencial
terapéutico da microparticula SBA-15 revestida por polimero pela via oral. Embora
ambas as abordagens apresentem resultados experimentais promissores, é crucial
salientar a necessidade continua de investigacées mais aprofundadas para avaliar
integralmente os riscos e beneficios dessas estratégias terapéuticas para doencas

inflamatorias intestinais.
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Anexo 1. Aprovagdo da Comissao de Etica para Uso de Animais (CEUA/FCF)
para o projeto MLNC-AnxA1

UNIVERSIDADE DE SAO PAULO
FACULDADE DE CIENCIAS FARMACEUTICAS
Comissio de Etica no Uso de Animais - CEUA

CEUA/FCF 071.2019-P598
CERTIFICADO

Certificamos que a proposta intitulada Efeitos da
nanocapsula de niicleo lipidico contendo anexina A1 em modelo de colite
ulcerativa induzida em camundongos, registrada com o n° 598, sob a
responsabilidade do(a) pesquisador(a) Milena Fronza Broering, sob orientagdo
da Profa. Dra. Sandra Helena Poliselli Farsky — que envolve produgao ou
manutengdo ou utilizagido de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto humanos), para fins de pesquisa cientifica — encontra-se de
acordo com os preceitos da Lei Federal n° 11.794, de 8 de outubro de 2008, do
Decreto Federal n° 6.899, de 15 de julho de 2009, e das normas editadas pelo
Conselho Nacional de Controle de Experimentagdo Animal (CONCEA), e foi
aprovada pela Comissao de Etica no Uso de Animais (CEUA) da Faculdade de
Ciéncias Farmacéuticas da Universidade de Sdo Paulo (FCF/USP), em reunido
de 04 de outubro de 2019.

Finalidade Pesquisa Cientifica
| Vigéncia da autorizagdo | 04/10/2019 a 28/02/2022
Espécie/linhagem/raga | Camundongo C57BL/6 WT
Numero de animais 84
Sexo Macho
Peso/ldade 6-10 semanas — 20-25g
Origem Biotérios UNIFESP
Espécie/linhagem/raga | Camundongo C57BLJ6% .
Namero de animais 48
Sexo Macho
Peso/ldade 6-10 semanas - 20-25g
 Origem Biotério FCF/IQ/USP
Total de animais 132

Conforme a legislagéo vigente, devera ser apresentado, no
encerramento do projeto de pesquisa, o respectivo relatério final.

Ressaltamos que apés o periodo de término do projeto
de pesquisa, nenhum ensaio podera ser realizado.

Séo Paulo, 04 de outubro de 2019.

:
Profa. Dra.|Ne rﬁo Aymoto Hassimotto
Coqrdehadera CEUA/FCF/USP

Av. Prof. Lineu Prestes. 580, Bloco 13 A, Cidade Universitiria, CEP 05508-900.
rmunm|m.mu:mi:ou°:u —
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Anexo 2. Aprovagao da Comissao Interna de Biossegurancga (CIBio)

UNVERSIDADE DE SAO PAULO
FACULDADE DE CIENCIAS FARMACEUTICAS
Comissao Interna de Biosseguranga

Of.CIBio/0282019/FCF

Sio Paulo, 19 de setembro de 2019.

Senhora Professora,

Conforme parecer favordvel do relator, informo a Vossa Senhoria que
em reunido da Comissdo Interna de Biosseguranca da Faculdade de Ciéncias
Farmacéuticas realizada nesta data,, o Projeto ‘Efeitos das nanocdpsulas de
niicleo lipidico contendo Anexina A1 em modelo de colite ulcerativa
induzida em camundongos” foi aprovado.

Atenciosamente,

Prof. Dr. JQAO é‘lﬁ){/@%ﬂ éc(léé\

MONTEIRO DE CARVALHO
Presidente da ClBio

llma. Sra.

Profa. Dra. SANDRA HELENA POLISELLI FARSKY

Departamento de Andlises Clinicas e Toxicolégicas da FCF-USP
NESTA

Av. Prof. Lineu Prestes, n? 580, Bloco 13 A - Cidade Universitiria - CEP 05508-900 - S30 Paulo - SP
Fone (011) 3091-3042 - e-mail: atadfcl.usp.br
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Anexo 3. Aprovagdo da Comissao de Etica para Uso de Animais (CEUA/FCF)
para o projeto SBA-15-Ac2-26.

“ifj,g) ' UNIVERSIDADE DE SAO PAULD T"l 2 5
) Z'JTE 4% ,{ Faculdade de Ciéncias Farmacéuticas el 00
*E»\ f'f-’gﬁfl Comiss3o de Efica no Usa de Animais - CEUA Luld

gt

CEUA/FCF 048.2023 - P 653

CERTIFICADO

Cerfificamos que a proposta infilulada * EFEITOS DA MICROPARTICULA
MESOPOROSA SBA-15 CONTENDO Ac2-26 REVESTIDA COM POLIMERO
EUDRAGIT EM MODELO DE COLITE EXPERIMENTAL INDUZIDA EM
CAMUNDONGOS" da Pesquisadora Luana Filippi Xavier, registrada com o n®
653, que envolve produgdo ou manutengdo ou utilizagdo de animais periencentes
ao filb Chordata, subfilo Verfebrata (exceto humanos), para fins de pesguisa
cientifica — encontra-se de acordoe com os preceitos da Lei Federal n® 11.794, de 8
de outubro de 2008, do Decreto Federal n® 6.899, de 15 de julho de 2009, e das
nomas editadas pelo Conselho Nacional de Confrole de Experimentagio Animal
{CONCEA), & foi aprovada pela Comiss3o de Etica no Uso de Animais (CEUA) da
Faculdade de Ciéncias Farmacéuticas da Universidade de S8o Paulo (FCF/USP),
em reunido de 30 de junho de 2023.

Finalidade Pesquiza Cientifica

Vigéncia da autorizagio 20812023 a 311122024

Espécieflinhagemiraga Camundongo - (Mus musculus) - C5TBLGJ

Mumero de animais 40

Sexo Macho

Pesofldade 20 a 25 gramas / 05 a 08 semanas
Origem Bioterio FCF - 1Q

Total de animais 440

Ay, Pesll Liseu Preass, SED, Blecn 13 A, Cidlde Uiiveritins, CEP 08 508-500, 53 Paulo, 5P
Telelome: (11) 3096 3622 - e-numil. comalefTung bi
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ABSTRACT

Eeywords

Infammatory bowel dissase
Tight junctions

Resolution of infAammation
Annexin AL

Inflammatory bowel diseases are debilitsting {llnesses charactenzed by severe Inflammation of the gastro-
intestinal tract. Treatments cumently avallable are expensive and inefective. We here investigated the role of
red-light emitting diode (LEC) on dextran sodium sulfate (D85 Hndueed colitis. DSS was added to the drinking
water of male mice at daye 0, Z, 4 and withdrawn at day 6. LED Irradiation was performed daily for 90s from day
& to 9 on the right and left zides of the wentral surface and beside the external anal region. LEDY treatment
decreased the amount of crypt dysplasia/edema, inflammatory infiltrates and uleers, attenpated apoptosts and
Increased proliferation of crypt cells. Also, LED treatment indured expression of annexin Al in the damaged
epithalium, presarved the organization of claudin-1 and skewed cytokine profiling towards a more ant-in-
flammatory status. Thus, LED treatment promotes structural protection and modulates the Inflammatory re-
sponse, constituting a potental non-lovastve and low-cost comblned therapy to help patlents achieve disease

remizsion.

1. Introduction

Inflammatory bowel diseases [IBDs) are illnesses characterized by
severe gastrointestinal inflammation leading to debilitating symptoms,
mch as sbdominal pain, bloody diarrhea and pronounced loss of body
weight [1]. From 1990 to 2016, the highest prevalence of IBDs
worldwide was reported in the United States snd Europe, but the in-
cidence in emerging countries from Africa, Asia and South America has
also increased. In 2017, IBDs affected 1.6 million people in the United
States alone, representing a great burden to public health care [2].

The pathogenesis of IBDs emer ges from a multifactorial backgroind.
Genetically predisposed individuals when exposed to environmental
factors, such as unhealthy diet, smolang, pollution, hygiene conditions,
intake of drugs, among others, suffer a loss of gt epithelial barrier
function, compromising its tolerogenic relationship with gut microbiota
[2,4]. As a remlt, the translocation of microorganisms to the intestinal
tizsue activates and recruits inflammatory cells to the njured site. This
inflammatory infiltrate is characterized mainly by T lymphocytes,
macrophages and nentrophils. T cells induce interferon-gamma (IFM-v)-
mediated proinflammatery actions. Macrophages secrete IL-6 and
tumor necrosis factor-alpha (TNF-a), which prevent apoptosis of

lymphocytes and induce macrophage activation and immune cell re-
cruitment/transmigration, amplifying the inflammatory response.
Meutrophils, once in the infiltrated tissue, release IL-6, IL-1} and TNF-a
[4,5]. Together, all these effects sustain inflammation and halt tissue
repair. Counter-regulatory mechanisms inveolve actions of endogenous
pro-resolution mediators; however, anti-inflammatory mechanisms are
often insufficient to halt the progression of this inflammatory process,
which then leads to chronic tizme damage [5].

The two main types of IBDs - ulcerative colitis (UC) and Crohn's
disease (D) - have similar symptomatology, but they can compromise
distinet regions of the gastrointestinal tract and affect its histoarchi-
tecture differently [7]. Due to the complexity of thess illnesses, some
patients can show mixed symptoms and misleading histopathological
featres, compromising diagnosis; the condition of these patients can
even be diagnosed as unclassified IBD, making the choice of correct
therapies difficult [3].

After diagnosis, IBD' patients are usually subjected to a “step-up™
therapeutic approach; treatment strategies start with amino salicylates,
which are then substituted by corticosteroids, followed by im-
munosuppressants and finally by biological therapies should the pre-
wigusly used drugs cause adverse effects, fail to induce remission or the

* Comresponding author at: Fost Graduate Program in Blophotonics Applied to Health Sclences, University Nove da Julho (UNINOVE), Vergueiro st., 239/245, 580

Paulo, 5P CEP 01504000, Brazil.
E-muotl address: alsantos francoqigmall com (A Lino-dos-SantosFranco)

hitpe: Adol.org/10. 101 &) photoblol 20201 12018

Recelved 4 December 2019; Recelved in revised form 25 July 2020; Accepted 2 September 2020

Available online 05 September 2020
1011-1244/ & 2020 Elsevier B.V. All rights resarved.
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patient becomes unresponsive after a long-term use. Ultimataly, pa-
tients suffering from severe disease that do not respond to any medi-
cation undergo surgical procedures, but their quality of life is perma-
nently reduced [1,9,10]. All such therapeutic failures contribute to a
scenario of pharmacoeconomic overwhelming that can cost the patient
up to US$ 26,555 just in the first year after diagnosis [11]. For these
reasons, it is urgent to propose novel therapentic strategies that can
either achieve disease remission faster or prolong remission pericds
while also being cost-effective so0 more individuals can benefit from
them [12].

In the last few years, studies have demonsirated the beneficial of-
fects of photobiomodulation therapy on eellular and molecular pro-
casses [12-15]. In humans, it is already used for assthetic purposes to
sastain morphological cutaneous homeostasis and has already been
demonstrated to be safe [15]. Mowadays, different lasers and low-level
light therapies emitting wavelengths in the spectrum of the visible light
have been emerging as potential options to treat a diversity of human
diseases, including neurodegenerative disorders [17]. Based on recent
meeessful studies in humans and on a plethora of results cbtained in
experimental animals, several clinical trials have been already proposed
aiming to investigate the role of photobiomodulation on treatment of
human disorders [15,19]. Recently, our group demonstrated the ben-
eficial effects of LED treatment on experimental medels of pulmonary
inflammatory diseases, decreasing neutrophil influx and secretion of
pro-inflammatory cytokinez in the inflamed tissue [15] while also
promoting secretion of pro-resolving mediators that faver tssue
homeostasis [13].

Therapies able to induce early resolution of inflammation and tisme
recovery can dramatically improve the quality of life of IBD patients.
Here, we provide evidence that LED therapy protects intestinal his-
toarchitecture by preserving epithelial tight junctions, stimulating the
expression of proliferative and resolutive mediators end attenuating
inflammatory responses. These benefits of LED treatment, accompeanisd
by a low-cost and ease of manipulation, allow us to suggest it can be
combined with other therapies in order to help patients more easily
achieve disease remission.

2. Methods
2.1. Animals

Male C57BLG wild-type (WT) mice, aged 8-10 weeks and weighting
2025 g were bred under pathogen-free conditions in the Faculty of
Pharmaceutical Sciences of the University of Sio Paulo. Animals wera
kept in a 12-h light/dark cycle at temperatures ranging from 20 to 25 °C
while having access to water and feed ad libim. All experiments were
performed in accordance with Brazilian laws of animal ethics; this study
was approved by the Ethics Committee of Animal Use of the Faculty of
Pharmacentical Sciences of the University of Sae Paule [(CEUA/FCF/
USP), protocol n® 596.

3. Colitis Model and LED Treatment

Mice were divided into four groups (n = 5 animals/group): Control,
LED, DSS and D55 + LED. Control groups (Control and LEDY) received
autoclaved water with no additives, whils colitic groups (DSS and
DSS + LED) received mutoclaved water containing Dexiran Sulfate
Sodinm (DSS, MW 40,000, Dextran Products Limited, Canada) at a
concentration of 2%. D35 solutions were replenizhed every two days
(Days 0, 2 and 4) so DS received by the animals would be uniform. DSS
was withdrawn on Day 6; up to Day 10, mice received water with no
additives.

Between days 6 and 9, healthy and DSS treated mice (LED and
DSS + LED, respectively) were irradiated with red LED during 90 s on
both right and left sides of the ventral surface and beside the external
anal region. Control and DSS groups were handled the same way as

Journal of Photochemistry & Photchiclogy, B: Biclagy 212 (2020) 112018

LED-treated animals but with the LED emitting device toned off in
order to standardize exposure stress among groups.

The parameters of LED irradiation were chosen based on earlier
studies (Costa et al. 2017), described as follows:

Wavelength Potency  Energy den- Potency Area Total en-  Time

sity density ergy
660 rm 100 mW 5 Jfem® 323 mW/  LEm® 15T 905
2
cm’

Clinical parameters (body weight, diarrhea and rectal blood) were
observed and registered daily and the Disease Activity Index (DAI} was
calculated from the sum of these parameters. On day 10, animals were
euthanized after inhalation of isoflurane anesthetic (2-chloro-2- (di-
fluoromethoxy)-1,1,1-riflucroethane). The colon was removed from
the ileocecal junction up to the proxmity of the anus, washed and
macroscopically evaluated (weight and length). Finally, the colon was
fragmented for histological {distal colon), enzymatic and protein (mid,/
proximal colen) analyzes.

4. Histopathological Analysis

Samples from the distal portion of the colon were fixed in 4% par-
aformaldehyde for 24 h, dehydrated in graded ethanol, cleared in xy-
lene snd embedded in paraffin for histopathological and im-
munchistochemical analyses. For histopathological analysis, 5 pm
sections were stained with hematoxylin and eosin (EasyPath) and
analyzed using a high-power objective (40% ) on an AxioCam coupled
to a Zeiss microscope (Carl Zeiss, Jena, Germany ).

5. Immunchistochemical Staining and Analysis

Colon sections were deparaffinized, hydrated and incubated with
sodium citrate buffer (pH 6.0 at 96 “C for 20 min for antigen retrieval.
Endogenous peroxidase activity was blocked with 3% hydrogen per-
oxide used for three 10 min rounds. MNext, blocking of unspecific
binding sites was carried out with 10% BSA diluted in Tris-buffer saline
(TBS) for one hour. Then, sections were incubated with anti-AnxAl,
anti-clandin-1, anti-PCNA or anti-ZO antibodies owernight at 4 °C.
Sections ware then washed snd incubated with a secondary antibody
conjugated with HRP (1 h, room temperature). The staining was de-
tected using 3,3"-diaminobenzidine (DAB substrate; Invitrogen, USA).
Finally, sections were counterstained with hematoxylin and mounted.

Quentificetion of prolifermtive nuclel Five fields of the mucosal layer
from PCNA-stained sections were photographed using a 40x high-
power objective and the number of positive nuclei was quantified for
each field assessed. Results were expressed as mean + S.E.M. of pro-
liferative nuclei.

6. TUNEL ASSay

TUNEL staining was used to reveal apoptotic cells in tissues, Positive
cells were detected using in situ Apoptosis Detection Kit (Abcam), ac-
carding to manufacturer's instructions.

7. Quantification of Tissue Myeloporoxidase

The amount of neutrophils and macrophages infiltrated in the co-
lonic tissue was indirectly measured by myeloperoxidase (MPO) col-
orimetric assay as previously described (de Paula Silva et al.,, 2016)
Briefly, fragments from the middle colon were homogenized in a 5%
EDTA/NaCl buffer (pH 4.7) with the aid of a homogenizing apparatus
{(Ultra-turrax) and centrifuged at 10,000 rpm at 4 °C for 15 min. The
tissue pellet was resuspended in a 0.2% NaCl, 1.6% NaCl-5% ghicose
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and 0.5% hexadecy] trimethyl ammonium bromide (pH 5.4) solution.
The samples were then frozen in liquid nitrogen and thawed at 37 “C
three times. Finally, 50 pL of the supernatants were incubated with
tetramethylbenzidine at 1:1 (TMB, Millipore, USA) and MPO activity
was measured at 450 nm nsing a spectrophotometer. Results were ex-
pressed azmean + 5.E.M. of the optical density {O.I.) corrected by the
weight of each sample (0.D./mg).

8. Quantification of pro-and Anti-Inflammatory Mediatoss in the
Intestinal Tissua

Proximal colon samples were homogenized in RIPA buffer con-
taining 0.1% of a protease inhibiter solution using an ultra-turrax ap-
paratus. Next, samples were centrifuged at 12,000 rpm at 4 °C for
10 min. Cytokines (IFN-y, IL-1pB, IL-6, IL-10 and TNF-a) were analyzed
from the supernatants by ELISA according to manufacturer's instrue-
tions (BD Biosciences). The concentrations obtained m pg/ml. were
corrected by the total amounts of protein of sach sample, as measurad
by Bradford assay.

8.1. Statistical Anclysis

Kolmogorov-Smirnov test was used to determine whether distribu-
tions of data sets were parametric or non-parametric. Then, one-way
ANOWVA tests followed by Tukey's (parametric) or Durmn's post-test (non-
parametric) were carried out to compare differences between means.
Probability valies of p = 0.05 were considered statistically significant
and results were expressed as mean =+ SEM.

9. Resulis

9.1. LED Therapy Attenuates Disease Activity and Gut Alerations Induced
by DSS

DSS administration was effective in inducing colitis; animals had
higher DAT values characterized by increased weight loss, diarrhea,
oceult blood in feces and colon shortening (Fig. 1). LED treatment was
initiated at Day 6, when the diseass was at the paak of its courss, and
was carried out up to Day 9, spanning the chronificaton phase of the
model. Data obtained showed LED treatment did not improve weight
loss, diarrhea and fecal blood parameters individually, (Fiz. 1A-C) but
this treatment significantly reduced disease activity index at Day 8
(Fig. 1D} and prevented loss of colonic structure integrity (Fig. 1E-G). It
is worthy mentioning that LED treatment, in healthy animals, did not
cause any alterations in the parameters mentioned above.

10. LED Therapy Promotes Histological Recovery by Stimulating
Epithelial Renovation

The significant effect of LED therapy on large intestine anatomy
suggests it can mduce recovery responses in the damaged tissue.
Indeed, LED treatment protectsd colonic histoarchitecture during co-
litis, decreasing the frequency of crypts dysplasia/edema and reducing
inflammatory infilrates and ulcerations in comparison with non-
treated mice (Fig. 2A-D). Possible mechanisms that could explain these
interesting effects on epithelial protection were assessed by staining
using Proliferating Cell Nuclear Antigen (PCNA) (Fig. 2F-I) and Term-
inal decaymcleotidyl transferase dUTP nick end labeling (TUNEL)
(Fig. 2K-0) to determine, respectively, proliferation and apoptosis.

PCMA is a 356 kDa acidic non-histone nuelear protein that allows
DMNA polymerase to initiate leading strand DMA replication and, as
proliferating cells remain longer in G1-S phase, is also & marker of
proliferation [20]. As expected, PCNA was normally expressed at the
base of intestinal erypts of control mice, where undifferentiated cells
are constantly proliferating to renovate the epithslial barrier (Fiz. 2F).
TUMEL assay did not reveal an evident staining of apoptotic cells in
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thesa mice (Fig. 2K). However, healthy animals treated with LED
showed PCNA immunostained nuelei also in the migratory region of
glands (Fig. 2G) and a more pronounced TUMEL staining in apical
barrier cells (Fiz. ZL), indicating that LED treatment by itself stmulates
epithelial renovation. Similarly to LED-treated mice, DSS mice showed
PCMA-positive cells throughout the extension of the glands (Fig 2H),
indicating that the damaged tissue iz being induced towards recovery;
however, this effect is not enongh to fully revert the extensive uleera-
tions resulting from cell apoptosis at the apical epithelium (Fig. 2M).
DSS + LED mice showed a significant increass in proliferative epitha-
lial cells throughout the extension of the glands compared to untreated
mice (Fig. 21-J) and epithelial apoptosis was not detected (Fig. 2N}
These effects contributed to preservation of the epithelial barrier.

Finally, both DSS and D55 4+ LED mice showed incremsed MPO
activity in the colon, indicating these tissues have more infiltrated
neutrophils and macrophages [21]. When relativized by MPO levels,
the number of TUMEL-positive phagocytes in the colon of colitic mice
was higher after LED therapy (data not show).

11. LED Therapy Induces Expression of Proteins Related to
Intogrity of Epitholial Structure

Epithelial integrity is maintained by the interaction of anchoring
molecules expressed i cell-cell and cell-membrane interfaces, which
not only allows physical binding, ut also signaling of intracellular
pathways which control the necessary cell metabolism responsible for
keeping mich epithelial integrity [22]. Based on our previous data,
clandin-1 snd zonuls occludens-1 (FO-1) were assessed via im-
munchistochemistry; these proteins are pivotal paracellular molecules
in the intestinal barrier. No differences regarding £0-1 and claudin-1
expressions were observed between groups (Fig. 2A-E and F-J, respec-
tively). However, the structural organization of clandin-1 was altered
by DSS, which became irregnlarly distributed throughout the extension
of epithelial cells (Fiz. H - detail). Mice treated with LED showed
preserved claudin-1 organization in the epithelial barrier (Fig. I},
evidencing LED treatment acts specifically on control of claudin-1 or-
ganization rather than on its expression.

Annexin Al (AnxAl) is an anti-inflammatory and pro-resolutive
protein expressed and secreted by epithelial and inflammatary cells. In
the same marmer as PCNA, AnxAl is expressed in the epithelial barrier
of mice undergoing DSS-induced colitis and is linked to homeostatic
mechanisms which involve wound closure and down-regulation of in-
flammatory responses [23]. Ithas been fully demonstrated that coliti= is
aggravated in AnxAl-knockout mice [25]. In colitic mice treated with
LED, higher expression of AnxAl was detected in epithelial cells at
damaged areas (Figs. 2K-3N, 20) and increased overall expression in
tissue homogenates was confirmed by ELISA (Fig. 5P), suggesting this
could be another mechanism of tiasue repair induced by LED therapy.

12. LED Therapy Induces Expression and Secretion of Cytokines
Responsible for Tissuo Racovery

Further quantification of cytokines secreted by gut tisse con-
tributed towards a better understanding of the link between diseass
stage and actions of LED therapy. Although TNF-a levels are very lowin
the tisse of DSS mice (Fiz. 4A), increased levels of I-1ff and L6
(Pigured 4B—4C) and reduced levels of IL-10 (Figured 4D) indicare
active disesse. LED therapy attenuated the inflammatory process by
preventing the increase of IL-1f3 and IL-6 levels caused by DSS (Figured
4B—4C) and accelerated its resolution by markedly increasing IFM-y
and TGF-P levels (Fizs. 4E-4F).

13. Discussion

IBDs are debilitating diseases of complex pathogenesis and it often
takes time after initial diagnosis for proper individualized therapeutic

189



190

Journal of Photochemistry & Photcbiclogy, B: Biology 212 (2020) 112018

w

N

Diarrhea score
(arbitrary units)

Occult blood score
(arbitrary units)

-
-]
I

Disease Activity Index
(arbitrary units)
s o @

24 O
=t e 0
01 2 3 4 5 6 7 8 9% 1 0 1 2 3 4 5 6 7 8 9 10
Days Days
(E) (F) (G)
12- 1.50- = Tleulmeulu'mllul LED
3 Treatment with LED ﬁ
_ 104 gz A‘I.ZS-
[ L8 2
= 8+ 51.00-'
2 ®
2 61 2 0.75-
g 4 §D.50<
= =
2+ 0.254
et e 0.004 1t 5
Control Control w
Fig. 1. Roles of LED therapy on DSS-induced colitis activity and (A) Percentage of body welght loss. (B) Diarrhea score. (C) Occult blood

score. (D) Disease activity Index (DAI). (E) Intestinal length. (F) Intestinal weight. (G) Anatomic evaluation of the colon. n = 5 mice/group. * p < 0.05, **
p < 001, ***p < 0.001 vs Control; # p < 0.05,## p < 001, ### p < 0.001 vsLED; § p < 0.05 vs DSS.

approaches to be decided upon. The currently available therapies are
cost-intensive and pose srent burdens to health care systems [11]. Here
we d rate die eficial actions of a i ive, low-cost LED
th on a DSS-i d colitis model, foc\mngonlm

In our model, DSS induced clinical manif i quivalent to those
observed in IBD patients, and LED treatment at days 7-9 of the disease
had a subtle but certain protective role, considering especially intestinal

phology. I h ing and red of intestinal weight are

common occurrences in DSS-induced colitis [26]; although there are no
ions in scientific literature as to what exactly uuaes such

protective actions on the epithelial barrier.

IBDs are i di heavily influenced by both final expl
ment and i /genetic background of patients [4]. Although DSS-
induced colitis as a model does not add all intrinsic ch istics

of IBDs genesis, it is a useful experimental tool used to determine the
efficacy of novel th iesina plex org: affected by intestinal

severe ummtmcnl changes, it is known that i I length in h

is correlated with body weight [22]. Thus, it is possible to suggest that
loss of body weight decreases intestinal length, which is accompanied
by a decreau of intestinal wagln, as we here demonstrate. Also, the

inflammation. DSS causes lesions in the intestinal epithelium all
translocation of microbiota components into the underlying tissue,
which then initiates an immune resp leading to tissue d [26).

d d by ir initiates a response towards
homeonu'-thntmvolvuuame deling; in this process, intestinal
cells can either accumulate or dzgrnde extucel.lu.lu matrix (ECM)




Fig. 2. Effects of LED treatment on epithelial ion and
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in the colon damaged by DSS-induced colitis. (A-D) Histopathologtcal analyses.

Uleers (black arrows). Inflammatory infiltrate (white arrows). Dysplastic crypts (white arrowheads). Crypts edema (black arrowheads). Ed (submucosal edema).
(F-1) Proliferative nuclel marked with PCNA. (K—N) Apoptotic cells labeled with TUNEL (thin arrows). Apoptotic phagocytes (detalls). (E) Reaction control. (J)
Mean of PCNA-positive nuclel In colonic glands. (0) MPO levels in the intestinal tissue. n = 4 mice/group. Sections: 3 pm. Bars: 20 pm (F—1, K, L, N), 50 pm (A-D, M).
Staining: Hematoxylin-Eosin (A-D). Counterstaining: Hematoxylin (F—I), Methyl green (K-N). *p < 0.05 vs Control; # p < 0.05vsLED; §§ p < 0.01 vs DSS. (For

of the ref:

components on its walls, which could evolve to either fibrosis or
mm:mulmptm[ﬁ] As these events impact intestinal anatomy and

the p d by LED th upmmmnzw-ght

might be a of a more | 1 effect on gut
mzmnndmnﬂphynmhmchmulmpmmn

Indeed, further histol | data b d the effects of LED

uutmmtonn-mmme:y, as it increased proliferation of epithelial
cells and prevented their apoptosis, ik g to wound cl
Downregulating inflammatory resp is another strategy to p

to colour in this figure legend, the reader Is referred to the web version of this article.)

loid differentiation protein 2 knock mice, and when these mice
mmbjecba‘lmms-mdmdcolm.s the disease develops in a more
severe manner than in wild-type strains [22). Furthermore, several
pharmacological approaches aimed at ing IBDs induce the ex-
pression of claudin-1, resulting in an improvement of epithelial barrier
integrity in UC patients [32,34]. Claudin-1 also activates intracellular
signaling pathways that include metalloproteinase-9 and p-ERK, acti-
vating Notch-signaling and leading to epithelial prolife: [34). In
the p investigation, we observed immunostaining for Claudin-1

the epithelial barrier, as the accumulation of inflammatory cells and
mediators in the damaged site prolongs tissue injury [3]. Our research
group had previously demonstrated LED therapy decreases MPO ac-
tivity in bronchoalveolar lavage in an acute lung injury model in mice
[27]. Here, LED treatment did not affect MPO activity, but slightly in-
creased apoptosis ofwmdphw(dm not shown). Al-
though the mumber of ap h corrected by
MPOl!nllfurnd:momeafduDS+LEDnumdwnpwmt
statistically significant when compared to the DSS group, this is evi-
dence that at the final day of the experimental model LED therapy starts
the resolution of the immmune resp This p P ﬂuq)l-
thelial barrier from further d mdhalpl the !

was “unorganized” in the DSS group, while LED treated mice showed a
strong and more spread immunostaining. We also detected a higher
expression of AnxAl in the epithelial barrier of DSS + LED mice
compared to DSS mice. AnxAl is a 37 kDa phospholipid binding protein
upruledbymﬂmmmrylndepidmhll cel.luunderld:vm:tyd
i di exerts pi 1 on the devel of
themmmmmmmmuidnﬁmofmﬂlmmnndm
tissue repair [25]. Existing evidence on the role of AnxAl in IBD ex-
perimental models is robust. AnxAl is highly upusled by epithelial
cells during the lution phase of di , and cl ymp of
mhmmwmemmhochmtmdunmmlmmlh[ﬁ%]
In biopsies from CD pati d expression of AnxAl is corre-

of microbiota components to the intestinal tissue, attenuating disease

progression [25].
Alnnplde epithelial cell death, disruption of tight ]nncbau con-
an ism linked to epithelial barrier

lated with inflammatory activity and poor response to anti-TNF-a
treatments [27]. Also, in the sera of UC patients, increased amounts of
d AnxAl g extracellular vesicles were detected, sug-
the rek of AnxAl in vesicles constitutes a systemic manner

[20]. Clandin-1 babngmnfmﬂydmmmmdcm&e
backbone of tight junction strands in simple epithelial cells, directly
controlling their barrier functions [31]. Claudin-1 is down-expressed in

of activating wound repair responses [24]. In the cells that compose the
blood-brain-barrier (BBB), endogenous AnxA1l regulates cytoskeleton
structure and stabilizes tight junctions, being expressed at higher levels
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Fig. 3. Expression of tissue integrity-related proteins in the epithelial barrier of DSS-ind

in cell-cell contact sites [25]; indeed, AnxAl-knockout mice show de-
amdwmmduﬁtmnthe-mm[w]
Our data i the i P ofAnxAl‘ duced by LED
therapy in epithelial cells might have a p 1 effect on clandin-1
otglmzmondunngbs-mdncadoohm

its 1 functions, AnxAl also plays several roles as an
lnn-mﬂmtnlylnd luti di This protein was first

ibed as an inhibi Azutmtymcellm
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reatment with LED

H

i
g

H

d colitis mice
expression. (F—1 and J) Claudin-1 localization (white arrows) and expression. (K—N and P) AnxA1 localization (black arrows) and tissue levels (O) Reaction control.
n = 3 mice/group. Sections: 3 pm. Bars: 20 ym (A, B, D;E, F, H; I, J, L), 50 pm (C, G, K). Counterstalning: Hematoxylin.** p < 0.01 vs Control; 8§ p < 0.01.

d with LED. (A-D and E) ZO-1 localization and

epithelial repair [43]. Interestingly, levels of TNF-a and IL-10 were low
and equivalent in all groups of animals studied, suggesting that these
cytokines do not play a relevant role at Day 10 of DSS-induced colitis
model in mice.

IBDs are pl ch ized by ion of a pleth
ofpmmuubyld:vemydc-na whxh-rtphlxroplt:lcmm.llnd
can exert either deleterious or benefic actions on different phases of the
dueueTugeungllpecnﬁcceﬂcmedumrwﬂmﬂndlwm-
lusive results. Data here obtained d the beneficial of

branes, impairing the producti olhpld,.
[40] Up-regulation and down regulation ofpro—mdmn—mﬂlmmmy
are, respectively, hallmarks of colitis. Here, we observed the
intestinal tissue collected from LED treated mice produced lower
amounts of IL-1f and IL-6 while producing higher levels of IFN-y. The
later effect is unexpected as IFN-y is an important mediator for the
pathogenesis of IBDs [3,41]. However, IFN-y also plays a role in the
resolution of colitis by evoking the expression of the IL-10 receptor on
intestinal epithelium and inducing the polarization of anti-in-
flammatory macrophages [42]. Other investigations have pointed out
the roles of IFN-y in inhibiting leukocyte transmigration into inflamed
lung tissue and in limiting inflammation at injured sites [43]. We have
already showed LED treatment on an acute lung injury model induced
byu’SmcrnmﬂulmholeN'{mhrmhuluohrhm! [29].
Hence, the 1 d ion of IFN-y asap 1 pro-re-
ldmnmhmdncﬁmmomdby[mdunpylnd,nlm
phases of colitis, might contribute to anti-inflammatory effects and
tissue reorganization. Finally, LED treatment increased the levels of
TGF-B, a down-modulator of mucosal inflammation and promoter of

LED therapy on the intestinal mucosa damaged by DSS. Due to its non-
invasive delivery and low-cost applicability, LED therapy and its anti-
inflammatory effects might be used as pr ing tools to be bined
with other drugs in order to 1 r in IBD pati
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Abstract: Hematopoiesis is a complex and intricate process that aims to replenish blood components
in a constant fashion. It is orchestrated mostly by hematopoietic progenitor cells (hematopoietic
stem cells (HSCs)) that are capable of self-renewal and differentiation. These cells can originate
other cell subtypes that are msponsible for maintaining vital functions, mediate innate and adaptive
immune responses, provide tissueswith oxy gen, and control coagulation. Hematopoiesis in adults
takes place in the bone marrow, which is endowed with an extensive vasculature conferring an
intense flow of cells. A myriad of cell subtypes can be found in the bone marrow at different levels of
activation, being also under constant action of an extensive amount of diverse chemical mediators and
enzymatic systems. Bone marrow platelets, mature erythrocytes and leukocy tes are delivered into the
bloodstream readily available to meet body demands. Leukocytes circulate and reach different tissues,
refurning or not returning to the bloodstream. Senescent leukocytes, specially granulocy tes, return to
the bone marrow to be phagocytized by macrophages, restarting granulopoiesis. The constant high
production and delivery of cells into the bloodstream, alongside the fact that blood cells can also
circulate between tissues, makes the hematopoietic system a prime target for toxic agents to act
upon, making the understanding of the bone marrow microenvironment vital for both toxicological
sciences and risk assessment. Environmental and occupational pollutants, therapeutic molecules,
drugs of abuse, and even nultritional status can directly affect progenitor cells at their differentiation
and maturation stages, altering behavior and function of blood compounds and resulting in impaired
immune responses, anemias, leukemias, and blood coagulation disturbances. This review aims to
describe the most recently investigated molecular and cellular texicity mechanisms of curtent major
environmental pollutants on hematopoiesis in the bone marrow.

Keywords: environmental pollutants; xenobiotics; hematopoiesis; myelotoxicity

1. Hematopoiesis Overview

1.1. Hematopoiesis and Hematopoietic Hierardhy

Hematopoiesis is a continuous, albeit complex, process that aims to generate blood cell subtypes
in a steady manner. Hematopoietic stem cells (HSCs) represent a small population of pluripotent,
self-renewing cells responsible for initiating the renewal of blood cells by giving rise to other cell
progenitors. In humans, such cells are CD34*CD38 [1].

In bone marrow {BM), H5Cs initially give rise to multipotent progenitors (MFPs), which can also
be considered pluripotent. These cells have limited self-renewal capabilities, yet possess full-lineage
differentiation potential [2]. These cells remain mostly quiescent at the GO phase of the cell cycle [2,3],
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but through signaling mediated by intrinsic and extrinsic factors, this population initiates cell cycle
entry and starts differentiating [4,5]. MFFs give rise to common myeloid precursors (CMPs) and
lympheid precursors (CLPs) through cytokine signaling and the activation of several transcription
factors [6]. MPPs differentiated into CLPs originate lymphocytes and natural killer cells that raly
mainly on activation of P11, Ikaros and GATA-3 transcription factors [7]. Soluble factors such as [L-7
and its moe ptor (CD127) actively participate in CLF maturation and development, as IL-7 and CD127
deficiencies disrupt production of Band T cells. On the other hand, MPP fate-decision differentiation into
CMF, which originates granulocyte-macrophage (GMP) and megakaryocy te-erythrocyte progenitors
(MEPs), is modulated by FU.1 and GATA-1 [/-9].

GMF differentiation is dependent on secretion of granulocyte-macrophage-colony-stimulating
factor (GM-CSF), after which macrophage-colony-stimulating factor {M-C5F) modulates the
differentiation of monocytesfmacrophages and granulocyte-colony-stimulating factor (G-CSF)
modulates the differentiation of neutrophils, basophils, and eosinophils; the latter in a process
known as granulopoiesis. MEL, under erythropoietin modulation (EPO), initiates erythropoiesis
originating erythrocytes and, under thrombopoietin (TPO) effects, MEP originates megakaryocytes and
platelets [6,10]. During ery thropoiesis, MEF differentiates into burst-forming unit ery throid (BFU-E)
and, finally, into colony-forming unit erythroid (CFU-E); this whole process is tightly modulated by
soluble mediators such as erythropoietin (EPO), stem cell factor (SCF), and IL-3 and -6. At a molecular
level, activation of GATA-1, STAT-5, and Kruppel-like factor-1 (KLF-1) pathways ensures that erythroid
differentiation and maturation take place. Disruption of these molecular pathways leads to anemia
and myeloproliferative syndromes [6,11,12].

1.2 HSC Quiescence

The functionality of HSCs depend on the balance bebween quiescence and activation.
Reduced ability of H5Cs to leave quiescence results in insufficient blood cell production; on the
other hand, greater amounts of HSCs leaving quiescence or failing to return to quiescence after
activation exhaust the HSC pool, leading to BM failure, which favors the onset of malignant
diseases [13,14]. Proper response by hematopoeietic progenitors to regulatory stimuli and adequate
control of cell-signaling pathway s that culminate in controlling DNA damage are essential for avoiding
exhaustion of the HSC poal [15].

Quiescent HSCs eventually become senescent and lose the ability to proliferate. The fine-tuning
between proliferative, quiescent, and senescent cells is vital for the homeostasis of the hematopoietic
env ironment [16]. In specific areas of BM, approximately 80f%6 of HSCs remain quiescent throughout an
average human lifespan, ensuring their * stemness” when reeded. HSCs can leave quiescent states and
become proliferative in a transient manner in response to external stimuli, such as injuries or infections,
then become quiescent again [17]. The modulation of proliferation, differentiation, and migration
capabilities of HSCs is essential for control of their quiescence. The hematopoietic microenvironment
is fundamental for such mgulation, fine-tuning the balance required for overall homeostasis [13].

1.3. H5C Nidies

HSCs are spatially distributed in BM in highly organized niches composed of several cell
subpopulations that maintain HSC quiescence. Interactions with several stromal adjacent cell
populations such as fibroblasts, osteoblasts, macrophages, and endothelial cells, in addition to
the actions of soluble factors released by these cell groups, ensure the preservation of the HSC pool
and modulate proliferation and quiescence of these cells [18].

A significant amount of H5Cs is also associated with sinusoidal endothelial cells, from where they
are able to readily enter the peripheral bloed [19,20]. The release of these cells into the bloodstream and
their subsequent migration and return to BM are physiological processes pivotal for homeostasis [21,22].

HSCs are located both in the endosteal and vascular niches. The endosteal niche is a complex
structure that includes several components, such as progenitor and stromal cells, growth factors,
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and extracellular matrix molecules that participate in the regulation of hematopoiesis [23]. Theendosteal
niche is interposed between the bone and BM, and includes bone-forming ostecblasts and bone
resorption osteoclasts alongside other cells, such as fibroblasts, macrophages, and endothelial cells
located near the endosteum [23,24]. The anatomical location of the endosteal niche also supports the
modulation of H5Cs, as the endosteum provides a microenvironment containing low levels of oxygen,
which is an important factor for HSC quiescence [25]. Osteoblastic cells present in the endosteal
niche secrete chemical mediators that activate cell signaling cascades and regulate HSCs [26,27].
The secretion of TPO and angiopoietin (Ang-1) keads to the expression of adhesion molecules in
HS5Cs (P1-integrin and N-cadherin) and increases quiescence of these cells [26,27]. Ostecblasts also
secrete Notch receptor ligands and soluble Jagged factors; the activation of Notch receptors in HSCs
inhibits differentiation of these cells and increases their self-renewal capacity under either stress or
physiological conditions [27,25].

In the vascular niche, hematopoiesis occurs in the extravascular spaces between the sinuses.
The medullary vascular sinuses am lined with endothelial cells and are surrounded by adventitious
cells, also called CXCL12 abundant reticular (CAR) cells [29]. CAR cells are the major producers
of cytokines that modulate HSC behavior, such as CXCL12 and SCF [29]. The proximity between
sinusoidal endothelial cells and H5Cs is very important for the maturation of the latter and, therefore,
for the hematopoie tic process [30]. The vascular niche isessential for the production of factors essential
for the mobilization, homing, and engraftment of H5Cs. The interaction bebween mature cells and the
vascular niche is required for the release of these cells into the bloodstream. The expression of adhesion
molecules by endothelial cells, such as vascular cell-adhesion molecule-1 (VCAM-1), associated with
chemokine factors, mediates the maturation of megakaryocytes and the release of platelets into the
bloodstream [31].

BM shelters several populations of progenitor cells other than H5Cs that are essential for homeostasis,
such as mesenchymal stem cells (MSCs). These cells provide a supportive microenvironment for HSCs
and display high regenerative capabilities with a therapeutic potential, arising from several cell lines
such as adipocytes, chondroey tes, and csteocytes [32Z] The therapeutic effects associated with paracrine
mechanisms linked to MSCs are extremely complex and include diverse cytokines and growth factors as
well as other related receptors and signaling molecules with a wide range of biological functions [33].
MSCs and their derivatives are also essential for maintaining hematopoeiesis, and for the maturation of
hematopoietic lineages [34,35].

Endothelial progenitor cells (EPCs) can also be found in BM; EPCs and H5Cs share hemangioblasts
as common progenitors [36]. EPCs are recruited in response to ischemia and initiate anglogenesis,
kading to the formation of new blood vessels, connecting fibronectin, and forming colonies and/or
colony-forming units [37,58]. EPCs resemble embryonic angioblasts, which are anchorage-independent
cells capable of proliferating, migrating, and differentiating into mature ECs [39]. EPCs express mainly
cluster of differentiation 34 (CD34) and fetal liver kinase 1 (FLK1), although other markers have also
already been identified, such as vascular endothelial growth factor receptor 2 (VEGFR2) and CD146 [40].
EPC mobilization into the bloodstream occurs depending on different disease conditions, such as
tumor and cardiovascular disorders, and is mediated by a plethora of chemical mediators, with VEGF
being the most well-known [41].

A schematic overview of HSC niches is illustrated in Figure 1A.
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Figure 1. Schematic overview of H5C niches and fate-de cision of hematopoietic lineages during
hematopoiesis, along with the major transcription factors and cytokines involred. (A) H3C niches
comprise endosteal and vascular regions containing several cell types. In the endosteal niche,
osteoclasts and osteoblasts, as well as other cell types, support the vascular niche where mesenchymal
stromal cells (MSCs), hematopoletic stem cells (H5Cs) and CXCL12-abudant (CAR) cells are anchored.
The maturation of bematopoietic lines is modulated by the fine balance between both niches.
(B) Hematopoietic stem cells (H5Cs) can undergo either apoptosis or senescence after suffering oxidative
stress or DNA damage, which might or might not activate apoptotic pathways. Under physiclogical
status, activation of GATA-1 and PU], low levels of reactive oxygen species (ROSs), and modulation
exerted by soluble factors such as IL-3, SCF, TPO and G-CSF in H5Cs give rise to comman myeloid
progenitors (CMPs), which then originate neutrophils, eosinophils, basophils and monocytes. On the
other hand, commen ly mphoid progenitors (CLPs), under influence of IL-7, are modulated by the
activation of GATA-2, Tkaros, and FU L CMPFs originate erythrocytes and platelets after the maturation
of intermediary precursors, and CLPs mature into Band T ly mphocytes and natural killer cells.

1.4 HSC Mobilization

The recruitment of hematopoietic stem cells and progenitors (HSPCs) from BM into peripheral
blood is a process known as mobilization that occurs either under phy siclogical or stressful conditions,
such as acute inflammation and chemotherapy [42,43]. Mobilization occurs based on the interplay
between HSPCsand BM niche components, aswell asresulting from the interaction between chemokines
and their receptors. Adhesion molecules, proteases, and activation of intracellular signaling pathways
also play roles in cell mobilization [42].

Indeed, the inactivation of stromal cell-derived factor-1 (SDF-1} and interleukin-8 (IL-8) alongside
the enzymatic actions of proteases such as elastase, cathepsin G, and metalloproteinases (MMP-2 and
MMP-9) modulate the SDE-1/C-X-C receptor 4 (CXCR4) axis and promote the meleaze of Biviresident
progenitor cells to peripheral tissues [44,45]. The SDF-1/CXCR4 axis is crucial for the maintenance,
retention, and mobilization of HSPCs under homeostatic conditions or after an injury [45], as HSPCs
that express CXCR4 are attracted to the highly expressing SDF-1 endosteal niche. Also, upregulation of
adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), very late antigen 4 (VLA-4),
and leukocyte function antigen 1 (LFA-1) are important for the retention of HSCPs in BM; in turn,
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downregulation of these molecules and of other chemokines is closely related to the mobilization of
progenitors into the bloodstream [42].

HSPCs are endowed with a great therapeutic potential and, as with most of BM transplants, rely on
the use of HSPCs isolated from peripheral blood after the mobilization of progenitors has beeninduced.
The modulation of the aforementioned mechanisms mobilizes HSPCs, and this practice is widely
used in clinical practice [47]. G-CSF is one of the most effective mobilizing agents [47], and mepetitive
G-CSF stimulation accelerates myeloid hematopoiesis, enhancing HSPC motility and migration into
peripheral areas of the body [45]. Also, G-CSFinduces the release of proteases, cathepsin G, and MMP-9,
which downregulate levels of adhesion molecules, fav oring the mobilization of HSPCs [45].

Increased release of progenitor cells and mature leukocytes from BM is part of the immune
response leading to inflammatory processes. Depending on the severity of the inflammatory response,
immature cells are also delivered into the bloodstream [4%]. A broad range of molecules such as
kukotrienes, resolvins, annexin Al, cytokines, and chemokines, among others, are irvolved in
modulating inflammation and returning HSPCs to BM [50-53]. After an injury, such as exposure to
radiation, stromal cells in BM release high amounts of SDF-1, which is responsible for inducing homing
and modulating the repopulation capabilities of HSPCs [54].

1.5. DNA Damage, ROS Generation and Hypoxia in the Control of HSC

The mechanisms underlying the transformation of normal cells into malignant phenotypes are not
yet fully understood. In order to better understand such mechanisms, the cell cycle of hematopoietic
cells has been extensively investigated, as aging processes are closely linked to the accumulation of
DNA damage and telomerase shortening in quiescent cells [4,55]. Such accumulated DNA damage in
quiescent H5Cs leads to the activation of DNA repair mechanisms only when these cells leave the
G0 phase of the cell cycle; failures of DNA repair machineries, however, allow such accumulation
of genomic damage to deregulate further cell cycle promesses, and this is a key mechanism for
leukemogenesis [15,56,57]. Still, in order to avoid malignant changes and to sustain homeostasis,
hematopoietic progenitors are capable of tolerating some DNA damage due to protective mechanisms,
such as DNA translesion synthesis (TLS) [58,559].

The accumulation of DINA damage and the insufficient activation of repair mechanisms leads to the
exhaustion of progenitors, driving them to senescence or apoptosis. Activation of apoptotic pathways
in HSCs aims to avoid a proliferation of compromised cells that have suffered irreparable DINA damage,
preventing the development of malignancies. The main pro-apoptotic factor activated is the tumor
suppressor protein p53. Activation of p53 leads to quiescence via activation of its downstream effector
and cell eycle inhibitor p21, causing damaged cells to cease proliferation and become senescent [#(,51].
Induction of apoptesis is linked to pathways invelving BAX, NOXA, and FUMA in addition to
activation of the ASPP1 protein, a p53 cofactor that selectively promotes or inhibits p53-mediated
apoptosis. The process of controlling apoptosis and activation of HSCs, while complex, is crucial for
preserving the HSC pool [61-53],

DNA damage also activates other protective intracellular mechanisms, such as autophagy.
Autophagy is a catabolic process marked by the lysosomal degradation of damaged organelles and
proteins, and is essential for maintaining hematopoiesis and H5C differentiation and quiescence by
suppressing cell metabolism [64—66]. In response to stressors, HSCs induce autophagy to prevent cell
death, mitigate the increase of reactive oxygen species (ROS) levels and promote activation of DINA
e pair machineries [57,68]. Mice lacking the autophagy related gene 7 (atg7) are more susceptible to
oxidative stress, accumulation of DNA damage and loss of function of HSCs after irradiation [59].

Much like apoptosis, generation of ROSs also plays a protective role and induces autophagy.
However, oxidative stress, when excessive, becomes one of the main causes of DINA damage.
Excessive production of ROSs and the resulting imbalance of enzymatic mechanisms that constitute
redox signaling leads to oxidative stress, resulling in oxidative-induced damage [7(]. Uncontrolled ROS
production is responsible for damaging DNA and macromolecules such as lipids and proteins [71,72].
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Several studies associate high levels of ROS and oxidative damage as factors for the initiation and
progression of hematological diseases, such as leukemias [73-76]. Still, ROS generation is essential
for the fnctionality and modulation of HSC phenotypes and their progenitors, as the generation of
ROSs regulates the self-renewal and differentiation of adult stem cells [77]. At low levels, ROSs ensure
that precursors remain pluripotent, but at excessive levels, ROSs can impair the functionality of these
populations, even leading to BM failure under extreme circumstances [78,79],

Aiming to avoid excessive oxidative stress, antioxidant proteins act quickly in the face of high
levels of ROSs. Among them, superoxide dismutase (SOD), catalase, and ghitathione peroxidase are
the most important; reduced glutathione (GSH), which also exists in the cell in its oxidized form
{G55G), is perhaps the most abundant of enzymatic antioxidants [50,581].

The enzymatic machinery responsible for keeping ROS levels low in hematopoietic progenitor
cells is also aided by the microenvironment of hematopoietic niches [25,78]. As the generation of ROSs
is closely linked to oxygen demand, several transcription factors ame involved with the regulation of
low levels of oxygen in HSCs. Hypoxia-inducible factor 1 (HIF-1) is the main transcription factor
responsible for allowing cells to adapt to low oxygen levels; the expression of its inducible subunit,
HIF-1w, is linked to the maintenance of ROSs at homeostatic levels. Lacking activity of HIF-1x in
progenitor cells leads to the exacerbated generation of ROS, culminating in increased cell proliferation
and loss of self-renewal capacity [#2,83]. Activation of fork-head O transcription factor {FoxO) subunits
also play s a crucial role in keeping low the levels of ROSs in HSCs, thus playing a protective role upon
oxidative stress. The deletion of heterodimers of the FoxC's family in hematopoietic cells substantially
decreases the number of HSCs, leading to increased cell cycle activation, and this effect appears to
be dependent on cxidative stress, as treatment with n-acetyleysteine, a potent antioxidant, is able to
restore homeostatic cell-cycling conditions [54,85]. Activation of p38 mitogerractivated protein kinase
{MAFPK), a transcription factor, in response to ROS generation, is also important for regulating H5Cs in
the face of axidative stress. MAPK activation limits the lifespan of progenitor cells, and inhibition of
P38 pathways protects the self-renawal capabilities of HSCs, avoiding their exhaustion and thus being
a potential therapeutic target for improving the “stemnness” of H5Cs [79,586].

These reports highlight the complexity of the processes responsible for regulating H5C physiclogy
in hematopoiesis and how fragile this vital system is. Moreover, the maturation and differentiation of
hematopoietic precursor calls leading to the delivery of mature cells into the bloodstream also involves
fine-hining mechanisms, which can be easily disrupted. Disturbances on HSC biology and functions
and on the delivery of precursors into the bloodstream are mechanisms of blood and vascular diseases.
The hematopoietic hierarchy alongside indications of HSC damage leading to senescence and apoptosis
is summarized in Figure 1B.

2. Cellular and Molecular Mechanisms of Toxicity on Hematopoiesis

The amount of pollutants in the environment has increased in the modern era. Air pollution before
industrialization mainly originated from the buming of organic materials used for house-heating and
cooking. Such pollution resulted in increased releases of carbon monexide and particulate matter,
which by then already atfected the health of populations [57]. Since industrialization, the amount
and diversity of pollutants in the air have increased, and alarming levels of pollutants have been
quantified in several countries worldwide, regardless of them being developing or having already
been developed [58,89]. Consequently, hazardous effects for both the environment and human health
have led to public health concerns worldwide. The complexity of hematopoiesis and of the fine-huning
mechanisms that control functions of blood components such as host defense, oxygen supply for
tissues, and bloodstream rheology makes the hematopoietic system a suitable target for the actions of
xenobiotics, including those released to the enwironment. Blood is also a pivotal matrix used for the
assessment of xenobiotic levels and biological end points during intoxications. Below is described the
most relevant data on the cellular and moelecular actions of current environmental pollutants on the
BM hematopoietic system in mammals.
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2.1. Benzene and Its Metabolites

Benzene (BZ) is a volatile liquid aromatic hydrocarbon solvent, a byproduct of petroleum
refinement. It used to be widely employed as an industrial chemical, either as a solvent or as a
starting material for the synthesis of other chemicals, until its severe toxicity to occupationally exposed
humans, especially by inducing hematological disorders and cancer, was described [50,91]. While the
relationship between BZ exposure and leukemia had already been reported at the beginning of the 20th
century in industry workers [91], BZ was classified as an environmental carcinogen in 1982 due to its
BM toxdcity [92] Mowadays, even though the use of BZ in working environments is controlled around
the world [93], alarming levels of this solvent are frequently found in the air of both developing and
developed countries [94,95]. BZ, alongside toluene and xylene, is a contaminant of gasoline and diesel,
thus being a common pollutant in high-traffic cities [96,97]. Smokers are also exposed to high amounts
of BZ and its metabolite hydroquinone (HQ), which are compounds of cigarettes [95,94].

BZ is extensively metabolized after absorption via lungs, mouth, and skin, and the resulting
metabolites are responsible for its harmful effects. BZ is initially converted to benzene oxide by
cytochrome P450 enzymes, mainly CYP2E], in the lungs and liver; benzene oxide is then rearranged
into phenol, which is subsequently metabolized to HQ, catechol, and 1,4-benzoquinone (1,4-BQ) by
action of CYP2E] enzymes, especially in the liver. HQ is transported to the BM and metabolized to the
highly reactive BQ by oxidative enzymes, such as myeloperoxidases (MPOs) [100]. Benzene oxide
can also be hydrolyzed generating catechol and 1,2-BQ, or it can be metabolized by glutathione
5-transferases forming the less-toxic metabolite 5-phenylmercapturic acid. Benzene oxide can also
have its aromatic ring opened, resulting in reactive muconaldehydes and E, E-mucenic acid [100],
which are quantified in urine as intoxication end-points. Detoxification by redox systems in BM,
such as NADPH—quinone oxidoreductase 1 (NQO1), reduces the local levels of oxidative toxic agents
generated by BZ metabolism [100,101], but prolonged exposure to BZ leads to lasting high levels of BZ
and accumulation of BQ, which lead to toxic effects in BM. The role of redox systems on BZ toxicity
has been evidenced by several reports as lower and higher hematotoxicity caused by BZ in CYP450
and NQO1 knockout mice, respectively [102,103]. NQO1 polymorphism is associated with increased
hematotoxicity in humans exposed to BZ [104], and administration of the major compounds of garlic,
diallyl di and trisulfide reduces BZ hematotoxicity in mice by deactivating CYP2ZE] and MPO and
activating GSH and NQO1 [105].

BZ exposure affects BM by interfering with different hematopoiesis pathways due to actions of its
multiple metabolites, mainly H and BQ. This leads to failures in the BM environment, which result
in decreased peripheral counts of erythrocytes, leukocytes, platelets, pancy topenia, aplastic anemda,
myelodysplasia, and myelogenous leukemia [90,100,105,107]. Robust studies carried out over the years
have evidenced that BZ exposure attects BM cells by causing chromosomal aberrations, gene mutations,
oxidative stress, apoptosis, epigenetic deregulation, impairment of DINA repair, modification of protein
secretion, and suppession of immune systems [90,91]. It is worth mentioning that toxic effects are
not due to direct actions of BZ and its metabolites only, as these are also powerful inducers of ROS
genaration, and high ROS levels also mediate the harmful effects of BZ intoxication [50].

It is worrisome that there are no described safe levels for BZ exposure regarding hematopoiesis.
BZ toxicity is influenced by different genetic profiles and living conditions; blood cell functions and
their production and delivery processes are very intricate and offer a great number of targets for BZ
metabolites to act upon [101,108]. Novel texic mechanisms exerted upon hematological parameters
by BZ exposure have been continuously reported, especially for exposures at levels considered
sub-toxic [108,109].

As the overall population should not be exposed to high levels of BZ, elucidating how BZ
exposures of low frequency and low doses disturb cell pathsways is a goal of current investigations.
Indeed, gene alterations in human HSCs have been fully demonstrated after low-dose exposures to
BZ (lesser than 1 ppm, the threshold level), resulting in aberrant expression of downstream genes,
malignant fransformations, and H5C dysfunction [110-112]. Exposure of HSCs to non-cytotoxic doses
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of BZ have caused niphures of DNA structures at breakpoint hot stops in the leukemia-melated genes
MLL and CBFB similar to those found in leukemia patients [113]. DNA breaking within the MLL
gene leads to rearrangement of over 120 other pariner genes, resulting in acute leukemia with poor
prognostics [114], and DNA breakings within the CBFB gene is the cause for about 10% of acute
myeloid leukemia cases [115]. Enhanced autophagy is another mechanism elicited by lower levels
of BZ exposure, as reported in BM mononuclear cells from patients exposed to BZ and in mice cells
exposed to HQ. Autophagy is regulated by post-translational modifications such as phosphorylation,
ubiquitination, and acetylation. BZ exposure reportedly decreases acetylation of autophagy components
by inhibiting the activity of acety ltransferases such as p300 [115]. Hematopoietic cells collected from
workers exposed to low doses of BZ or incubated with 1,4 BZ have shows increased apoptosis and
autophagy rates, dependent on expression of the long-non-coding RNA cRNAVINN3 triggered by BZ
or 1,4 BZ-induced oddative stress; cRNAVNIN3-enhanced phosphorylation of Bl-2 and beclin-1 led to
cell death [117]. Physiclogical autophagy levels are mquired for maintaining stable cell homeostasis
under stress conditions, while exacerbated autophagy induces uncontrolled cell death. Therefore,
depending on the intensity of the aggressive stimuli, autophagy can be either beneficial or harmful,
playing either a protective role on cell death or contributing to it [115].

HIF-1xis a transcription factor involved in the harmful effects of BZ on HSC niches. HIF-1cx controls
the hypexic microenvironment of such niches as to maintain quiescence, survival, and metabolic
phenotypes of wells by increasing anaerobic glycolysis and reducing ROS generation [75,52,119].
Recent evidence has demonstrated that exposure to BZ can inhibit HIF-1x, as mice exposed to BZ
showed high levels of ROSs alongside lower kvels of HIF-1x in niches of stem cells [120]. HIF-1x
binds to DNA in the hypoxia-response-element (HRE) DNA domain, and several genes such as those
responsible for the ex pression of vascular endothelial growth factor (VEGF) and erythropoietin (among,
others) contain HRE binding sites in their sequences and are thus targets for the actions of HIF-1ex.
It has been demonstrated that treatment of BM cells from mice with BZ downregulated expression of
genes containing the HRE domain, impairing expression of genes involved with self-renewal, cell oy cle,
differentiation, and apoptosis pathways of HSCs [121]. In accordance, overexpression of HIF-1x in a
myelogenous leukemia (CML]) K562 cell line reduced apoptosis and ROS levels induced by 1,4-BQ by
targeting Nox4, Bel-2, and key glycolytic enzymes [122].

Reduction of the number of circulating red blood eells is also a clinical symptom of low intensity
BZ toxicity [123]. It has been demonstrated that damage caused to erythroid burst-forming units
(BFU-E) in workers exposed to BZ is dose-dependent, and that erythroid cell differentiation is more
sensitive to the harmful e flects of BZ or HQ) exposure than other hematopoietic precursor cells [124,125].
It has also recently been reported that BZ inhibited erythroid cell differentiation by downregulating the
expression of miRNA-451a and miRNA486-5p [126]; miRNA-451a positively modulates the terminal
differentiation of erythroid cells protecting red cells against oxidative stress [127,128] and miRNA486-5p
regulates the differentiation and growth of erythroid cells [129].

Another topic of BZ texicity that is yet to be fully elucidated is whether hematopoiesis disturbances
caused by BZ exposures of low frequency and dose are reverted after exposure ceases. It has
been demonstrated that exposure to BZ in mice impaired frequency and colony formation of HSC
SCA-1*e-kitt cells (LSK) and reduced mRNA levels of Notch-1 and p53 in BM cells collected 10 months
after the end of BZ exposure. This provides evidence that molecular and cellular alterations affecting
the self-renewal of H5Us are long-lasting after exposure to BZ, and may allow pre-leukemic clones to
evade elimination, leading to an increased risk of development of transforming neoplasia [130]. In the
same vein, exposure of rats to BZ at low doses for 14 days impaired erythropoiesis, which partially
mecovered 56 days after exposure has ceased as reduced numbers of reticulocytes in the bloodstream
and reduced phagocy tosis ability in macrophages collected from mature erythroblastic islands could
be observed after this period [131].

The modulation of the cytosolic transcription factor aryl hy drocarbon receptor (AhR) linked to BZ
toxicity on BM and blood cells has recently been investigated. AhR is a ligand-activated transcription
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factor expressed in hematopoietic progenitor cells, lymphocytes, neutrophils, and splenocytes [132-124].
The connection betwean BZ exposure and AhR was first demonstrated by studies that provided evidence
that hematopoietic toxicity induced by BZ was not observed in AhR knockout mice, but that toxicity
would take place when the BM of animals was we populated with cells from wild-type mice. Accordingly,
BZ-induced hematotoxicity in irradiated wild-ty pe mice repopulated with AhR knockout BM cells was
not observed, as measured by granulo-macrophage-colony-forming units assay [135-137].

AhR expression is also essential for the differentiation and activation of Th17 cells in the
pathogenesis of rheumatoid arthritis [138,139]. Solid experimental and clinical data show a
correlation between exposure to cigarette smoking and the induction and aggravation of rheumatoid
arthritis [140,141]; there is also increased AhR expression in the synovial membrane of smokers [142].
Cigarette smoke is an important source of BZ and HQ, as each stick delivers about 72.2 and 100 pg
of BZ and H{, respectively [99,143]. The connection between HQ) exposure and AhR to theumatoid
arthritis was recently tested in mice and rats exposed to HQ by inhalation following an experimental
design of low-dose exposures. Although H(J-exposed animals had no alterations in BM or bleod
cell numbers, disease symptoms worsened, with a high frequency of AhR* neutrophils and Th17
lymphocytes in the inflamed synovia. Accordingly, rheumatoid arthritis symptoms were not observed
in AhR knockout mice exposed to HQ [133,154] (Heluany et al, under review). These data evidence
that exposure to BZ metabolites worsens theumatoid arthritis involving HQ actions through AhR on
blood cells, and that both BZ and HQ) are cigarette compounds involved with the harmful eflects on
the evolution of the disease as a result of cigarette smoking,

Although scientific studies regarding hematotoxicity evoked by BZ exposure have been published
extensively in scientific literature over the last 50 years, the broad actions of BZ and its metabolites
upon the complex hematopoietic phenomena and resulting effects to the immune system inexposed
subjects, especially those exposed to low concentrations, constitute a still-vast area for investigations
with a meaningful impact on public health.

2.2, Engineered Nanoparticles

Nanotechnology as a field has grown at a fast pace over the last 20 years, and has been
responsible for the development of materials with useful properties for a plethora of industrial and
biological applications in the engineering, communication, food, and textile industries, to name a few.
Nanomaterials also have bicenvironmental applications, and can act as reliable drug carriers [144].
Manoparticles (NPs) are sized less than 100 nm, and are characterized by an increased surface area and
unique physicochemical properties, which make them extensively employed in several fields. Due to
INPs being such a recent breakthrough, the number of studies focusing on subjects occupationally
exposed to NPs is still low, but increasing. The impact of NPs on occupational health and safety is
currently difficult to predict, halting advances on the risk assessment of NPs [145]. The main factors
that determine the toxicological effects of NPs are exposure conditions such as route, concentration,
and duration; the individual characteristics of exposed subjects; and the intrinsic characteristics of NPs,
including ability to bind to or coat surface species, surface area, composition, and catalytic activity,
among others [146]. Moreover, NP pharmacokinetics differ from those of common bulk materials,
which is another barrier to advances on understanding their toxicological potential [147].

Current nanomaterial research has mostly focused on nanotechnology applications, whereas there
is little information regarding occupational and environmental exposure assessment and risk
characterization associated with NPs. As airborne NPs are mainly absorbed by respiratory routes,
some of the toxic effects of NPs on lungs have been described in both humans and experimental
animals, being characterized mostly by inducible inflammatory reactions [144] Still, inhaled NPs have
avery small size and can be arrested from alveoli into other tissues by the bloodstream, which may
kead to systemic harmful effects [148]. Indeed, it has been demonstrated that pulmonary instillation
of titanium diexide (TiO2) NPs has resulted in increased plaque deposits in atherosclerosis-prone
apolipoprotein E-deficient mice [149]. In addition, environmental exposure to TiO2 NPs has affected
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the biology of circulating angiogenic cells (EPCs), which contribute to the harmful vascular effects of
NPs [150]. After birth, EPCs circulate in the peripheral blood until being recruited and incorporated
into sites of active neovascularization, being then committed to vascular wepair [37,151].

Mo clear evidence is available regarding the effects of occupational or environmental exposure
to NPs on hematopoiesis in BM. Nevertheless, alterations in the number and functions of circulating
immune cells have been described in addition to those induced by the inflammatory response by
itself as a result of exposure to NPs. Magnetic NPs have been extensively used as contrasting agents
in magnetic resonance imaging; assessment of toxic effects due to the inhalation of manufactured
magnetic NPs has revealed these NPs to be highly distributed to different tissues and to increase
hematopoiesis in the spleen, where there are increased numbers of erythroid and myeloid cells in the
red pulp [15Z].

Although studies available on the harmful effects of engineered nanotechnology products on the
hematopoietic system are scarce, the systemic toxic effects of NPs that unintentionally reach complex
tissues (such as the central nervous system [153]) have shown evidence that lurther investigations on
the toxic potential of NPs on BM could provide valuable data for risk assessment studies.

2.3. Incidental Environmental Nanoparticles and Particulate Matter

Exposure to NPs or particulate matter {(PM) found in polluted air causes systemic harm ful eflects,
which have been extensively described in humans, and exposure to associations of NPs and PM can
lead to the onset of diseases as well [154-156]. PM comprises a heterogeneous mixture of particles of
different sizes and chemical compositions. The severity of toxic systemic effects is closely linked to
particle size, as both NPs and PM 2.5 (smaller than 2.5 pm) can reach the bloodstream from alvecli
and be distributed into lissues causing systemic effects [157-160]. Particles can also contain harmful
airborne microorganisms and metals, which greatly increase their toxicity [161,162). The World Health
Organization estimates 92% of the global population lives in areas where the levels of fine PM 2.5
exceed the recommended annual average air concentration limit of 10 ugfma. Recent findings have
shown that exposure to PM 2.5 can pose hazards to public health at low levels, even below those
recommended by regulatory agencies [154,163-167].

Local and systemic inflammation, especially linked to chronic exposures, is a common hallmark
of exposure to airborne NPs and MPs [160,168]. Cytokines secreted at inflammation sites reach BM
and alter HSC niches, affecting maturation and differentiation phases of leukocytes and delivery of
cells into the bloodstream. Both acute and chronic in vivo exposure to PM are reported to cause
lung inflammation and leukocytosis due to an increased release of immature granulocytes into
crculation [169]. This effect was evidenced by increased numbers of band neutrophils found in
the bloodstream and a reduced monocyte transit time in BM after lung instillation of PM 10 in
rabbits; this effect was also observed in rabbits instilled with supernatant culture medium of alveclar
macrophages incubated with PM 10, but not in rabbits instilled with supernatant collected from
alveolar macrophages incubated with inert carbon [169,170]. Thus, PM 10 actions depend on activation
of lung macrophages, followed by secreted chemical mediators reaching BM and inducing neutrophil
and monocyte delivery into the bloodstream [171,172].

The association between PM 2.5 exposure and cardiovascular morbidity and mortality has been
extensively demonstrated in epidemiclogical and experimental studies [173,174]. Both direct and
indirect actions of these particles on BM have been shown. Toxic effects on the cardiovascular system
caused by MP 2.5 awre characterized by alterations on blood rheology and endothelial cells of blood
vessels, mostly associated with endothelial oxidative stress and inflammation [175,176]. Moreover,
it a tracheal instillation of PM 2.5 from diesel exhaust in mice was reported to have increased the
mobilization of neutrophils from BM, and the resulting neutrophilia led to myocardial oxidative
stress [177]. Solid evidence has demonstrated that in vivo exposure to PM 2.5 affects BM by limiting
the inherent functionality and mobilization of EPCs into the bloodsiream, as acute exposure of humans
or mice to PM 2.5 has been negatively correlated with plasma levels of EPCs [175,179]. In addition,
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EPCs from the BM of mice exposed to PM 2.5 have displayed reduced proliferation and tube formation
capabilities that were not due to cell death, but rather dependent on the downregulation of genes that
support cell proliferation and the cell cycle of BM EPCs. These effects were absent in overexpressing
extracellular superoxide dismutase ec50D-Tg mice exposed to FM 2.5, resulting in reduced oxidative
stress and higher nitric oxide bicavailability even upon exposure to PM 5. GSH levels were also
reduced in BM cells obtained from PM 2.5 exposed mice [179] Therefore, harmful effects on BM
EPCs caused by exposure to PM 2.5 may comprise likely mechanisms for its toxic effects linked to
cardiovascular morbidity and mortality.

Other studies further evidenced the toxdc effects of PM on BM cells, as incubation of PM 2.5 or PM
10 collected from polluted air impaired proliferation of human HSCs in a concentration-dependent
mannet, increased expression of cytokine genes associated with inflammation (e.g., TNF-x and IL-6),
and impaired expression of the cell eycle regulator gene p53 [180].

Recent studies have described associations between exposure to PM 2.5 during pregnancy and
effects on H5Cs in the BM of offspring. Pups from female mice exposed to PM 2.5 via respiration
during pregnancy suffered from lung inflammation and oxidative stress, which lasted until adulthood.
Although offspring aged two and six months had normal leucograms, the kwo-months-old offspring
showed increased BM oxidative stress, inflammation, and osteoclast activity Damage done to BM
evolved and siv-months-old offspring exhibited senescent phenotypes of BM HSCs, demonstrated by
reduced clonogenic formation, donor-cell-derived reconstitution and self-renewal, increased levels
of mitochondrial ROSs, NrF2 expression, cyclinrdependent kinase inhibitors, and increased p38
phosphorylation and DNA double-strand breaking, Considering that no effects were observed on the
BM of exposed dams, it is likely that offspring from mothers exposed to PM 2.5 have less efficient
antroxidant mechanisms in their BM than their mothers [181].

Although scientific studies assessing exposure to PM and BM effects are not plentiful, this only
reifies that the BM microenvironment should be considered for risk assessment studies, BM is a direct
target for the actions of PM, especially PM 2.5, enduring impairments on cell proliferation, lifespan,
and functionality due to systemic oxidative stiess and inflammation.

24, Dioxins and Polychlorinated Biphenils (PCBs)

Dioxins are persistent organic pollutants (POPs) released to the atmosphere as undesired
byproducts of an anthropogenic and natural origin. These compounds can originate as by products
from combustion processes, such as the incineration of solid waste, the chlorine bleaching of paper
and wood-pulp, the burning of coal in power plants, and forest wildfires [182]. These pollutants also
occur as contaminants in several pesticides, herbicides, and fungicides [183]. Among POPs, dioxins are
considered the most hazardous to human health, with their major toxic effects being linked to binding
to the aryl hydrocarbon receptor (AhR) in several cell types.

PCBs make up a class of 209 volatile, structurally related organochlorine compounds used for
different industrial and commercial applications, which were mass-produced until the 1970s. Since then,
PCBs have been identified as carcinogens, and their global commercial production was banned by
signatory nations in the Stockholm Convention on Persistent Organic Pollutants in 2001 [154,185].
Nevertheless, PCBs continue to pose a significant risk to human health through exposure sources such
as the continuous release from hazardous waste sites, PCB-contaminated equipment that is skill in use,
and contact with construction materials used in buildings erected prior to the PCB production ban.
In addition, non-legacy PCB congeners have also been detected in paint and industrial pigments [156].
PCBs are still considered among the most important groups of food contaminants, and food and
agricultural authorities strictly monitor the PCB contamination of foods. As air pollutants and
contaminants of extensively used organochlorine pesticides, PCBs contaminate foods in the same
manner as described above, by being byproducts of industrial processes, the combustion of certain
materials, or accidental fires. Recycling and the production of certain minerals can also produce
PCBs [157]. Depending on the position of chlorine atoms in the biphenyl backbone, PCBs can be
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of planar or non-planar geometry. Nor-chlorine substitution in the ortho position determines non
co-planar geometry, while substitution of one to four chlorine molecules in the ortho position determines
varying degrees of co-planar ring geometry. Co-planar congeners bind to AhR and are therefore called
dioxin-like PCBs. Among 209 known PCB congeners, 12 can bind to AhR [185]. Long degradation
half-life and high liposolubility contribute to the bicaccumulation of dioxin and PCBs in biological
organisms [189].

AhR is a cytoplasmic basic heliv-loop-heliy/PAS transcription factor that, upon activation by
ligands, can lead to either physiological or toxic effects. AhR has traditionally been described as a
central regulator of responses to environmental factors and of xenobiotic metabolism. First studies on
the toxic effects of dioxins and AhR evidenced 2,37, 8-tetrachlorodibenzo-p-diexin (TCDD, dioxin} can
bind to AhR, leading to several toxic effects [190,191]. Under homeostatic conditions, AhR remains
predominantly in the cytoplasm as part of a protein complex linked to molecular chaperone heat shock
protein 90 (HSP90), p23, and XAP2 [192]. Several stwssors can drive AhR activation and evoke its
conformational transition, resulting in its nuclear translocation [193]. AhR then dissociates from HSP90
and binds to the AhR nuclear translocator (ARNT]), and the AhR/ARNT complex binds to promoter
regions in the DNA known as AhR-responsive DINA elements or xenobiotic response elements (XREs),
which leads to an increased expression of target genes (e.g., cytochrome P450 (CYF) 1A1, CYP1A2
and CYF1B1) [193,194]. This canonical pathway for AhR activation mediates several toxic responses,
including liver damage, chloracne, teratogenesis, cancer, and immunosuppression [195,1%6].

In recent years, research has demonstrated that AhR-null mice suffer from developmental
impairments, evidencing AhR as a crucial homeostasis modulator in several tissues and biological
processes, including hematopoiesis [197,195]. AhR modulation on HSC self-renewal, proliferation,
aell eyele, and senescence has been demonstrated by the in vivo gene deletion of the AhR exon 3.
HSCs from AhR knockout mice abandon quiescence and become hyperproliferative, revealing that
AhR is likely a negative regulator of excessive or unnecessary proliferation [197-199]. AhR also affects
the maturation of HSCs by acting on progenitor strains. AhR deletion in human embryonic stem
oells, or blocking of these cells with AhR antagonists, leads to increased differentiation into CD34%,
CD45", and CD31* EPCs [200,201]. Conversely, in later maturation phases, AhR deletion favors the
proliferation of myeloid colonies [201].

Epidemiologic studies have demonstrated associations between 2,3,7 8-tetrachlorodibenz o-p-
dioxin (TCDD), the most texic member of the polychlorinated dibenzodioxins (PCDD) family,
and once-hematologic diseases, particularly non-Hodgkin lymphomas, chronic lymphocytic leukemia,
and multiple myeloma [202-2(4]. Indeed, the BM of adult mice exposed to acute doses of TCDD
becomes hypocellular, with a significant decrease in the total number of HSCs—e#fects that are not due
to cell death, but rather to direct AhR modulation [205].

Exposure to TCDD impairs humoral responses, and it has been determined that such exposure
can lead to B-cell disorders and increased incidence of B-cell-derived cancers [206,207]. Mice exposed
to TCDD have shown a reduced number of B-cell progenitors [205] and skewed H5C differentiation
favoring myeloid progenitors to the detriment of lymphoid progenitors, giving rise to mature B
aells [110,209]. Tt has also been reported that H5Cs treated with TCDD are not able to repopulate
the BM of irradiated mice [210,211]. Gene analysis of HSCs revealed that TCDD treatment modified
the transcription of genes linked to both migration—such as CD184 (CXCR4) and CD44—and the
development and function of the hematological system (e.g., Fos, JunB, Egrl, Ptgs2, and CXCL2) [212].

TCDD is not only toxic to HSC, and its effects on BM stromal cells can also contribute to decreased
B-cell numbers. Exposure to TCDD dow nregulates IL-6 gene transcription in stromal cells, inhibiting the
growth of early B-cell progenitors in a NF-kB-dependent manner [213], Inefficient humoral esponses
in offspring from mothers exposed to TCDD and dicxin-like PCBs has led to the reprogramming of
hematopoietic stem and progenitor cells during development [214].

The toxic effects of dioxins upon the hematological system demonstrate the importance of AhR
on the control of proliferation, function, and migration of hematological progenitor cells in BM.
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Even though dioxinrlike xenobiotics are capable of strongly binding to AhR, and of causing severe
toxic effects in humans, the harmful effects caused to the hematological system, mainly impairing
humoral mesponses, are suitable end points for the risk assessment of dioxin exposure.

2.5, Heavy Metals

The number of individuals exposed to has metals increased throughout history in accordance
with industrial and urban growth, eventually leading to researchers investigating correlations between
exposure to metals and the onset of diseases [215]. Heavy metals (HMs) are raw materials of great
importance for the steel cutting, welding, electroplating, plastics, and automebile industries [216].
HMs are classified by their atomic number, atomic weight, density, and toxicity, of which chromium
(Cr), kead (Pb), mercury (Hg), cadmium (Cd), arsenic {As), copper {Cu), manganese (Mn), nickel (Ni),
zine (Zn), and silver (Ag) are the most relevant for human exposure and toxicity [217]. Among these
HMs, Pb, Cd, As, and Hg have been described as harmful to BM, causing anemia and immune
deficiencies, as evidenced by epidemiological and clinical studies and by experimental models of
intoxications caused by these HMs,

Levels of HM in the atmosphere, in the cccupational environment, and in biological samples can all
be used to measure the impact of HM exposure on the health of workers and of the general populations
residing in industrial areas [215]. Acute exposure to HMs can severely damage lungs, liver, kidneys,
and the central nervous system (ATSDE, 2004). Long-term exposume can lead to HM bicaccumulation
not only in humans, but also in crops, soil, and wildlife used as food sources, indirectly affecting
humans [212,219]. While acute exposures to HMs knowingly causes severe toxic effects, concerns by
public health autherities are currently focused on chronic, low-dose exposures, which can lead to
cumulative effects. Evenexposures to HMs at levels lower than those assigned for “safe” threshold
values are potentially toxic, resulting in cancer, neurological damage, and infertility, among other
effects [220-222].

Exposure to HMs can cause disturbances in the hematological system and can be used as
biological end-points for assessing HM exposure; HM intoxications cause immunosuppression,
anemias, and leukemias and disrupt coagulation [223-226). While HM exposure can directly impact
circulating blood cells, several toxic effects occur in the BM environment and affect hematopoiesis.

2.5.1. Lead (Pb)

Exposure to Pb reduces the number of blood aells, including both erythrocytes and leukocytes,
Toxic effects on BM due to Pb exposure have been described even at lower levels in humans
under occupational exposures or in animal experimental intoxication models [227]. In this conbext,
mice exposed to Pb have displayed reduced numbers of colony-forming units in their BM [228],
and exposure to Pb impaired differentiation of CMPs, resulting in decreased numbers of mature
myeloid cells [229]. Mechanisms associated with these effects involve higher expressions of interferon
regulatory factor-8 (IRFS), which blocks C/EBPx and modulates neutrophil differentiation [230].
Recent evidence show's that exposure to Pk at occupational levels can result in lower numbers of innate
lymphoid cells (ILCs) in the blood of mice, with this effect being dependent on activation of Janus
Kinase-1 leading to an inability of BM CLF progenitors to become mature and be delivered into the
bloodstream [231]. CLPs differentiate into innate lymphoid cell-restricted progenitors via transcription
factor D2, which further differentiate into mature ILC 1, 2, and 3 [232]. Under stimulation, mature ILC
1, 2, and 3 are activated and exert functions similar to those exerted by Thl, Th2, and Th17 cells,
respectively [233,234]. These functions play roles during the innate immune response occurring in
certain scenarios, such as during asthma, tumors, and tissue remodeling [235,234], all of which are
aggravated due to Pbexposure.

Pb intoxication also interferes with ery thropoiesis, as evidenced by aplastic anemia. High levels
of reactive oxygen species seem to be the mediators of this effect, as children with aplastic anemia are
reported to show higher levels of Fb in the blood alongside increased markers of oxidative stress [237].
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2.5.2. Cadmium {Cd)

Humans are exposed to Cd derived from occupational activities, cigarette smoking,
Cdrcontaminated dust and ingestion of contaminated food [238]. Cd is extensively distributed
to other issues and has a long halHife (approximately 10 years), contributing to its high toxicity [239].
Much like Pb exposure, Cd exposure affects the differentiation and functionality of H5Cs in BM.
It has been reported that mice exposed to Cd showed increased myelopoiesis to the detriment of
Iymphopoiesis, there being higher numbers of neutrophils and lower numbers of B and T lymphocytes
in the bloodstream and in secondary lymphoid tissues. Cd exposure is also harmful to HSC niches in
BM, as transplantation of normal H5Cs to Cd-exposed and lethally irradiated mice did not repopulate
the BM, whereas HSCs from Cd-exposed mice partially reconstituted the hematopoietic system of
non-exposed and lethally irradiated mice [240]. A recentstudy carried out in mice further demonstrated
that Cd exposure impaired the HSC ability to repopulate the BM of lethally irradiated recipients,
and this toxic effect upon H5Cs is dependent on increased expression of cded2, a small GTPAse crucial
for HSC functions in mice. Indeed, pharmacological blocking of cded2 restored the hematopoietic
ability of H5Cs from Cd-exposed mice [241].

2.5.3, Arsenic (As)

As is considered to be among the metals most capable of causing harmful efiects to human health.
Geologically distributed in pentavalent (As™, arsenate) and trivalent {As*, arsenite) forms in some
regions of the world, its concentration in soil and water exceeds in up to 10 imes allowed levels,
according to the World Health Organization [242]. The most common form of contact with As is
through contaminated water consumed either directly or through food. Absorption via inhalation also
ocours during the handling of pesticides, fungicides and paints. Arsenic metabolism determines its
texcicity, as trivalent arsenic, either methylated or not, easily reacts with thiol groups in proteins and is
thus more toxic than pentavalent arsenicals [243].

Studies using murine models have found that exposure to arsenic in drinking water can result
in anemia and impaired immune responses elicited by mononuclear cells [244-248]. These effects
have also been confirmed in humans [24%]. As can be easily distributed to several tissues through the
bloodstream, reaching BM where it causes toxic effects. Indeed, arsenic trioxide (As;04) administered
to mice severely damages the BM microenvironment, making stromal cells unable to form a healthy
matrix to support hematopoietic progenitors [250].

Epidemiological studies carried out in Bangladesh and Komania, areas characterized by geogenic
contamination of underground drinking water, correlated chronic As exposure with anemia [251-254].
A case report demonstrated pronounced histological alterations in the BM of a patient suffering
from arsenic poisoning, characterized by marked nuclear aberrations involving nucleus shape,
chromatin distribution, and nuclear envelope [255]. Invitro analyses showed that the molecular
mechanism for toxicity of arsenic trioxide in erythroleukemic cell lines and on normal hemopoietic
progenitor cells (HPCs) involves several pathways, such as inhibition of Stat5 activation and reduced
expession of target genes Bel-X({L) and glycophorin-A; activation of apoptotic mechanisms leading to
deaving of erythroid transcription factors Tal-1 and GATA-1, whose integrity is required for erythroid
oell survival and differentiation; and reduced expression of heat shock protein 70, which is required
for maintaining GATA-1 integrity [256]. In vive, exposure to arsenite also impaired the formation of
burst-forming unit-erythroid (BFU-E} colonies and the differentiation of erythroblasts into further
stages in mice [257].

2.5.4. Mercury (Hg)

Mercury intoxications usually occur due to acute exposures to its natural form during extracton
of foesil fuels, bumning of biomass, forest fires, and deforestation [258]. However, exposure to small
concentrations, which cccurs during contact with dental amalgams, consumption of fish and other
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seafood from contaminated regions, and occupational exposure (e.g., farming, industrial activities,
and gold mining), can also affect human health [259]. Hg is toxic to virtually every human organ;
due to its affinity for sulfhydryl groups, Hg alters tertiary and quaternary struchures of proteins and
disrupts membrane permeability [259]. Disturbance of hematopoietic systems is also a hallmark of Hg
intoxication, characterized mainly by anemia and lymphocytopenia [223,260].

The harmful effects of Hg on BM were first demonstrated in patients with BM hypoplasia [261].
Exposure of mice BM cells to inorganic and organic Hg inhibited colony formation [262]
and exposure to Hg in rat BM cells inhibited activities of acetylcholinesterase, ghitathione reductase,
and glucose-&-phosphate [263,264]. Even though absorbed Hg reaches BM (Dabrowski et al,, 1983),
in vivo toxdcity seems to be dependent on higher exposure doses and on frequent ex posures, as low dose
exposutes caused only minor and transient impairments on lymphocyte production in mice [265266].
Recently, texic mechanisms associated with long lasting exposure to Hg in mice have been linked
to a decreased proliferation of HSC, which is dependent on reduced levels of interferon gamma in
BM [225].

Intoxications caused by HM, especially Pb, Cd, As, and Hpg, have severe harmful effects on
the hematopoietic systems, leading to anemia and immune deficiencies, and it is infriguing that
mechanisms linked to such toxic effects have not yet been more thoroughly assessed. These metals
reach BM and easily interact with proteins, afecting several hematopoietic pathways. Further sthudies
on cellular and molecular mechanisms linked to the toxic actions of metals in BM should investigate
additional toxic effects arising from such interactions.

3. Conclusions

Exposure of living beings to environmental pollutants has increased, influencing public health
policy-making even in scenarios where exposures are below thresholds considered safe. Simultaneous
exposure to difflerent air pollutants also certainly contributes to the increase of alarming data, which has
been evidenced in epidemiological studies. Hematopoiesis is pivotal for hemostasis and host defense,
and disturbances on this process lead to severe outcomes, as summarized in Figure 2. Advances in
scientific knowledge regarding hematopoiesis mechanisms have evidenced novel targets for actions
of xenobiotics not yet described, hence further studies on hematopoiesis are needed for improving
environmental pollutant risk assessment.
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Figure 2, Molecular and cellular mechanisms linked to toxic effects of environmental pollutants on
hematopoiesis. (A) Berzene (BZ) is metabolized by CYP2E] in liver and lung generating hydroquinone
(HQ) and catechol (Cat), which are then transformed into benzoguinone (BQ). These metabolites exert
my elotoxic actions upon several hematopodetic progenitors mainly by increasing levels of reactive
oxygen species (RO5s), leading to oxidative DIMA damage. (B} Nanoparticles and particulate matter
induce generation of ROSs and secretion of inflammatory cytokines that afiect the behav ior of several
hematopoietic cell lineages (C) Dioxing and PCHs bind to and activate the aryl hydrocathon receptor
(AR} in mucosal tissues, modulating the hematopoietic stem cell (HSC) pool and triggering both
immunostippressive effects and myelodysplastic and malighant abnormalities, (DY) Heavy metals can
enter the body via several contact rotites, their toxic efiects being responsible for impairing inflammatory
respanses and triggering leukemias and anemias,
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Ulcerative coliiis and Crohn's disease are chronic inflammatory bowel diseases (IBDs)
which burden health systems worldwide; available pharmaoological therapies are limited
and cost-intensive. Use of peroxisome proliferator acivated-receptor y (PPARy) igands for
|BD treatment, while promising, lacks solid evidences to ensure its efficacy. Annexin A1
{AnxA1), a glucocorficoid-modulated anti-inflammatory protein, plays a key role on IBD
control and is a potential biomarker of IBD progression. We here investigated whether
effects of piogitazone, a PPARy ligand, rely on AnxA1 actions to modulate I1BD
inflammation. Experimental coltis was evoked by 2% dextran sodium suffate (DSS) in
AnxA1 knockout (AnxA1™") or wid type (WT) C57BL/6 mice. Clinical and histological
parameters were more severe for AnxA ™ than WT mice, and 10mg/kg pieglitazone
treatment attenuated disease paramefers in WT mice only. AnxA1 expression was
increased in tissue sections of diseased WT mice, comelaing positively with presence
of CD68* macrophages. Metalloproteinase-9 (MMP-9) and inactive 33kDa AnxA1 levels
were increased in the colon of diseased WT mice, which were reduced by pioglitazone
treatment. Cytokine secrefion, reactive oxygen species generation and MMP-9 expression
caused by lipopolysaccharide (LPS) freafment in ArpAl-expressing RAW 2647
macrophages were reduced by piogitazone treatment, effects not detected in AnxA1
knockdown macrophages. LPS-mediated increase of AnxA1 cleaving in RAW 2647
macrophages was also attenuated by piogitazone treatment. Finaly, pioglitazone
treatment increased extracelular signal-regulated kinase (ERK) phosphorylation in
AnxAl-expressing RAW 2647 macophages, but not in  AnxAl-knockdown
macrophages. Thus, our data highlight AnxA1 as a crucial factar for the therapeutic
actions of pioglitazone on |BDs.

Keywords: coiitis, ploglitazone, macrophage, annexin A1
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INTRODUCTION

Ulcerative colitis and Crohn’s disease comprise inflammatory
bowel diseases (IBDs), which are widespread and pose burdens to
healtheare systems worldwide (Malk et al, 2020). In 2016 in the
United States alone, the prevalence of both maladies combined
was last reported to be of one for every 209 people, and incidence
increases steadily each year (Luther and Dave, 2020); also, the
estimated loss of earnings due to [BDs were calculated as $31
billion in the same year (Xu el al., 2018), Patients suffer from
diarthea, anemia, fatigne and severe gut pain, among other
symptoms, which become more intense during acute episodes,
causing them to lose workdays and drastically reducing quality of
life (Xu et al, 2018), Pharmacological options to treat these
diseases are limited, as traditionally used drugs address only
the major symptoms of inflammatory bowel diseases and fail
to conduct patients to complete remission (Duijvestein et al,
2018). Biological therapies involving anti-TNFa antibodies, such
as infliimab, while proven successful and better than
conventional drugs, do not canse any response in about a
third of patients and are very cost-intensive (Hossain et al,
2020). There is also a trend nowadays for new IBD therapies
to aim for objective targets in an individualized manner rather
than following pre-determined therapy paradigms (e.g. aim for
mucosal healing rather than “overall remission™), and thus the
understanding of new IBD biomarkers and of how new oralready
existing drugs work and with which other molecules they interact
on intestinal tissue becomes a necessity {Im etal, 2018; Ho et al,
2020),

Annexin Al (AnxAl), a 37 kDa protein modulated by the
actions of glucocorticoids is one such molecule currently
agsessed as a potential target for therapy of not only [BDs,
but of other inflammatory chronic diseases as well, playing
roles on the inflammatory modulation of diseases such as
asthma, type-2 diabetes, cystic fibrosis, rheumatoid arthritis,
among others (Patel et al, 2012; Perretti and D'acquisto, 200%
Perucd et al., 2017; Sheilh and Saolito, 2018). It is expressed by
epithelial cells and monocytes, nentrophils and macrophages to
a great extent (Perretti and D'acquisto, 2009}, In IBD animal
models, AnxAland its N-terminal mimetic peptides are known
to attenuate disease progression and promote epithelial repair
{Babbin et al., 2008; OQuyang et al,, 2012; Zou et al,, 2016), and
when lacking halts disease remission caused by treatment with
infliximab {(de Panla-Silva et al, 2016). AnxAl expression is
increased in intestinal tissue of nlcerative colitis patients while
decreased in Crohn’s disease patients, evidencing these diseases
deregulate AnxAl actions leading to compromised anti-
inflammatory responses {Vong et al, 2012; Sena et al,
2013). It has been reported AnxAl also plays a role on
healing of damaged intestinal epithelium on murine IBD
models, and that its expression is correlated with better
prognosis on Crohn’s disease patients (Leoni et al, 2015
Reischl et al, 2020),

While seemingly a beneficial role player on downmodulating
inflammation, AnxAl can be cleaved into smaller 33 kDa
fragments which are believed to be non-functional and even
lead to pro-inflammatory effects, such as increased neutrophil

Piogiiarons Modulstes Anccdd Dyming Colda

transmigration via endothelium {Williams et al,, 2010; Sugimoto
etal, 2016); while this event has not yet been described in neither
IBD patients norin experimental colits animal models, it has been
evidenced cleaved AnxAl correlates with increased inflammatory
damage in animal pleurisy models and in neutrophils recruited
from animals treated with LPS (Vago et al, 2012; Vago et al,
2016),

In the search for new pharmacological targets to treat [BDs, in
the same vein as AnxAl, peroxisome proliferator activated y
(PPARy) has been explored as a potential transcription factor
linked to modulation of IBD, and it has been evidenced its
impaired expression s linked to disease progression in
humans (Yamamoto-Furesho et al, 2011; Dou et al, 2015),
PPARy ligands such as thiszolidinediones have emerged as
potential new anti-inflammatory candidates for IBD therapy,
and first reviews on the efficacy of PPARy ligands for
treatment of IBDs date back 20 years ago (Wada et al,, 2001},
While traditionally used for treatment of diabetes, such ligands
have been explored as anti-inflammatories in the past few years
and shown as promising treatment options for several chronic
inflammatory diseases, especially those that affect the central
nervons system, such as Alzheimer’s disease, Parkinson's disease
and multiple sclerosis {Galimberti and Scarpini, 2017; Bonato
etal,, 2018), Pioglitazone, one such PPARy ligand, is also effective
in attennating inflammation in alcobolic-induced cirrhosis livers
and reducing specific histologic lesions in cancerous hmgs of
smokers {Chongmelaxme et al, 2019 Keith et al, 2019). On
macrophages, pioglitazane is reported to induce M2 polarization,
attenuate TNFa and [L- 18 expressions, reduce actions of CXCL1
and CCL2 and increase the expression of IL-10 and TGF-§
{Fernandez-Boyanapalli et al, 2010; Ahmadian et al, 2013
Pisanm et al, 2014}, Most importantly, however, is
pioglitazone role on attenuating the progression of IBDs, as
demonstrated by experimental animal models where
treatment of animals induced to development of [BD causes
prevention of weight loss, mucosal healing and epithelium
restructuration via increase of ZO-1 and clandin-5;
pioglitazone also atiennates overall inflammation by reducing
INE-kB activation, secretion of cytokines (such as [L-2, TNFa and
IL-17) and myeloperoxidase activity (Takagi et al, 200Z; Takald
et al,, 2006; Da Silva et al, 2018; El Awdan and Mostafa, 2018;
Huang et al,, 2020),

Even though several animal studies evidence the
beneficial role of pioglitazone on treatment and remission
of IBDs, the few studies involving pioglitazone and other
PPARy ligands on humans, while conducted to some success,
at the end have failed 10 advance to further stages of clinical
trials or relied only on in silico approaches (Liang and
Ouyang, 2008; Abedi et al, 2015). AnxAl expression is
associated with progression of inflammation in both IBD
models and in patients, and previous findings from our
group evidenced AnxAl plays a role on PPARy activation
and actions (da Rocha et al,, 2019), Therefore, we aimed to
investigate whether AnxAl could play a role on
pioglitazone-mediated resolution of inflammation in an
IBD model in order to elucidate how pioglitazone
ameliorates disease progression,
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MATERIAL AND METHODS

In Vivo Experimentation

Animals Used

Wild type (WT) or knockout annexin Al (AnxAl™") male
C57B1/6 mice were obtained from the Center for Development
of Experimental Models for Biology and Medicine, Pederal
University of S80 Paulo (CEDEME/UNIFESP). Animals were
kept under 12 h light/dark cycles at 25'C and were given water
and feed ad libitum. Experiments were carried in accordance with
Ethical Principles for Animal Experimentation (COBEA) and
were approved under protocol no, 577 by the Ethics Committee
on Animal Use of the Faculty of Pharmacentical Sciences of the
University of S30 Paulo (CEUA/FCE/USE).

Experimental Colitis and Pharmacalogical Treatment
Acute colitis was induced by ingestion of dextran sodium
sulfte  (DSS) 40kDa (Dextran Products Limited,
Scarborough, ON, Canada) administered to the drinking
water of mice. Throughout a period of 6 days mice
consumed water containing 2% DSS 40 kDa, replaced every
2 days so DSS consum ption would be homogeneous {de Paula-
Silva et al, 2016),

WT and AnxAl™" mice were divided in the following groups:
1) Control (driking water with no other additives), 2) DSS and 3)
DSS + pioglitazone. All mice received daily injections of either
pioglitazone (Sigma- Aldrich, St. Louis, MO, United States) at a
dose of 10mg/kg or its vehicle (0.9% sterile saline +0.5%
carboxymethylcellulose,  Sigma-Aldrich, St Lonis, MO,
United States). Pioglitazone was prepared in  vehicle
suspension and sonicated in a sonic bath USC 800" (Unique,
Indaiatuba, SP, Brazil) for 30 min. A volume of 200 I of the
pioglitazone suspension was injected intraperitoneally into mice.,
The experimental protocol was based on previous works from our
research growp (Santin et al, 2013; de Paula-Silva etal, 2016). A
graphical representation of the experimental protocol is described
in Supplementary Material (Supplementary Figure S1).

Evaluation of Clinical Parameters

Clinical parameters of animals were verified daily during
induction and progression of colitic Animals were weighted;
consistency of feces was determined by collecting a piece ofstool
and pressing it with forceps in order to wverify its sofiness/
hardness; rectal blood was assessed on feces tested for occult
blood, For detection of accult blood, 2 piece of stool was dispersed
into 150 pl of 0.9% saline solution alongside 150 pl of a benzidine
(Sigma-Aldrich, St. Louis, MO, United States) and hydrogen
peroxide (Synth, Diadema, SP, Brazil) solution; the resulting
greenish solution was scored according to its intensity. All
mentioned parameters were scored from 0 o 4 as follows (D)
weight loss inferior to 1%, solid feces, absence of occult blood
{Mak et al, 2020); weight loss manging from 1 to 5%, slightly
softened feces, small amount of oceult blood {Luther and Dave,
2020% weight loss ranging from 5 to 10%, softened feces,
moderate amount of occult blood (Xu et al, 2018); weight loss
ranging from 10 to 20%, pastry feces, considerable amount of
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occult blood {Duijvestein et al, 2018); weight loss superior to
20%, liquid feces, high amount of occult blood. Scores were
summed at each day, resulting in the disease Activity Index
{DAI) (Chassaing et al., 2014).

Euthanasia of Mice and Collection of Biological
Material

At the end of the experimental model, mice were euthanized by
inhalation of isoflurane (BioChimico, Itatiaia, R], Brazil)
followed by cervical dislocation, as preconized by Norm no.
37 of the National Council for Control of Animal
Experimentation (CONCEA). Only after complete imactivity
of the animals biological material and tissues were collected.
Colons ofanimals were removed from the ileocecal junction up
to the anus, washed and measured; the material was then
processed and fragmented, the distal colon being used for
histological analyses and the medium/proximal colon being
used for protein analyses (Geboes et al, 2000; de Paula-Silva
et al,, 2016).

Processing of Histological Sections

Distal colon fragments harvested from mice were kept overnight
in 4% paraformaldehyde (Synth, Diadema, SP, Brazil) at ~4°C.
For processing, samples were placed in plastic cassettes and
washed with decreasing polarity solutions for 1h each for
dehydrating as follows: 70% ethanol, 95% ethanol, absolute
ethanol (3x) and xylol (2x) (Synth, Diadema SP, Brazil).
Afterward, samples were embedded in paraffin  (Merck,
Darmstadt, HE, Germany) pre-heated at 60°C, Then, 5pm
serial histological sections were obtained using a microtome
{Leica Biosystems, Wetzlar, HE, Germany) and placed upon
poly-lysine treated slides (Sigma-Aldrich, St. Louis, MO,
United States). Prior to staining, slides were deparaffinized by
pre-heating at 60°C, washed and rehydrated.

Histological Analyses of the Colon
Deparaffinated and hydrated slides were stained with filtered
Harris  hematoxylin  (Sigma-Aldrich, S Louis MO,
United States) for 2 min; slides were washed with 80% ethanol
and then stained with filtered eosin for 1 min. After washing with
distilled water, dides were dehydrated and mounted using a
coverslip and Entelan  (Sigma-Aldrich, S5t Louis, MO,
United States).

For histological analysis, slides were assessed with a high-
power objective (x40) in a Zeiss Axio Imager 2 microscope
{Carl Zeiss, Oberkochen, WB, Germany) and the images
obtained were processed using Zeiss Zen® software {Carl
Zeiss, Oberkochen, WB, Germany). Histological evaluation
was performed in a qualitative manner by comparing
nomal colon histology of control mice with that of DSS-
treated animals. Histological parameters assessed were:
epithelium integrity and ulceration, loss of crypt structure,
presence of edema, hydropic vacuolar degeneration, crypt
dysplasia, crypt abscess and presence of inflammatory
infiltrate, both in lamina propria and submucosa (Chassaing
et al, 2014; de Paula-Silva et al, 2016),
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Immunohistochemical Detection of Annexin A1 and
CD68
Deparaffinatedand hydrated slides were placed in citrate buffer at
96'C for 30 min. Endogenous peroxidase activity was blocked
with 12% hydrogen peroxide (Synth, Diadema, SP, Brazil) for
30 min. Blocking of unspecific epitopes and tissue
permeabilization was carried out by incubating the sections
with tris-buffered saline (Tris-HCl buffer 200mM, sodium
chloride 137 M, all from Synth, Diadema, SP, Brazil)
containing 10% bovine serum albumin (Sigma-Aldrich, St
Lowis, MO, United States) and 0.1% Tween-20 (Synth,
Diadema, SP, Brazil) (TBS-BSA). Then, two serial sections of a
same organ were incubated overnight at 4°C with either
polyclonal primary anti-annexin Al (Invitrogen, Waltham,
MA, United States) or anti-CD68 (Abcam, Cambridge, CBE,
United Kingdom) antibodies at dilutions of 1/250 and 1/25,
respectively, diluted in TBS-BSA. Negative controls incubated
only with TBS-BSA were also prepared. Then, slides were washed
with TBS-BSA and incubated with anti-IgG secondary antibodies
conjugated with horseradish peroxidase (HRP) (Invitrogen,
Waltham, MA, United States) (Abcam, Cambridge, CBE,
United Kingdom) at an 1/200 dilution for 1h. The sections
were washed with TBS-BSA and positive staining was detecied
using 3,3'-diaminobenzidine (DAB) (Sigma-Aldrich, St Louis,
MO, United States) for a period of 1.5 min. Then, sections were
counterstained with hematoxylin (Sigma- Aldrich, S, Louis, MO,
United States) and finally mounted with Entelan” (Sigma-
Aldrich, St. Louis, MO, United States) under a coverslip.
Immunohistochemical amalysis was carried out using a Zeiss
Axio Imager 2 microscope (Carl Zeiss, Oberkochen, WB,
Germany) and the images obtained were processed using Zeiss
Zen Mﬁm{&ﬂhm,cbeﬁndlmwB.Gmﬂmsia
lower power magnification (x10) slides were screened for “hot
spots™ areas of CD68" cells, which were identified as brownish-
yellow stained cells of monocyte/macrophage-like morphology.
Using then higher power ma.gmﬁmtian (%100}, these cells were
counted in a total of twelve 0.2 mm” fields and averaged. Next, in
corresponding areas in adjacent serial sections the intensity of
DAB signal related to AnxAl stining was determined in an
arhitrary scale ranging from 0 to 255. Image processing, counting
of cells and determination of intensity of DAB staining were
carried out using l’.mage] software (Rueden et al, 2017),

Culturing of Explants and Quantification of Cytokines
and MMP-9

Colonic tissue fragments obtained at the end of the experimental
model were washed with sterile 0.9% saline solution so debris
were removed and placed in 24-well plates in 1 ml of Dulbecco’s
Modified Eagle's Medium (DMEM) (Vitrocell Embriolife,
Campinas, SP, Brazil) containing 10% of fetal bovine serum
{FBS) (Vitrocell Embriolife, Campinas, SP, Brazil) and 0.1% of
antibiotics {stre ptomycin, amphotericin and penicillin) (Vitrocell
Embriolife, Campinas, SP, Brazil). Explants remained in culture
at 37°C under controlled 5% CO, atmosphere for a 24 h period.
Next, the supemnatant cul ure medium was collected and used for
quantification of TNFa, IL-10 and metalloproteinase-9 {MMP-9)
via enzyme-linked immunoassay (ELISA). Analysis was carried
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out using BD Opteia” and DuoSet” commercial kits according to
manufacturer instructions (BD Biosciences, Franklin Lakes, NJ,
United States) { R&D Systems, Minneapalis, MN, United States).

Processing of Colonic Tissue and Westem Blotting
Analysis

Fragments of the colonic tissue collected at the end of the
conducting of the experimental model were immersed in
200 il of radioimmunoprecipitation assay (RIPA) buffer (Tris-
HCl buffer 50 mM pH 7.4, sodium deoxycholate 0.5%, dodecyl
sodium sulfate 0.1%, sodium chloride 150 mM, all from Synth,
Diadema, SP, Brazil) containing protease inhibitors (Sigma-
Aldrich, St. Louis, MO, United Staies) and then processed
using a tissue homogenizer T10-Basic Ultra-Turrax (IKA,
Stanfen, BW, Germany). The msu.ltirg suspensions were
centrifuged at 5,000 g in a Sorvall 5T 8R centrifuge (Thermo
Fisher Scientific, Waltham, MA, United States) for 5min for
removal of non-fragmented tissue, The resulting solutians were
sonicatedin a Vibra-Cell VCX 500" sanic bath (Sonics, Newtown,
CT, United States) for complete cell lysis. The amount of protein
in the homogenates was quantified via Bradford assay (Bradford,
1976). Protein homogenates were kept at =80°C until further
Western Blotting tests were carried out.

Colon tissme homogenates were subjected to protein
separation by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS/PAGE) in 12% polyacrylamide gels at
100V for %0mim proteins were then transferred to a
polyvinylidene  fluoride (PVDF) membrane (Merck,
Darmstadt, HE, Germany) at 400mA for 120min.
Membranes were blocked with a solution of TBS containing
5% BSA (Sigma-Aldrich, $t. Louis, MO, United States) and then
incubated with either primary anti-AnxAl antibody (Invitrogen,
Waltham, MA, United States) or primary anti-PPARy antibody
{Thermo Fisher Scientific, Waltham, MA, United States), both at
an 1/1,000 dilution, overnight at 4'C. The membranes were then
washed with TBS and incubated with secondary anti-rabbit HRP
conjugated antibody (Invitrogen, Waltham, MA, United States,
Cat. NA9340V) at a 1/5,000 dilution for 120 min, Proteins were
assessed by  chemiluminescence  using  enhanced-
chemiluminescent reagents WestPico SnperSigns.I {Thermo
Fisher Scientific, Waltham, MA, United States), in an
Amershan Imager 600 (GE Healthcare, Chicago, IL,
United States). Band intensities were quantified using Image]
and are expressed as normalized optometric density units
relative to B-actin  (Sigma-Aldrich, St Louis, MO,
United States) protein levels, All Western Blotting equipment
used was from Bio-Rad (Bio-Rad, Hercules, CA, United States).

in Vitro Experimentation

Cell Lines Used

RAW 2647 cells (immortalized murine macrophages) were
obtained from the Rio de Janeiro Cell Bank (BCR], Rio de
Janeiro, R], Brazil) and cultured in DMEM high glucose
medium (4,500 pg/ml) containing 10% FBS and 1 mM sodium
pyruvate {all from Vitrocell Embriolife, Campinas, SP, Brazil).
Cells were kept at 37°C under controlled CO; atmosphere of 5%.
Cell medium was changed every 2-3days and cells were
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subcultured every 4-5 days when cells were about to become fully
confluent using trypsin 0.01% containing 0.02% ethylenediamine
tetra acetic acid (EDTA) (all from Vitrocell Embriolife,
Campinas, 5P, Brazil).

Knockdown of AnxA1 Expression in Macrophages
Knocldown of AnxAl on RAW 2647 cells was carried out using
commercial Mission pLKO plasmids (#Addgene 10,878)
containing four different short-hairpin  RNA  (shRNA)
sequences designed to be complementary to the 3-UTR
murine AnxAl mBRNA sequence (Sigma-Aldrich, St. Louis,
MO, United States). Transformed E. coli purchased in glycerol
stocks were grown according to manufacturer instructions
(Sigma-Aldrich, St. Louis, MO, United States).

Plasmids were purified from culture medium cm\min.ing
transformed bacteria using the commercial kit PureLink
HiPure Plasmid Maxiprep (Thermo Pisher Scientific, Waltham,
MA, United States), according to manufacturer instructions. Afier
purification, plasmid concentration was assessed using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, United States).

HEK293FT cells (renal embryo cells, American Type Culture
Collection, Manassas, VA, United States) were plated on 10 cm
dishes at a density of 2 x 10° cells per plate and cultured with
DMEM containing 10% FBS, 1 mM sodium pyruvate and 1mM
glutamine (Vitrocell Embriolife, Campinas, SP, Brasil) at 37°C
under controlled CO, atmosphere of 5%. Once cells reached 80%
confluence, they were washed and culture medium was renewed
with medium containing 25 uM chloroquine (Sigma-Aldrich, St
Louis, MO, United States), which remained on the cells for
30 min. After this period, these cells were transfected by
calciom phosphate precipitation. For such, 3pg of each
accessory plasmid (pRSV rev, pMDLg/pRRE and pHCMV-G),
0.5 pg of fluorescence reporter plasmid {pEGFP) and 8 pg of the
control plasmids (pLKO.1 empty vector and a plasmid containing
scrambled, non-functional ¢, used for mock-transfection)
or shRNA plasmids (Mission pLKO.1 AnxAl shRNA plasmid,
Sigma-Aldrich, St. Louis, MO, United States) were added to
500 pl of a 025 M CaCl, solution, After that, 500 pl of HEPES
Buffer Saline 2X (280 mM NaCl, 1.5 mM Na,HPO, and 50 mM
HEPES; pH 7.0, all from Synth, Diadema, SP, Brazil) were added
to the transfection mixture while vortexing and then allowed to
rest for eration. HEK293FT cells were incubated for 6 h in culture
medinm containing 25 pM of chloroquine and the transfection
mixture, At the end of this period, culture medium was renewed
and the cells remained in incubator at 37°C under 5% CO; for
further 42h. Forty-eight hours after transfection, the
supematants contining lentiviral particles were harvested,
centrifuged at (3000rpm for 15min) and filtered using
045pm filters. All procedures involving manipulation of
lentiviral material were carried out following special safety
regulations as preconized by Brazilian health and safety laws.

RAW 264.7 cells were previously plated in 6-well platesat a
dengity of 2 x 10° cells per well for lentiviral transduction and
cultured as described in item 22.1. These cells were incubated
with a solution of renewed media, containing 1:3 (2 ml per well)
diluted virus and supplemented with 10pg/ml of polybrene
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{EMD Millipore, Billerica, MA, United States). RAW 264.7
cells were kept in incubation for 24 h at 37°C under controlled
CO; atmosphere. Puromycin (Santa Cruz Biotechnology, Dallas,
TX, United States) was added to the culture medium at a final
concentration of 7pg/ml for 48h for selection of stable
transduced cells.
After puromycin selection,  total of 5 x 10° cells were Iyzed in
50 wl of RIPA buffer containing protease inhibitors; Western
ing procedure for validation of AnxAl knockdown was
identical to the procedure described in item 2.1.9. Out of the
four shRNA sequences tested, the one which led 1o most efficient
AnxAl knockdown was selected to be used for all farther
experiments. The growth of mock-ransfected and AnxAl-
knockdown cells was assessed daily by manual counting for
7 days and compared to the growth of wild type RAW 264.7 cells,
Information regarding shRNA sequences used, AnxAl
knockdown efficiency and cell growth rates are detailed in
Supplementary Material (Supplementary Figure $2).

Cell Treatments

RAW 264.7 cells were cultured as deseribed in item 22.1. For
experimentation, cells were cultured in 24-well plates at a density
of 2x 10° cells/well (for flow cytometry and ELISA tests) or in 12-
well plates at a density of 5 x 10° cells/well (for Western Blotting
tests). After cells had adhered, the culture medinm was replaced
with fresh medium and cells were treated.

Cells were treated with pioglitazone, a spedfic PPARy ligand, ata
congentration of 10pM (Sigma-Aldrich, St Louis, MO,
United States) for 24h, E ooli lipopolysaccharide 02606 at a
concentration of lpg/ml was added o the cells 1h afer
pioglitazone was added. For spedfic experiments, cells were also
treated with GW9662, a PPARy antagonist, at a concentration of
10 uM (Tocris, Bristol, BRS, United Kingdom) for 30 min prior to
treatment with pioglitazone. Control cells were treated anly with the
vehicle used for solubilization of pioglitazone, 0.1% dimethyl
sulfoxide (DMSO) (Synth, Diadema, SP, Brazil).

At the end of each treatment, supernatants from the culture
medium were collected and stored at ~80°C until further ELISA
tests and cells were washed with phosphate buffer saline (PBS)
and harvested with trypsin 0.01% containing 0.02% EDTA (all
from Vitrocell Embriolife, Campinas, SP, Brazil) for either flow
cytometry or Western Blotting tests.

Details of the experimental protocal for cell treatment are
graphically described in Supplementary Material (Supplementary
Figure 53),

Assessment of Cytokine and MMP-8 Secretion

Afier treatments, cell supernatants were collected for assessment
of cytokine and MMP-9 secretion via ELISA. Quantification was
carried ont using commercial ELISA kits following mamufacturer
instructions (BD Biosciences, Franklin Lakes, NJ, United States).
TNFa and IL-10 cytokines were assessed.

Assessment of ROS Production and Expression of
Surface Markers

After treatments, cells were collected and production of reactive
oxygen species (ROS) and expression of adhesion molecules and
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of formyl peptide receptors 1 and 2 (FPRI and FPRZ) on cell
surface were assessed via flow cytometry. For assessment of
reactive oxygen species (ROS) production, 5x10* cells were
separated from the total amount of treated cells, washed with
PBS and incubated with 03 mM dichlorofluorescein diacetate
{DCFH-DA) (Sigma-Aldrich, St. Louis, MO, United States)
solution diluted in PBS Cells were kept at 37°C under
conirolled CO; atmosphere of 5% for 30min After this
incubation period, cold PBS was added to the cells. Lastly,
cells were taken to an Accuri O flow cytometer (BD
Biosciences, Pranklin Lakes, NJ, United States) and a
minimum of 10000 events were acquired per sample. For
assessment of cell surface adhesion molecules, 2 x 10° cells
were plated, treated, collected, washed with PBS and incubated
with phycoerythrin-labeled (PE) anti-CD54 (BD Biosciences,
Franklin Lakes, NJ, United States, Cat. 553263) or PE-labeled
anti-CD62L (BD Biosciences, Franklin Lakes, NJ, United States,
Cat. 553151), both at a 1/100 dilution in PBS, for 30 min. The
protocol was the same for assessment of FPR1 and FPR2, but cells
were incubated with either flnorescein isothiocyanate (FITC)
labeled anti-FPR2  antibody (Bioss, Wobum, M4,
United States) for 30min or primary anti-FPR1 antibody
{CliniSciences, Nanterre, IDF, France) for 2 h, both at a 1/100
dilution; cells previonsly incubated with anti-FPR1 antibody were
washed with PBS and incubated with PE-labeled anti-IgG
secondary  antibody  {Abcam,  Cambridge,  CBE,
United Kingdom) at a 1/200 dilution for 3-0mi‘l'l.. Lastly, cells
were again washed and taken to an Accuri C6™ flow cytometer
{BD Biosciences, Franklin Lakes, NJ, United States) and a
minimum of 10,000 events were acquired per sample.

Assessment of AnxA1 Expression and Cleaving and
PPARy Expression

For assessment of AnxAl cleaving, cells were harvested after
treatments as described in item 22.3 and cell lysates were
prepared using RIPA buffer containing protease inhibitors;
quantification of protein content via Bradford assay and
Westem Blotting analyses of quantification of AnxAl and of
assessment of AnxAl cleaving were carried out as described in
tem 2.1.9.

For assessment of AnxAl and PPARy expression, cells were
harvested, fixed with 4% paraformaldehyde for 30 min (Synth,
Diadema, SP, Brazil), washed with 0.1 M glycin (Synth, Diadema,
SP, Brazil) and permesbilized with 001% Triton-X for 30 min
{Sigma-Aldrich, 5t. Louis, MO, United States). Cells were washed
with PBS between all steps. Then, cells were incubated overnight
with either primary anti- AnxAl (BD Biosciences, Franklin Lakes,
NJ, United States) or anti-PPARy (Thermo Fisher Scientific,
Waltham, MA, United States) antibodies in a 0.1% BSA and
0.01% sodium azide solution (Thermo Fisher Scientific,
Waltham, MA, United States) at an 1/100 dilution for either.
Cells were then washed and incubated with PE conjugated
secondary anti-IgG antibody at a 1/200 dilution for 30 min.
Cells were then taken to an Accuri C6 flow cytometer (BD
Biosciences, Franklin Lakes, NJ, United States) and a minimum of
10,000 evenis were acquired.
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Assessment of ERK Phospharylation

Phospharylation of extracellular signal-regnlated kinase (ERK)
proteins was carried out via flow cytomeiry. Mock-transfected
and AnxAl-knockdown RAW 264.7 cells were harvested after
treatments and processed the same manner as described in item
2.2.3. Cells were incubated overnight with primary anti-ERK1/2
and anti-pERK1(Thr202)/2({Thr185) antibodies (BD Biosciences,
Franklin Lakes, NJ, United States) at 1/100 and 1/200 dilutions,
respectively. Cells were then washed and incubated with FITC
and PE conjugated secondary anti-IgG antibodies a1 dilutions
1/200 for 30 min. Finally, cells were taken to an Accuri C6"
flow cytometer (BD Biosciences, Franklin Lakes NJ,
United States) and a minimum of 10,000 events were acquired.

Statistical Analysis

Data were analyzed using GraphPad Prism seven software
(Graphpad Software, San Diego, CA, United States). For analysis
of clinical two factor analysis of variance tests (Two-Way
ANOVA) fallowed by Bonferroni post-hoc tests were performed.
For comparison between number of stained macrophages and
intensity of AnxAl signal in DAB-stined tissue sections, linear
regressions followed by Pearson’s correlation tests were performed.
Forall other experiments performed, data were analyzed using when
appropriate either Student’s 1 tests or one factor analysis of variance
{One-Way ANOVA) followed by Tukey post-hoc tests in order 1
assess differences between the evaluated groups, Differences between
statistically significant assuming p < 0.05. All results are shown as
mean + standard-error of the mean.

RESULTS

Pioglitazone Treatment Attenuates Dexiran
Sodium Sulfate-Induced Colitis Progression
of Wild Type, but Not AnxA1~~ Mice

Clinical manifestations of DSS-induced colitis were assessed as body
weight loss, rectal bleeding and consistency of feces, their sum
resulting in a greater DAI in DSS-treated than control mice. All
these disease were even more pronounced in AnxAl ™~
mice, ing AnxA1™" mice are mare susceptitle to
caused by DSS {Babbin et al, 2008; Leoni et al, 2015 de Paula-Silva
et al, 2016). The intraperitoneal administration of ploglitazone
reduced body weight loss and increased feces consistency
between days 2 and 4 of the disease in WT mice. Pioglitazone
treatment did not attenuate clinical parameters of colitis in
AnxAl™ mice, and disease scores remained comparable to that
of non-treated animals (Figures 1A-D). These data evidence
pioglitazone attenuates the development of DSS-induced colitis in
an AnxAl dependent manmer.

Abo, in order to verify whether these beneficial clinical effeds
cansed by pioglitazone treatment could be influenced or not by
AnxAl knockdown or by DSS intake due to changes in PPARy
expression, PPARy expression was assessed in tissue homogenates
from cclon fragments. PPARy expression in AnxAl ™ mice was

Fronfers in Pramacology | wiwa. fronfersinong

Decambar 2020 | Vickome 11 | Aricke 501581

219



220

da Focha et al Pogiterone Modulates AncAl Duing Colta
A : B
Z e 5 22t
220 ¥} =
E% A EE. : ‘“';Inmm*
;- 31 D : § " 1 | WT
i i i |
=10 I 5B 3 4
gt 3t /A
= o Ao
@ es 2= ] ¢
o i P s I A WTiGantrol
a 1 2 m? 4 5 B = WTDSS
o -a+ WTIDSS+Pioglitazone
Cc D =+ AnxAl17/Control
) - B AngA17/DSS
as — B e ® AnA17DSS+Pioghtazone
g _ s AL x A Anrr
=2 5 D g v Eg A
I —— £ Fics WT
£ 220 P 'E; A 4
= - =
2Ew } 4 } RS 1 }
s€ ., : { EE
& i ] : ;
S espat—1 : -
S f' e i = b
0 1 H 3 4 5 B (] 1 2 3 4 [} [
Day Day
FGURE 1| Clinkcal thrcuagh of dmentsl colitis. Experimental colitis was Induced inwikd type or A1~ mice via ingesfion of DSS
and mice were Fealed with plogitaz one daly at a 10 mg/hg doss for a 8 daya period. Throughout the development of the exparimental modd, loas of body weight
(A}, rectalbleading (B} and faces conslstency (C) were assssasd dally, reaulting In the dessse Actvity Index (D). *, =, *'p < 0.05, 001, 0.001 In compariaon to ancther
roup as specified by e lettera above sach curve: A WTiControlx WT/DSS: B: WT/Controlx WT/DSS + Ploglitazone; C: ArA 1 ~~iControlx AmcAl /0SS and/
or Ao 1-D8S + Plogitazone; D WT/DSS x WT/DSS + Plogitszone. Diats waees statisfically analyesd using Two-Way ANOVA folowed by Bonfaront post-test
{7 = &) Resdts are evpressed as mean x SE

found to be at the same levels of WT mice, regardless of any
treatments, thus showing any effecis on clinical parameters (and
on all other further effects described in vivo) cansed by pioglitazone
treatment in mice were likely not influenced by changes in PPARy
expression {Supplementary Figure $4).

Pioglitazone Treatment Preserves Colon
Extension and Histoarchitecture of Wild
Type, but Not AnxA1™"~ Mice

The extension oflarge intestines of DSS-treated mice was significantly
reduced in comparison o samples of contrd mice Pioglitazone
treatment attenuated such reduction only in WT mice, as infestines
harvested from DS treated AnxAl™"~ mice treated with pioglitazone
had the same extension as AnxAl ™' mice which received DSS only
{Figures 2AB). These data corrcborate the findings reated to
assessment of clinical parameters confirming pioglitazone
treatment halts DSS-induced colitis progression in WT but not in
AnxAL™" mice,

His analyses of intestines showed administration of
DSS induced tissue injuries not observed in control mice, which
resemble those found in homan IBD (Perse and Cerar, 2012)
(Figures 2C-E). DSS administration caused loss of tssue
structure alongside ulcerations, loss of crypt structure, presence of

edema and of inflammatory infiltrates, crypt abscesses, crypt
dysplsia and vacuolar hydropic degeneration. Such effects were
more pronounced in AnxAl™/" mice (Figures 2F-H). Pioglitazone
treatment attenuated loss of tissue morphdogy in WT mice, as there
was less edema and crypts were still preserved 1o some extension
{Figure 2E). Beneficial effects of ploglitazone treatment were not
observed in tissue sections of DSS-treated AnxAl™" mice
(Figure 2H). In association with clinical these
findings show pioglitizone preserves colon histoarchitecture and
reduces damage cansed by DSS administration, the presence of
AnxAl being an important rale player for such effects.

Inhibitory Effects of Pioglitazone on
Secretion of Inflammatory Cytokines by
Colon Tissue Is Modulated by AnxA1

of cytokines evidenced increased secretion of
TNFa and IL-10 from WT or AnxAl™" inflamed colon explants.
Treatment with pioglitazone reduced the secretion of both cytokines
from colon explants of WT mice, but not from colon explants of
AnxAl™" mice, suggesting pioglitizone relis on expression of
AnxAl to attermate the secretion of inflammatory cylokines
(Figures 3A-D). These data, abtopether with those describing
assessment of clinical parameters, intestine extension and colon
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histoarchitecture, evidence treatment modulates the
development of DSS induced colitis in an AnxA1 dependent manner.

Pioglitazone Prevents Cleaving of AnxA1 in
Colon Tissue

As it was evidenced AnxAl is necessary for the anti-inflammatory
effects of pioglitazone on DSS-induced colitis, its expression and

cleaving status were assessed in WT mice. DSS administration
increased expression of AnxAl in the inflamed colon, regardless
of treatment with pioglitazone (Figure 4A; Supplementary Figures
S5A-D). However, pioglitazone treatment prevented AnxAl
cleaving into non-functional 33kDa fragments, preserving whde
the functional 37 kDa protein (Figure 4B; Supplementary Figures
S5A-D). Also, while DSS-treatment increased the expression of
MMP-9 as assessed in colon tissue homogenates, treatment with
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pioglitazone decreased such expression (Figure 4C) These data
demonstrate pi treatment preserves the structure of fll
length 37 kDa AnxAl and decreases the expression of MMP-9
induced by DSS, which was previously shown to be involved with
AnxAl cleaving in mice intestinal epithdial cells (Leoni & al, 2015),

Dexiran Sodium Sulfate-Induced Colitis
Promotes Recruitment of AnxA1-Releasing
Macrophages Regardless of Pioglitazone
Treatment

Analysis of colon sections showed higher number of CD68 *
macrophages in the colon of DSS-treated mice in comparison
to control mice, regardless of treatment with pioglitazone
{Figures 5A-C,G). Corresponding areas in serial sections
assessed for AnxAl staining evidenced a greater presence of
this protein in tissue sections from DSS5-treated mice in
comparison to tissue sections from control mice; such
increased staining corresponding to AnxAl also was not
infinenced by pioglitazone treatment (Figures 5D-FH).
Correlation analysis associated AnxAl expression with
increased number of CD68 * macrophages {Figures 51-K).
These findings allow us to suggest DSS colitis leads to
recruitment of AnxAl-releasing CD68 * macrophages and
also increases AnxAl secretion, and such events are
unaffected by pioglitazone treatment.

Lipopolysaccharide-Induced Inflammatory
Parameters Are Attenuated by Pioglitazone
in RAW 264.7 Macrophages Relying on
AnxA1 Expression

The generation of AnxAl knockdown RAW 2647 cells and
further stimulation with LPS was the strategy employed to
investigate the role of AnxAl on pioglitazone-mediated anti-
inflammatory effects and the actions of pioglitazone on
cleaving of AnxAl in macrophages. LPS treatment increased
the generation of ROS and secretion of TNFa and IL-10 by

RAW 264.7 macrophages. These parameters were attenuated
in mock-transfected cells treated with pioglitazone, but not in
AnxAl-knockdown transfected cells (Figures 6A-C). LPS
treatment also increased surface expression of CD54 and
CD62L, which was reversed by treatment with pioglitazone
in mock-transfected cells but not in AnxAl-knockdown cells
(Supplementary Figures S56A,B), Thus, these data evidence
AnxAl is key for the anti-inflammatory effects of pioglitazone
on macrophages, corroborating our in vive data in an isolated
in vitro system,

Following a similar rationale as investigated in mouse tissue,
PPARy expression was verified as to assess whether changes on it
would influence anti-inflammatory outcomes exerted by
pioglitazone treatment Unlike the results seen in mouse
tissue, PPARy expression increased dune to LPS treatment,
regardless of actions of pioglitazone, but only in mock-
transfected RAW 2647 cells (Supplementary Figure S7A).
Further under non- conditions revealed
pioglitazone induced PPARy expression as expected in mock-
transfected cells but not in  AnxAl-knockdown cells
{Supplementary Figure S7B). These findings evidence that
functional expression of AnxAl is required for pioglitazone to
exert its actions and induce PPARy expression.

Pioglitazone Prevents the Cleaving of
AnxA1 in RAW 264.7 Macrophages

In the same vein as seen in vivo, inflammation caused by LPS
increased AnxAl expression in wild type RAW 2647 cells,
effectnot reversed by treatment with pioglitazone (Figure 7A).
LPS also cansed AnxAl cleaving into 33 kDa fragments, while
pioglitazone  prevented such cleaving (Figure 7B;
Supplementary Figures S58A-J). LPS treatment also
increased MMP-9 expression. and pioglitazone treatment
did prevent such increase (Figure 7C). Thus, corroborating
our in vivo data, pioglitazone s unable to centrol AnxAl
expression in inflammatory conditions, but can modulate its
functionality by preventing its cleaving.
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Pioglitazone Actions Are PPARy-Dependent
in RAW 264.7 Macrophages

As it was determined PPARy expression increased due to
treatment with pioglitazone in mock-transfected cells, we
investigated whether anti-inflammatory effects seen so far in
AnxAl-expressing RAW 2647 cells would be abrogated due to
blocking of PPARy. Increased levels of TNFa and MMP-9
induced by LPS were attenvated by treatment with
pioglitazone, but not when cells have been previously treated
with GW9662 (Supplementary Figures S9A,B). This evidences
the anti-inflammatory actions of pioglitazone, at least those here
assessed, are likely dependent on PPARy activation.

AnxA1 Is Required for ERK Phosphorylation
Induced by Pioglitazone in RAW 264.7

Macrophages

ERK phosphorylation is a downstream pathway event following
AnxAl binding to its receptors and pioglitazone can induce ERK
phosphorylation, Hence, we investigated ERK phosphorylation as
a possible factor connecting the anti-inflammatory actions of
pioglitazone and AnxAl, Indeed, ERK phosphorylation was
increased in mock-transfecied RAW 264.7 cells treated with
pioglitazone, but not in AnxAl-knockdown cells, meaning
downstream signaling after PPARy activation requires
expression of functional AnxAl (Figure 8A). Expressions of
FPR1 and FPR2, G-protein coupled receptors known to bind
to AnxAl and exert downstream signaling, of which FPR2 is the
better described for anti-inflammatory effects of AnxAl, did not
change due to treatment with pioglitazone in either mock-
transfected or AnxAl-knockdown cells, but FPR2 expression
was overall higher in AnxAl-knockdown cells, likely as a cell
response to low levels of AnxAl (Figures 8B,C). Thus, while
pioglitazone does not necessarily modulate FPRZ expression, the
lack of AnxAl, which iz needed for ERK activation via FPR2,

induces its expression.

DISCUSSION

Research on IBD therapy has advanced on the past few years, and
inflam matory cytokines or specific cellular pathways such as JAK/
STAT and phosphodiesterase-4 have all been explored as
potential targets for IBD treatment (Pekow, 2017). Stll, it is
unlikely that a significant number of such newly-developed drugs
aimed at interacting with the aforementioned targets will reach
clinical practice, as several of these compounds do not display
satisfactory remission rates or lead to severe adverse effects, such
as increased risk for infection, malignancies or immunological
disorders in larger clinical trials (Pekow, 2017; Click and
Regueiro, 2019),

Thus, the search for drugs for treatment of [BDs has taken
scientists to explore molecules beyond those designed to
specifically treat IBDs and reassess drgs originally developed
to treat other maladies (Lloyd et al, 201% Kostoff et al, 2020).
Such is the case of thiazalidinediones, PPARy ligands originally
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developed for treatments of diabetes, which have been explored to
some success for treatment of IBDs. While clinical trials on
PPARy ligands seem somewhat promising obtaining of
conclusive results which could take research steps further on
drug repurposing has been elusive so far (Lewis et al, 2008; Liang
and Ouyang, 2008; Abedi et al,, 2015).

While mechanisms unweiling how thiazolidinediones
ameliorate IBD progression are yet o be completely
understood, data on AnxAl roles on IBD suggest it might be
a promising player on the actions of PPARy ligands leading to
anti-inflammatory effects. Indeed, our research group has
evidenced AnxAl is vital for infliximab actions on murine
IBD models (de Paula-Silva et al, 2016) and that AnxAl is a
promising biomarker for assessing responsiveness to infliximab
in human IBD patients (unpublished observations), Wehave also
shown both exogenous and endogenous AnxAl are required for
pioglitazone to induce BV2 microglia cells to phagocytize
apoptotic cells, and that AnxAl can modulate PPARy

expression in such cells (da Rocha et al, 2019). Data here
obtained confirm the connection between and
AnxAl on treatment of experimental colitis, evidencing the
inhibition of AnxAl cleaving into its inactive form as a
mechanism of action of pioglitazone; therefore, we suggest
AnxAl is as a key player required for the anti-inflammatory
actions of pioglitazone and thus possibly other PPARy ligands.

Data here obtained corroborated other studies which already
evidenced the beneficial actions of pioglitazone in murine models
of colitis (Saubermann et al., 2002; Takagi etal, 2002; Shah etal.,
2007; Huang et al, mzo)mdeﬁdmeedthehckofﬁoghmae
effects on AnxAl™"" mice demonstrating the pivotal role of
AnxAl for pioglitazone anti-inflammatory actions. However,
these data do not rule out the effects of pioglitazone and
AnxAl are independent; inflammation exerted when lacking
endogenous AnxAl could be exceedingly exacerbated,
overwhelming any attempts of PPARy-activation linked
mechanisms to halt disease progression. Indeed, DSS-colitis in
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AnxAl™ mice is more and leads to increased
mortality {(Babbin et al, 2008; de Paula-Silva et al, 2016) and
AnxAl expression in the colon of WT mice increased regardless

Piogiiarons Modulstes Anccdd Dyming Colda

of treatment with pioglitarone. However, we here show
pioglitazone prevented cleaving of AnxAl whole 37kDa form
into smaller 33kDa fragments, which are supposedly non-
functional and induce inflammation, as evidenced in other
models where AnxAl cleaving correlates with increased
inflammatory status in nentrophils (Vong et al, 2007
Willlams et al, 2010; Vago et al,, 2012; Sugimoto et al, 2016;
Vago et al, 2016). AnxAl can be cleaved at different cells and
tissues, such as in neutrophils, adipose tissue and melanomas;
non-functional 33-kDa peptides released promote inflammation
facilitating cell transmigration to inflamed areas, inducing
adipogenesis and causing <kin tumors to become more
aggressive {Williams et al, 2010; Boudhraa et al, 2014;
Pietrani et al, 2018), Pioglitazone treatment also reduced
MMP-9 expression in the inflamed gut of WT mice,
Menlloproteinases such as MMP-9 indoce inflammatory
damage on tissues by cleaving extracellular matrix proteins,
and that by itself can aggravate ulcerative colitis (Marshall
et al, 2015; Chen et al, 2017), In this context, MMP-9 also
cleaves AnxAl into inactive 33 kDa proteins under

conditions (Zamilpa et al., 2010; Sogimoto et al, 2016). It mustbe
noted that PPARy expression suffered no changes due to DSS
treatment or to lack of AnxAl, meaning pioglitazone could bind
1o its target in colon tissue at similar levels for all experimental
conditions. This is in accordance with other authors who also
reported PPARy levels suffer little to no variances in colon tissue
throughout the development of DSS colitis (Huang et al, 2020).

Thus, our data suggest that pioglitazone might indeed be
linked to AnxAl in order to exert its anti-i
actions during the progression of DSS-induced colitis, but by
modulating its functionality rather than its overall expression.
Considering AnxA1 is a strong candidate for predictor of disease
remission due to therapies on IBDs and AnxAl expression levels
tend to vary greatly in [BD patients, such information might aid
elucidating why clinical trials investigating PPARy ligands on
IBDs tend to fail {Lewis et al,, 2001; Lewis et al., 2008).

It is known that lamina propria residential macrophages play
an important housekeeping role by phagocytesing apoptotic
epithelial cells, clearing translocated bacteria and promoting
epithelial stem cell maturation (Na <t al, 2019). On the course
of IBDs, residential macrophages and recruited monocytes
become inflammatory M1 which secrete
inflammatory cytokines such as TNFa, IL-12, and IL-23 and
induce Thl responses (Bemardo et al, 2017; Na et al,, 2019),
However, during resolution phases of IBDs, lamina propria
macrophages acquire a M2 phenotype and promote tissue
repair due to releasing several anti-inflammatory factors such
as IL-10 and AnxAl (Na et al, 201% Koelink et al, 2020).
Macrophages are thus vital for both sustaining iniestinal
homeostasis and carrying intestinal inflammation, and
evidence suggests AnxAl released by these cells during
resolutive phases of IBD can be responsible for attenuating
disease progression (Vong et al, 2012; Quiros et al, 2017).
Also, PPARy in macrophages plays an important role on [BD
physiopathology, as macrophage-specific PPARy knockdown
leads to pronounced colitis clinical effects, accomulation of
TCD8+ lymphocytes in lamina propria, increase of CD40
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surface expression and secretion of in the
intestine (Shah et al, 2007; Hontecillas et al,, 2011). Data here
obtained show tissue sections from 'W'T mice had a basal counting
of CD68" macrophages which increased due to DSS
administration, regardless of pioglitazone treatment, and
indeed, comresponding areas on sections immuncstained for
AnxAl evidenced there is a positive comrelation between
number of CD68" macrophages and AnxAl expression, as
both increased pro when mice were subjected to
development of DSS-induced colitis. Thus, tissue inflammation
caused by DSS led to recruitment of AnxAl secreting monocyles
in order to halt inflammation and evolke tissue repair (Steinbach
and Plevy, 2014; Ma et al,, 2019). Other authers have reported
increased number of CD68" macrophagesin tissue sections either
from biopsies specimens of Crohn’s disease or ulcerative colitis
patients or from intestines of DSS-treated mice, corroborating
our data {Vong et al,, 2012; Hong et al, 2014; Lissner et al,, 2015
Reischl et al, 2020). However, studies correlating counting of
CD68" macrophages with AnxAl expression report seemingly
contradicting evidence. It is reported by authors in biopsies from
Crohn's disease patients that AnxAl expression correlaies only
with myeloperoxidase-positive neutrophils excluding CD&8"
macrophages in lamina propria {Reischl et al, 2020), but
others report the opposite by showing AnxAl expression
correlates with increased CD6B”™ counting in tissue biopsies
from wulcerative colitis and Crohn's disease patients, in
agreement with our findings (Vong et al, 2012). Given the

complexity of IBD as a disease, it is unsurprizing contradicting
evidence would be found, and our work contributes in elucidating
such ambiguities,

While the findings here described utilizing a murine model of
experimental colitis so far evidence there is a connection between
pioglitazone actions and AnxAl, assessment of AnxAl as a
marker of disease progression under pioglitazone treatment
should still be considered in a preliminary manner and
approached with due reservations in further studies involving
humans, The immune system of mice is quite different from that
of humans, and different immune responses in the gut can lead to
different inflammatory processes being observed in both
experimental colitis and human [BD which are not always
similar, such as seen for activation of Treg cells, secretion of
cytokines and infiltration of B lymphocytes (Del Preie etal, 1993
Stevceva et al, 2001; Mestas and Hughes, 2004; Gibbons and
Spencer, 2011; Neurath, 2014; Wang et al., 2015 Do et al, 2017;
Sun et al,, 2017). Still, despite there being discrepancies, certain
AnxAl roles described in murine models of experimental colitis
are corroborated in human IBD patients, such as infliximab
treatment in AnxAl knockout mice DSS colitis
failing to attermate disease progression, which links to other
findings evidencing infliximab-responsive IBD patients show a
greater expression of AnxA1 in colon tissue (Sena et al, 2013 de
Panla-Silva et al, 2016), The same is true for PPARY, as Crohn’s
disease-like ileitis is prevented in disease-susceptible SAMP/Fc
mice crossbred with disease-resistant mice due to inheritance of
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functional PPARy alleles, and certain polymorphisms in the
PPARy gene have been described as prevalent in Crohn’s
disease patients (Sugawara et al, 2005). In the same vein, a
number of drugs used for treatment of IBD in humans have

Piogiiarons Modulstes Anccdd Dyming Colda

been successfully validated for use in experimental colitis models
in mice {Melgar et al,, 2008). Translation between mouse colitis
models and human IBD is thus very feasible, but future
assessment of mechanisms involving AnxAl and pioglitazone
as described in this work, when in human [BD patients, should
therefore consider the aforementioned reservations.

In order to reinforce our in wvo data, an in wvifro
experimental protocol was carried out using the RAW 264.7
macrophage cell line. Using LPS to mimic an inflammatory
environment, we found that LPS treatment increased secretion
of TNFa and IL-10 and generation of ROS, effects abrogated
due to treatment with pioglitazone. Corroborating our in vive
data, the anti-inflammatory effects of pioglitazone were enly
detected in mock-transfected cells, but not in AnxAl
knockdown cells, which evidences endogenous AnxAl is
vital for pioglitazone anti-inflammatory effects in
macrophages. The same manner as seen in our in vivo data,
pioglitazone did not modify AnxAl expression. It has been
reported that rosiglitazone and prostaglandin 2, both PPARy
ligands, increase AnxAl expression, but such has been
demonstrated in MDA-MB-231 and MCF-7 breast cancer
cells to variable results and not at inflammatory conditions
{Chen et al,, 2017). LPS also increased AnxAl expression by
RAW 264.7 cells and expressed AnxAl was cleaved into
smaller, non-functional 33 kDa fragments, and regardless of
the effects of pioglitazone on AnxAl expression, it prevented
AnxAl cleaving and attenuated secretion of MMP-9. Control
of MMP-9 secretion is a known anti-inflammatory effect of
pioglitazone and other PPARy ligands; they can modulate
septin-2 in cancer cells preventing MMP-9 actions, and
during the course of intestinal inflammations, down-
modulation of PPARy can make MMP-9 more stshle
{Kundu et al, 2014; Cao et al,, 2015). Still, it had not yet
been demonstrated that sach effect could be linked to
prevention of AnxAl deaving. As described previoudy,
pioglitazone seems to attenuate inflammation by preventing
AnxAl cleaving rather than controlling its overall expression,
and wsing our in witro model we found evidence that so
happens in macrophages, strengthening our in vivo data. Of
note, contrary to what was seen in vivo, inflammatory
conditions increased PPARy expression in mock-transfected
but not in AnxAl-knockdown macrophages. Under nom-
inflammatory conditions, pioglitazone by itself induced
PPARy expression, as expected due to it being a PPARy
ligand, but also only in mock-transfected cells, It is reported
LPS activates PPARy as a means of “desensitizing”
macrophages attenuating responses to further inflammatory
stimuli, and AnxAl seems to be involved with such
modulation of PPARy in both inflammatery and non-
inflammatory conditions (Von Knethen and Bernhard.
2001}, Whether lack of AnxAl prevents pioglitazone
binding to PPARy or prevents some sort of post-
translational mechanism after interaction between PPARy
and a ligand was not assessed in our work, but the fact this
interaction was seen in isolated macrophage cultures and not
in mice tissue further reinforces the need for in vitromoedels to
better investigate specific effects which might become hidden
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amid the myriad of simultaneous biclogical processes
occurring i1 wvivo. Indeed, PPARy in colon tissme is
expressed not only by lamina propria macrophages, but also
at considerable levels by crypt epithelial cells (Su et al., 2007).
While pioglitazone showed its anti-inflammatory effects to be
reliant on AnxAl, it is known pioglitazone has other effects that
are PPARy-independent, such as induction of migration of
vascular smooth muscle cells and inhibition of proliferation of
tumor cells (Emery et al, 2006; Li et al., 2008). By expanding some
of the in vitro findings previously described, we evidenced some
of the anti-inflammatory actions of pioglitazone are indeed
-dependent, as treatment of RAW 2647 cells with the
PPARy antagonist GW9662 prevented the increased secretions of
THNFa and MMP-9 to be attenuated by pioglitazane. To our
knowledge, this effect has been previously described for TNFa in
myocytes, but not in RAW 264.7 macrophages (Liu et al, 2009),
This is relevant for prospective studies on PPARy ligands and
AnxAl, as knowing that inhibition of MMP-9 secretion is
dependent on PPARy makes it more likely that other PPARy
ligands studied for treatment of IBD would have the same effect
in preventing AnxAl cleaving
As to further elucidate how AnxAl could influence the anti-
inflammatory effects of pioglitazone, we investigated whether
AmnxAl knockdown of RAW 264.7 macrophages could affect
pioglitazone-induced phosphorylation of extracellular regulator

kinase (ERK). ERK is a signaling factor linked to several cell
processes, such as cell survival, differentiation and migration,
among others (Maurice et al, 2018; Li et al, 2019 Zhou et al,
2019), and it is known that pioglitazone can activate ERK1/2
phosphorylation leading to anti-inflammatory effects, as reported
on ischemic cardiomyocytes and on different cell lines, including
colon cell lines (Wang et al, 2012; Kole et al,, 2016). Our data
showed that pioglitazone did cause ERK phosphorylation, but
such effect was not seen in AnxAl knockdown cells, evidencing
AnxAl is  required for pioglitazone-induced ERK
phosphorylation to occur. ERK phosphorylation is also known
to take place downstream 10 AnxAl activation in a plethora of
cells, including macrophages {Du&m: et al,, 2010; Bena et al,,

2012). As we evidenced AnxAl prevents ERK
phosphorylation, it can be inferred that AnxAl might be the
sale activator of ERK phosphorylation downsiream to PPARy
activation in this scenario, being an intermediate molecule
connecting pioglitazone actions and ERK phosphorylation,
which is allowed to activate ERK by pioglitazone by remaining
functional and non-cleaved for longer. In addition, increased
FPR2 expression, but mot FPRI, in AnxAl-knockdown cells
suggests there is a cell response under absence of AnxAl
which aims to increase FPR2-mediated downstream signaling,
which s known to involve ERK phosphorylation (Bena et al,
2012} leading to most anti-inflammatory effects of AnxAl, such
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as reduction of inflammatory cytokines and of neutrophil
activation in different murine models of inflammation (Ding
el al,, 2020; Machado et al, 2020), Pioglitazone, by preserving full
length- AnxAl, thus possibly increases the likelihood for AnxAl
to bind to FPR2 leading to ERK phosphorylation.

Overall, our main findings evidence pioglitazone relies on
AnxAl expressed by macrophages to exert its anti-inflammatery
actions throughout the course of experimental colitis, and that it
does so by preventing AnxAl cleaving. A graphical
representation of such findings is depicted in Figure 9.

CONCLUSION

Data obtained in the present work evidence pioglitazone attenuates
inflammation in vivo in a murine colitis modd, and prevention of
AnxAl cleaving seems to be involved with such effect. Data obtained
in vitro show that this process occurs in macrophages, and that
pioglitazone effects rely on ERK phosp which requires
AnxAl, This sum of evidence allows us to suggest that the beneficial
effects of pioglit:zone on the treatment of IBDs are connected to
AnxAl cleaving rather than its expression. As AnxAl has been
increasingly targeted as a potential predictor of [BD progression and
treatment-indoced remission, this evidence is of value for fiture
climical trials investigating PPARy ligands for treatment of [BDs, as
biomarkers which might indicate more accurately how therapeutic
snccess on patients is more likely to be achieved, such as AnxA L, an
be more thoroughly assessed.
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Formyl Peptide Receptors

and Annexin A1: Complementary
Mechanisms to Infliximab in
Murine Experimental Colitis

and Crohn’s Disease
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MNonresponsiveness to anti-TNF-a therapies presents relevant rates in inflammatory
bowel disease patients, presenting the need to find biomarkers involved in therapeutic
efficacy. Herain, we demonstrate that higher levels of colonic formyl peptide receptor 1
and annexin A1 carrelate with histological recovery in Crohn's disease patients under
remission. Using the dextran suffate sodium coltis model in mice, we suggest that
infiximab induces annexin A1 expression and secretion in activated intestinal leukocytes.
Conversely, this mechanism might stimulate epithelial formyl peptide receptors, inducing
wound healing and consequent histological remission. Our data indicate that assessing
intestinal expressions of formyl peptide receptors and annexin A1 might provide precious
information on the disease activity and responsivenass to infliximab in inflammatory bowel
disease patients.

Keywords: biomarkers, formvyl peptide receptor, annexin A1, inflikmah, Crohn's disease, dextran sodium sulfate

INTRODUCTION

Inflammatory bowel diseases (1BDs), mainly Crohn's disease (CD) and ulcerative colitis (UC), are
characterized by severe gastrointestinal inflammation (1). Biological therapies, such as monoclonal
antibodies and infliximab (IFX), are very effective in inducing remission for moderate-to-severe
IBDs (2, 3), By binding soluble and transmembrane tumor necrosis factor alpha (TNF-or), IFX
attenuates inflammation and decreases the need for surgery (2, 4, 5). However, side effects and non-
responsiveness illuminate the relevance of validating biomarkers to assess therapeutic efficacy (6,7).

We previously described a possible relationship between the response o IFX and the expression
of annexin Al (AnxAl) in mice with experimental colitis (8). AnxAl is a resolutive mediator in
human and experimental conditions such as cardiovascular diseases (9, 10), multiple sclevosis (11),
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and rheumatoid arthritis (12). AnxAl is produced by epithelial
cells and secreted by infiltrating leukocytes in IBD patients (13).
Local expression of AnxAl is pivotal to tissue recovery in CD
and experimental colitis (14-16). Recently, it has been suggested
that low levels of AnxAl in CD support the uncontrolled
inflammation that perpetuates the disease and that differential
expressions of AnxAl might allow the identification of disease
severity patterns (14, 17). After cell activation, AnxAl is
mobilized to the membrane, where it is able to trigger anti-
inflammatory pathways through formyl peptide receptors (FPRs)
(18). FPRs have been increasingly studied in IBD as they
participate in antimicrobial and inflammatory processes. FPR
expression in the gut correlates with pathology during acute
inflammation, but plays a protective role in the chronic phases
(1%). FPR1 is a wound closure mediator (20, 21), whereas FPR2
induces mucosal healing by regulating the traffic of leukocytes
into the inflamed tissue (22, 23).

This background provides valuable information about the roles
of AnxAl in IBD; however, only a couple of studies—including
ours—have addressed the involvement of AnxAl in the efficacy of
IFX (8, 14). Also, none has explored the potential participation of
the AnxAl-FPR axis. Herein, we describe some IFX mechanisms
that are affected by the AnxA 1-FPR axis and seek to explain how it
could mediate distinct responses to anti-TNF-ou.

MATERIALS AND METHODS

Patient Approach and Ethics Statement

CD patients from the Santa Casa School of Medical Sciences (S3o
Paulo, Brazil} and donors with no IBD history willingly donated
blood (12 ml). Medical records and paraffinized colon biopsies
provided the CD Activity Index (CDAI) (24) and microscopic
grading (25). This study was conducted in accordance with the
Declaration of Helsinki and the ethics boards from Santa Casa and

the University of 30 Paulo (protocol #07100819.3.0000.0067).
‘Written consent was obtained,

Criteria for Patient Enroliment

The diagnosis of CD for patients participating in this study took
into account endoscopic, histological, and clinical criteria
assessed and interpreted by members of the medical siaff from
the Santa Casa School of Medical Sciences. Individuals younger
than 18 years and/or with a diagnosis of an infectious disease
(such as tuberculosis, chlamydia, and the common flu)
were excluded.

Participants were divided into groups as foll ows:

Blood donors: Healthy individuals with no prior history of IBD
provided control samples of blood matching the average age,
gender, and ethnicity from CD groups, “Remission patients”
reached clinical remission upon IFX treatment, while “Failure
patients” were refractory to previous therapies and were not
responding clinically to IFX at the moment of blood donation.
One untreated CD patient provided active disease parameters and
was receiving other medications (including immunosuppressants
and corticosteroids), but not [EX,

Biopsy donors: Remission patients reached clinical and
histological remission when treated with IFX. The Failure group
was composed of patients who did not present improvement of
clinical parameters and histological homeostasis upon [FX. “CD
untreated” individuals were those with an active disease despite
treatment administration of other medications (including
immunosuppressants and corticosteroids), but not IFX.

It should be noted that all patients enrolled in this study had
previously received or were receiving other medication classes at
the time of our sample collection. The absencefinterruption of
responsiveness to other therapies followed by remission or nan-
remission wpon IFX was the defining parameter for separating
the Remission and Failure groups, respectively. Clinical
parameters (mean and range of age, gender, and concomitant

TABLE 1 | Charactenatcs from O patiants and haalthy donors,

Parameters Blood Tissue
Healthy donors CD patients

Untreated Remission [Failure Untreated Remission [Fallure
MAverage age imin-max) S22 24 35 (19-500 a8 (18- 25 (1945 43 (17-44) BBy
Standard deviation (agej 10.11 000 214 1465 13.95 a5 are
Females 3 1 -1 5 3 2 4]
Males z 4] L] 7 1 i 2
Taotal 5 1 12 1 4 3 2
Medications
Corticostemids - - - 3 27 3%) 1 (25%) - 1 {0
Mesalazine - 1 {100 3 (255 B {5 5% 2 {B0) 2 BEGY) 1 S0
Azathioprine - - 3 (255 4 (35.4%,) 3 (75 — 2 (100
Anti-diartheic - - 1 133%) 1R - 1 (35.3%) -
Antidepressants 2 {0 = 2 (16.6%) i = 1[E.8%) 1 o)
Antibiotics - - - 2(182%) 1 {25%) = =
Hepatics and pancreatics - - - 3 (27 1 (25%) - 1 (S0
Hepatics and Hidrmeortisone pre-IFX" - - - 1{0.0%) £ = -
Other 2 [0 1 {100%) 2 (1E.6%) A (36 4%) 2 lre) 1[33.5%) 2{100%)
"GO, Crann's disease; "F, infiximab.
Frontiers in immunclogy | wwwrontiersin.om Eoptemiber 2021 | Volumea 12 | Article T14138
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medications) from the Untreated CD, CD+IFX Remission, or
CD+IFX Failure groups are presented in Table 1.

Isolation of Leukocytes and Detection of
AnxA1 in the Blood of CD Patients

Blood from healthy donors (n = 5) and CD patients treated with
IFX (n = 23) ar not (n = 1) was used to isolate the following:

Plasma AnxAlL: AnxAlwas detected in plasma samples using
an ELISA kit (MyBioSource, San Diego, CA, USA).

Lenlocytes: NH,Cl (0,13 M) was added to the remaining cell
fraction to lysate erythrocytes. Pellets were fixed in 1%
paraformaldehyde (PFA) and incubated with anti-FPRI ( PE, R&D
Systems, Minneapolis, MN, USA) and anti-FPR2 (FITC, Bioss,
‘Waoburn, MA, USA) antibodies. Readings were conducted using a
BD Accuri Flow Cytometer (BD Binsciences, Frankdin Lakes, NJ,
USA) o acquire 10,000 events/sample. Positive populations were
determined by labeling for each antibody separately.

Detection of AnxA1, FPR1 and FPR2

in CD Biopsies

Paraffin-embedded colon biopsies from CD untreated (n = 4)
and treated positive (n = 3) or negative (n = 2) responders to IFX
were permeabilized (0.01% Triton), retrieved (sodium citrate
buffer), and blocked (20% fetal bovine serum, FBS). Samples
were incubated with mouse anti-FPR1 (125, clone 5F1; BD
Biosciences), anti-FPR2 (1:10, clone 2D8; Sigma- Aldrich, St
Louis, MO, USA), or anti-AnxAl (1:50, clone 1B, 10 pg/ml).
Incubation with 20% FBS provided the negative control. After
incubation with anti-mouse Alexa Fluor 488 secondary antibody
(L:200; Thermo Fisher, Waltham, MA, USA) and DAPL, the
slides were mounted and five regions of interest (ROIs) per dide
were photographed on a confocal microscope (Zeiss LSMB00).
Before acquiring images, the settings for gain, offset, and
exposure time were adjusted based on the reaction control and
standardized for each ROI from the stained samples. Acquired
composite images (.czi format) were imported to Fiji (Image]
Software, Bethesda, MD, USA) and split into blue and green
channels. For densitometric analysis, the green channel (Alexa
Fluor 488) was selected and modified to be displayed with a gray
filter. Background pixel averages were then subtracted from the
image pixels of interest to correct uneven illumination with the
aid of the *Process > Math > Subtract™ process. Fluorescence
measures were performed manually by the selection of positive
regions; average values were expressed in arbitrary units.

Ethics Statement and Animals

C57BL6 wild-type (WT) or AnxA L-null mice (AnxA1 "), males,
B-10 weeks old, were used to perform colitis, WT C57BLS6, males,
16-18 weeks old, were used to provide intestinal immune cells to
ex vivo experiments. Mice were obtained from the Federal
University of S40 Paulo Animal House (Brazil), kept in 12:12-h
light/dark cycle, and provided with food and water ad libitum.
Experiments were performed in accordance with the Brazilian
laws of protection and approved by the Committee on Ethics of
Animal Experiments from the University of Sio Paulo.

Colitis Model and Clinical Analysis

Fresh 2% dextran sodium sulfate (DS%; weight/volume, 40 kiDa;
Dextran Products Limited, Scarborough, Ontario, Canada) was
added to the drinking water of WT and AnxA1"™ mice (day 0)
and replenished every other day up to day 6 (26). Control and
non-treated DSS mice received wvehicle (sterile saline 0.9% +
DMSO 0.5%) intraperitoneally (ip.) on days 0-9. DSS-treated
groups received iLp. IFX (1 mgfkg Remicade® Janssen-Gilag,
Buenos Aires, Argentina) on day 1 and/or FPR antagonist Boc-2
(10 ppgkg N-t-BOC-MET-LEU-PHE, MP Biomedicals, Irvine,
CA, USA) on days 0-9. Body weight, diarrhea, and rectal
bleeding were scored daily to provide the Disease Activity
Index (DAl). On day 10, mice were euthanized by
overexposure to nasal anaesthesia [isoflurane; 2-chloro-2-
(difluoromethoxy}-1,1,1-rifluoro-ethane].

Dosage of Tissue MMP-9

Samples of medium colon were homogenized in RIPA buffer
containing a protease inhibitor (1:100; Thermo Fisher) in an
Ultra-Turrax homogenizer (T10-Basic-TKA). After 20 min on
ice, the tissue debris were removed and matrix metalloproteinase
9 (MMP-9) was detected by ELISA (R&D Systems),

Histological Analysis In Vivo

Distal colons were fixed in 4% buffered PFA, dehydrated, and
embedded in paraffin. Samples were analyzed using high-power
objectives on the Imager.A2 Zeiss microscope (Zeiss,
Oberkochen, Germany).

Histopathology

Histological grading was based on a previous report (8). The
following features were analyzed by a blinded histologist:
changes on crypts and histoarchitecture, edema, ulceration and
immune cells at the epithelium, lamina propria, or submucosa.
Grades of 0, 1, 2, 3, and 4 were respectively atiributed to normal,
mild, mild-moderate, moderate-severe, and severe conditions.
Results were expressed as the mean of total grading

Immunohistochemistry

After permeabilization (Triton 0.01%) and antigen retrieval
(sodium citrate buffer, 10 mM, pH 6.0), peroxidase was
inactivated with 3% hydrogen peroxide, Samples were blocked
with 10% Tris-buffered saline-bovine serum albumin and
incubated with the anti-AnxAl antibody (1:500; Thermo
Fisher). The reaction control was incubated with a blocking
solution, The slides were finalized with an anti-rabbit
horseradish peroxidase (HRP) antibody (Abcam, Cambridge,
UK), 3,3-diaminobenzidine (DAB; Thermo Fisher), and
hematoxylin counterstaining,

Immunofiuorescence

Permeabilized samples were retrieved in sodium citrate buffer
and blocked with 20% FBS. Antibodies were incubated overnight
(4°C): polyclonal mouse anti-f-actin (1200) and rabbit anti-
villin (1:50; Abcam), After secondary antibodies (anti-mouse
DyLight 549 and anti-rabbit FITC, 1:200; Vector Laboratories,
Burlingame, CA, USA), the nuclei were stained with DAPL
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Isolation of Leukocytes From Lamina
Propria and Flow Cytometry

Leukocytes from proximal colonic lamina propria were isolated
after washes with 2 mM EDTA and digestion with collagenase V
from Clostridium histolyticum (1 mg/ml; Sigma- Aldrich) (26).
The cells were washed through 40-gm strainers (Corning
Coming, NY, USA) and stained with CD4 (FITC) and CD25
{APC) (1:100; BD Biosciences), Positive populations were
determined by labeling with single antibodies. A minimum of
10,000 events per sample were acquired on a BD Accuri Flow
Cytometer. The results were expressed as percentages of positive
cells normalized by controls from each experiment.

Isolation of Colonic Lamina Propria
Leukocytes and Ex Vivo Treatments

After euthanasia by overexposure w isoflurane, colons from
C57BL6 mice were opened longitudinally and washed with
supplemented phosphate-buffered saline (10,000 pig/ml penicillin/
streptomycin and 50 jg/ml gentamycin). Under a sterile hood, the
tissues were fragmented, washed in Hank's salt solution buffer
without calcium/magnesium for 20 min (twice), and digested with
collagenases from C. histolyticum (types 11 and IV, 0.5 mg/mk
Gibco, Waltham, MA, USA). The digested tissue was washed twice
through 40-{lm sirainers (Corning) and the pellets were counted
and resuspended at the Roswell Park Memorial Institute (RPMI +
1% FBS), Cells were seeded in a 96-well phte (2 % 10°/well) and
treated with 200 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich) 30
min before IFX (0.1, L0, or 10.0 pg/ml). Controls were untreated or
treated with those IFX doses. Afier 24 h, the supernatants were
collected to dose seaeted AnxAl (MyBioSource) according to the
manufacturer’s instructions.

Statistical Analysis

To determine the parametric or non-parametric distributions, we
used the Kolmogorov-Smimov test. ANOVA followed by
Tukey's was performed for parametric tests, and Kruskal-
Wallis followed by Dunn’s post-test was performed for non-
parametric tests. To compare the two groups, we applied
unpaired (single measures) or paired t-test (repeated
measures). Pearson’s correlation was performed for correlation
analysis, providing the correlation coefficient r and the coefficient
of determination R”. Probabilities with p < 0.05 were considered
significant The results were expressed as the mean + standard
deviation (SD; human samples, individual variabilities) or
siandard error of the mean (SEM; in vivo/ex vivo assays, group
variability). All statistical assessments were conducted using
GraphPad Prism® software, version 9.1.2 (San Diego, CA, USA).

RESULTS

AnxA1 and FPR1 Are Differentially
Expressed in the Colon of CD Patients
Responsive to IFX

Recently, it has been suggested that differential expressions of
AnxAl mightallow the identification of disease severity patterns

in IBD (14, 17). Thus, we proposed screening the expression
patterns of AnxAl and its receptors, FPR1 and FPR2, in CD
biopsies of colons from untreated and IFX-treated patients who
either went into remission or did not. Information about the
healthy volunteers and CD patients are listed in Table 1.

Hematoxylin/eosin-stained colon biopsies revealed ulcers,
crypt alterations/abscesses, and prominent inflammatory
infiltrates in untreated and [FX Failure patients (Supplementary
Figures 1A, C), Based on the grading system (Supplementary
Table 1), we confirmed lower histological damage for remittent
(Supplementary Figure 1B and Figure 1F) rather than untreated
CD individuals.

Subsequently, FPRI, FPR2, and AnxAl were detected on the
colon biopsies using confocal microscopy (Figure 1). For those
three markers, the Z-scores were above the population mean for
the IFX-induced remission group, contrasting with the lower
levels in the untreated and IFX Failure groups (Figure 1A).
Despite the increased fluorescence detected for FPRI
{Figures 1C, G) and FPR2 (Figures 1D, H) in remittent
patients, only AnxAl was significantly hi than that in the
untreated group (Figures LE, I). Epithelial cells from barrier,
crypts, and leukocytes were the major sources of FPR1, FPR2,
and AnxAl, Furthermore, colonic FPR1 and AnxAl expressions
presented a strong negative correlation with the histological
grading (Figures 1], L), which means that the decrease of
these markers is associated with more tissue damage. For
FPR2, a moderate correlation was detected (r = —0.5355), but
this was not enough to characterize a significant association
(Figure 1K), Based on this, we presume that the upregulation of
colonic FPR1 and AnxAl in CD positive responders to IFX
provides a marker of differential expression for therapy efficacy.

Using the patients’ medical histories, we calculated the CDAI
{Supplementary Table 2). Despite the different intensities of
disease activity among patients, no patterns for circulating FPR1,
FPR2 (leukocytes), or AnxAl (plasma) were observed for the
healthy, remission, or failure groups (Supplementary Figure 2A4).
As expected, CDAI was significantly higher in IFX-unresponsive
patients than in remission patients (Supplementary Figure 2B).
Furthermore, FPR1, FPR2, and AnxAl in blood did not correlate
with CDAL indicating that patients’ circulating levels might not be
reliable biomarkers for remission or failure after IFX treatment
{Supplementary Figures 2C-H).

FPR Signaling Complements the Beneficial
Effects of IFX on Colitis Symptomatology
and Tissue Damage

After detecting the correlations between high expressions of
FPR1/AnxAl and histological recovery in CD, we wondered
how the modulation of these markers would impact resolution
after IFX. We have previously demonstrated the failure of IFX in
treating acute colitis using AnxAl-null Balb/c mice (8). To
explore the mechanisms involved in the eficacy of IEX, we
performed DSS-induced colitis in WT and AnxAl™™ C57BL6
mice and followed up to the late phase of the disease (Figure 2
and Supplementary Figures 3, 4). As expected, colitis induced
significant weight loss and increased the DAI in both WT
(Figures 2A-C) and AnxAl " strains (Supplementary
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Figures 4A, B). Anatomic and microscopic alterations were also
produced by DSS, including colon shortening, MMP-9 increase,
ulcers, altered crypt, crypt abscesses, vacuolar hydropic
degeneration, submucosal edema, and mucosal/submucosal

massive inflammatory infiltrates (Figures 2D-H and
Supplementary Figures 4E-I). IFX attenuated body weight
loss (days 9 and 10; Figure 2A) and DAI during the late phase
of the disease (day 8; Figures 2B, C) in WT mice. Except for
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some remaining infiltrated leukocytes and submucosal edema,
the colonic histological architecture was protected by IFX
{Figure 2]). These improvements were not only absent in the
AnxAl " group upon [FX treatment (Supplementary Figures
44, B, J), but anti-TNF-o seemed to be harmful without
endogenous AnxAl as well: a 50% mortality rate was recorded
(Supplementary Figure 4C}. AnxAl-deficient mice had
significant colon shortening (Supplementary Figures 4E, F)
and a 200- to 300-fold increase in tissue MMP-9 with or
without IFX treatment (Supplementary Figure 4G). Moreover,
AnxAl 7 /DSS+IFX mice had less intestinal T regulatory
lymphocytes than did the mice in the respective WT group
and the untreated group (AnxAl ™ /DS$S), reaffirming the
relevance of AnxAl to the downregulation of inflammation
even when TNF-it is being blocked by IFX (Supplementary
Figure 4D).

For the next step, we blocked the AnxAl receptors, FPRs, to
assess their potential involvement in the effects of IFX. The FPR
blockade, by itself, confirmed their well known role in wound
healing (15, 27). FPR newtralization was detrimental to the
clinical parameters in both early and late phases of disease
(Figures 2A~C), intensified colon shortening ( Figures 2D, E),
and increased MMP-9 (Figure 2F), Microscopically, the FPR
blockade with Boc-2 worsened the DSS damage, especially with
regard to epithelial/glandular Joss and infiltrated Jeukocytes

(Figure 2I). When combined with IFX, blocking FPRs was
detrimental to the clinical conditions in the late phase as the
beneficial effects of IFX on body weight and DAI were lost (days
9 and 10 and day B in Figures 2A, B, respectively) { Figure 2C).
Although the colon length and MMP-9 from [FX-treated mice
were not affected by Boc-2 (Figures 2D, E), the cecum very
consistently assumed a distorted morphology and paleness for
this group (Figure 2D).

Finally, the histological parameters were analyzed. IFX-
mediated preservation of the colonic histoarchitecture was
partially impaired by an FPR blockade, with the presence of
immune cells in the mucosa and punctual but persistent
ulcerations (Figure 2K). The clearest histological alteration in
this group was poor crypt recovery (details in Figure 2K). For
this reason, we proceeded to explore the effects of halting the
signaling through FPRs for the regeneration of crypts after
IFX treatment

Blocking FPRs Compromises the Effects
of IFX on Crypt Regeneration

The relevance of FPRs for crypt regeneration was confirmed by
structural protein immunostaining (Figure 3). In control mice,
[-actin revealed the cylindric shape of enterocytes (Figure 3A,
al) with villin expressed on the apical surfaces of cells
(Figure 3A, a2). A similar pattern was observed on crypts
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from DSS+IFX mice (Figure 3B,b1 and b2). In both groups, itis
possible to identify the secretory and excretory portions from the
mucosal glands, forming a U-shaped structure with a centered
vertical lumen that opens to the intestinal wall, where the
secretions produced by crypts are liberated.

Upon FPR inactivation, with or without IFX treatment, crypt
cells assumed a deformed morphology lacking cylindric limits.
The elongated shape from crypts gave place to an amorphous
structure, many times with the lumen tumed into a round form
that was no longer connected with the epithelium surface
(Figure 3C, cl). In this space, we observed residues of the shed
villin (Figure 3C, c2 and c3, green) that co-localized with DNA
(Figure 3C, c2 and ¢3, blue). FPRs were associated with epithelial
repair, migration, and wound healing before, but our results

suggest that these roles are also required for the intestinal barrier
homeostasis mediated by IFX. Considering that AnxAl is an
important FPR agonist and a pivotal mediator of tissue repair in
IBD, our final step was to assess the possible kinds of interplay
among AnxAl expression, FPR activation, and IFX efficacy.

IFX Induces AnxA1 Expression and
Secretion by Tissue Leukocytes During
Inflammation

Intracellular and FPR-binding AnxAl mediate inflammation
resolution and tissue repair on experimental colitis (8, 28). In
our model, we assessed the expression patterns for endogenous
AnxAl in the colon (Figure 4). The reaction control confirmed
specificity (Figure 4J).
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In the control epithelium, AnxAl was weakly detected
(Figure 4A). Colitis upregulated AnxAl in the damaged
epithelium from the DSS and DSS+Boc-2 groups (Figures 4B,
D). Mice treated with IFX, with or without FPRsignaling, presented
epithelial AnxAl similar to the control group (Figures 4C, E). In
turn, AnxA 1 was weakly detected in tissueleukocytesin non-treated
colitis (Figure 4F). After IFX, a high number of infiltrated AnxA1-
positive immune cells were observed (Figure4G). AnxAl was also
detected in leukocytes under Boc-2 (Figure 4H). Interestingly, in
mice treated with IFX and Boc-2, most tissue leukocytes were
negative for AnxAl (Figure 41).

Because the intracellular expression of AnxAl was
upregulated in tissue leukocytes upon IFX, we hypothesized
that transmigrated immune cells could be important sources of
AnxAl for the inflamed tissue treated with this anti-TNF-o.
Using LPS in vitro assays, we simulated an inflammatory
response in immune cells isolated from the colon of naive
mice. When treated with increasing concentrations of IFX (0.1,
1.0, and 10 pg/ml), we detected a dose-dependent augmentation
in AnxA1 secretion to the milieu (Figure 4K). This phenomenon

was reproduced in the DSS-induced colitis treated with IFX, as
colon explant supernat had inc d levels of AnxAl
compared to the control group (Figure 4L). Finally, we
observed a moderate negative correlation between the secreted
AnxAl and the grading for histological damage of the colon
(Figure 4M). These results suggest that IFX induces AnxAl
expression and secretion by tissue leukocytes, and this
mechanism is linked to tissue repair.

DISCUSSION

Previously, we reported the relevance of AnxA1 in the efficacy of
1FX during acute colitis in female Balb/c mice (8). Here, we
corroborate it using mice of different strain and sex and focusing
on the late phase of disease. On biopsies from CD patients, we
further confirm that IFX modulates AnxAl in positive
responders. Moreover, we describe FPR1 as a potential marker
of tissue homeostasis after IFX treatment. Our results suggest
that IFX stimulates activated intestinal leukocytes to express and
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secrete AnxAl to the inflamed miliew, where it is free to bind to
FPRs and promote tissue repair (29).

Although biologicals are the most successful drug class at
inducing remission among the therapies classically used to treat
IBD (30), they still burden patients with heterogeneous
outcomes, including hypersensitivity, allergies, lack of
responsiveness, or progressive loss of efficacy over the lifetime
{31}, Even clinically remittent patients may present remaining
mucosal inflammation associated with severe mucosal disease
activity (32). In response to this, the follow-up protocol for
treated patients proposes the assessment of histological
remission as a more reliable tool to predict a sustained and
steroid-free clinical remission, with lower need for
hospitalization and surgery (33). Herein, we observed a
marked expression of AnxAl in the colon of CD patients who
underwent remission after IFX. For AnxAl and FPRI, high
tissue levels correlated with Jower histological damage, In a
general manner, the literature on IBD suggests that AnxAl
secretion is evoked during the active disease. Failures in this
mechanism contribute o a more severe and prolonged disease
{26, 34). Similarly, therapeutic interventions have a better
outcome when capable of increasing AnxAl levels (8, 14). In
the inflamed site, AnxAl binding to FPRs mediates the
resolution of inflammation and mucosal homeostasis (16, 28).
The data we present here support the mechanisms described
abowve. Moreover, they suggest that tissue FPRI and AnxA1 could
constitute useful tools for following up the disease activity and
the efficacy of IFX in CD patients.

Mucosal inflammation begins with the opening of the
epithelial barrier after injury, which allows the translocation of
microbial agents. Once the commensal microbiota is detected by
the immune cells that patrol the tissue, an inflammatory
response is assembled to conkin the spreading of bacteria to
the blood and other tissues. However, an unbalanced
inflammation feed-forwards tissue damage and increases
bacterial translocation (35). Upon injury or death, column-
shaped intestinal epithelial cells can lose contact with each
other, assuming a flat morphology. The organism responds by
triggering a proliferation of basal crypt cells and epithelial
migration, promoting wound closure (36). By binding FPRs,
full-length AnxAl and its peptide, Ac2-26, stimulate the
migration of epithelial cells and wound healing (15, 16). Ac2-
26 binding to FPR1 induces oxidative inactivation of
phosphatase and tensin homolog protein and protein tyrosine
phosphatase-PEST, phosphorylating focal adhesion kinase and
paxillin, consequently stimulating cells to migrate (15).
Additionally, endogenous AnxAl acts as an anchor between
cytoplasmic P-actin and the plasma membrane, whereas the
AnxAl-FPR2 axis inhibits RhoA GTPase activity, stabilizing
the cytoskeleton (37), Our results confirmed that the lack of
endogenous AnxAl is very detrimental to the progression of
experimental colitis: AnxAl" mice had much worse clinical
and histological outcomes, fewer intestinal regulatory T cell
(Treg) counts, and a 25% mortality rate compared to WT
mice. Preventing AnxAl and other agonists from binding with
FPRs in vive was almost equally harmful as all clinical

parameters were impaired and tisswe damage was remarkable,
especially considering crypt and epithelial Joss. Interestingly,
treatment with IFX did not compensate for the absence of
endogenous AnxAl or FPR signaling. The blockade of the
AnxAl-FPR axis impaired crypt restitution, whereas a lack of
AnxAl impacted the ability of IFX to promote wound healing
and to rebalance the immune response. Based on these data, we
propose that protection of the epithelial barrier with IFX must be
complemented by the downstream pathways resulting from the
binding of AnxAl (and other endogenous agonists) to
FPRs (Figure 5).

It is wdl known that the nse of IFX on chronic diseases
modulates cellular pathways downstream of TNF receptors
(TNFRs) by blocking soluble and transmembrane TNF-a (38,
39). Considering the complexity of the mechanisms evoked by IFX
and the heterogeneous responses it produces, other endogenous
players are likely tobe involved in successful outcomes, Herein, we
suggest that AnxAl expression might be one mechanism induced
by IEX, which may, in turn, regulate its efects at some level. This
notion is supported by the modulation of intracellular and
secreted AnxAl after IFX treatment in colitic mice In colonic
mucosal and submucosal leukocytes adtivated by inflammatory
mediators, [EX evoked AnxAl expression, The same group had
increased secretion of AnxAl, which was most likely being
provided by those leukocytes. In line with this, increased levels
of AnxAl were secreted as higher doses of [FX wereadded to LPS-
stimulated intestinal leukocytes ex vivo. These results seem to be
translatable to the human condition becanse we also observed
increased AnxAl in biopsies from CD patients in association with
histological remission, Indeed, the lack of TNF-o signaling
through TNFR1 in mice during colitis favors tissue AnxAl
expression and increases the frequency of CD4" and CD8* T
lymphocytes positive for AnxAl (26). These data indicate that
intestinal immune cells are the major sources of secreted AnxAl;
this could be one resolutive mechanism of IFX that was not
previously described. Interestingly, the Boc-2 groups had less
secreted AnxAl with or without IFX. This suggests a more
complex mechanism of action for IFX, in which proper FPR
signaling is required to induce AnxAl secretion by leukocytes and,
in turn, to mediate tissue repair and wound healing

Obviously, FPR agonists other than AnxAl could be involved
in the efficacy of IFX. In the inflammatory milieu, FPR ligands
can be found among endogencus metabolites, peptides, and
damage- and pathogen-associated molecular patterns (DAMPs
and PAMPs, respectively) (40). These include N-formyl-peptides
from mitochondrial damage (41), the antimicrobial peptide LL-
37 and lipoxin A4 (22). It should be noted that the bacterial-
derived peptide formyl-methyl-leucine-phenylalanine (fMLF)
can be present at high concentrations in the wounded
intestinal tissue (42) and binds FPR1 with a strong affinity,
triggering healing pathways on epithelial cells (20, 43). Despite
that, this work addresses AnxAl participation because of its
pivotal roles in IBD. Our choice was also supported by the
increased AnxAl secretion upon IFX in experimental colitis and
its correlation with tissue recovery. It is also important to point
out that, although we argue that AnxA1 and FPRs contribute to
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the efficacy of IFX, it is possible that they might be involved in
the effects of other therapies as well. We do not claim that this
modulation is exclusive o IFX, but that it obtains for this specific
therapy. We hope that our study encourages others to explore
therapies that might be complemented by AnxAl-FPR,
elucidating possible mechanisms of therapeutic failure in IBD.
We believe that the data we presented here may contribute to the
identification of poor responsiveness cases, leading to long-term
remission based on the pivotal homeostatic roles of AnxAl
through FPRs.
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ABETRACT

Annexin Al (AnxAl), a 37EDa protein, iz secreted by inflammarory and epithelial cells and displayn ant-
inflammatory and wound healing activities in intestinal bowel diseases. Herein, we aimed to functionalize re—
combinan: AnxAl (AnxAl) on multi-wall lipid core nanocapaules (MLMC) and invectigate its effectiveness on
experimental colitis. MLNG were prepared by cowvering lipid core manocapsules (LMGC) with chitosan, which
coordinates metals to specific protein chemisorption sites. Therefore, MLNG weze linked to Zo®* and AnxAl was
added to form MLMNC-AnxAl. LMC, MULNG and MLMC-AnxAl presented average zize of 129, 152 and 163 nm,
respectively, and similar pobydispersity indexes (0.xx); incorporation of chitosan inverted the negative potential
zata; the coordination efficiency of AnxAl wan 92.22 %, and transmission electron microscope photomicrograph
showed MLMNG-AnxA] had a spherical shape. The effectiveness of MLNG-AnxAl was meagured in Dextran Sulfate
Sodium (DB5)-induced colitio in male C57BL/6 mice. DG {2 % solution) was administered from dayn 1-6; saline,
LNG, MLNG, MLNG-AnxAl or AnxAl were administered, once a day, by oral or intraperitoneal (ip.) routea, from
daya 6-9. Clinical parameters of the disease were measured from day 0-10 and gut tosues were collect=d for
hiztopathology, immunchistochemisery and flow cytometry anabmes. Cnly ip. treamment with MING-AnxAl
reduced weight loss, diarrhea and disease activity index, and prevented loss of colomic struchure integrity;
induced the switch of macrophages into M2 phenotype in the lamina propris; recovered the colonic histo-
architecture by decreasing dysplasia of crypts, infl: ion and ul i restored the fon of claudin-1
Zonna-occludens-1 dght junctiona in the inflamed gur; and induced atem cell proliferation in intestinal crypis.
Aszociated, data highlight the functionalization of MLNG with AnxAl as a tool to improve the local actions of
such protein in the inflamed gut by inducing resolution of inflammation and tissue repair.

1. Introduction

inflammation at the tranzmural level [3]. UC, on the other hand, is
typically limited to the colon, affecting the mucozal and submucozal

Inflammatory bowel dizeases ([BDs) are chronic and multifactorial
dizorders characterized by an exacerbated and progressive immune
responze to homeaostasis disruption of the intestinal epithelium [ 1. IBD=
comprise Crohn's dizease (CD) and uleerative colitiz (UG) [2]. Lesions
spread out at different parts of the intestine characterize CD), leading to

layerz [4-5]. The exact etiology of [BD: remains unclear; however, ge-
netic variations in the immune system, alterations in the intestinal
microbiota, and expozure to environmental pollutantz are strongly
aszociated with induction and development of IBDz [&]. Current phar-
macotherapy on IBDs treats only symptoms of the disease all the while
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Table 1
Phosicoct I anakyois of rticles.
Hanocapsules D PO mV pH BN {x 10V
mL™)
LHEC 1294 afjl =128 4.52 363+ 066
3.57 a0l + 137 002
MLNC 152+ 0+ 155 424 275+ 065
3.89* o] az0 s+ 4009
e -
MLNC- 163 % [F5 T 4.23 155+ 048 *
cAmxAlL 161 ool L7 008

seeg -

Values are expressed az mean #+ SEM (n= 3). * p < 0.05, ** p < 0.01, ***p <
0.001 vz LNC. § p < 0.05 va MLNG. Abbreviationa: LNC, lipid core nanocapsule;
MLNGC, multi wall lipid core nanocapsule; MLMG-AnxAl, metal-complex multi-
wall lipid core nanocapsule; Dy, =-average diameter; PDL, polydicpersity index;
ZP, zeta potential; PND, particle number density.

being highly costly. Furthermore, patients may be unresponsive to
available treatments. Hence, novel therapier for IBD: treatment are
being constantly researched [71.

Inflammation iz mediated by a diversity of pro-inflammatory medi-
ators zecreted in order to evoke an effective rezponse against an
aggressor. Mevertheless, such process cannot be exacerbated otherwize
rizking injuring host tizsue, and for this reason anti-inflammatory me-
diators are secreted to halt and rezolve the process. Annexin Al (AnxAl)
i3 a 37 FDa protein zecreted by immune and apithelial cells, known az a
blocker of neutrophil recruitment into lesioned areas and as an inducer
of efferocytosiz and teruee repair [5-9]. AnxAl anti-inflammatory ac-
tons oceur due to binding to formyl-peptide receptors (FPRs) in cell
membranes, and subzequent activation of downstream intracellular
pathways [8,10-11].

Data obtained from samples collected from IBD= patients or experi-
mental modelz of colitiz show AnxAl iz highly expreszed by epithelial
and inflammarory cellz during 1BDs courze, being azzociated with the
protection of gastrointestinal muocosa and epithelial recovery by acti-
wating FPR1 and FPFR2 [12-15]. AnxAl has been claimed as a marker of
IBD [14,15-197. It was recently shown that AnxAl mediates the actions
of therapeutic drugz on treatment of [BD, such az infliximab, an anti-
tumor necrosis factor (anti-TNF} antibody [10], and pioglitazone, an
ligand of the peroxizome proliferator-activated receptory [13].

Lipid core nanocapzules (LNC) are biodegradable and efficiently load
poorly water zoluble molecules [20]. LNC enhance bioavailability and
drive different lipophilic molecules to pharmacological targets, being

ible of crossing biological barriers ineluding the gastrointestinal and
the blood-brain-barrier. Therefore, drug-loaded LNC reprezent potential
formulations to treat inflammatory and cancer dizeases [21-20]. More

electron

Fig. 1. T:

opear: Journal of P and Bioph 18] (2022} 49-55

recently, LNC technology was improved to allow carrying of polar
maolecules, az proteinz, enzymes and antibodies due to the development
of multi-wall lipid core nanocapsules (MLMC) [29]. MLNC are built by
adding chitozan-metal complexes in order to adsorb moleculez con-
taining hetercatoms in their chemical structure, including oxygen or
nitregen. The metal complex with Zn®* provides better binding of pro-
teins to the MLNC structure by interacting with hizridine residues pre-
zent in the C-terminal region of moleculez [30]. Recent studies have
demonstrated the higher bioavailability and therapeutic effectiveness of
MLNGC functionalized with hydrophilic molecules, including enzymes
and proteinz [31-33].

Conzidering the feasibility of MLNC to load proteins, we here
developed MLNC functionalized with recombinant AnxAl (AnxAl} and
tested itz effectiveness on experimental model of colitiz in mice.

2, Material and methods
21, Materials

Proteaze inhibitor cocktail, polyle-caprolactone) (oe-dilydroxy
telechelic PCL, Mw= 14,000 gmul'ij, sorbitan monostearate (SM, Span
G60®), polyzorbate 80 (Tween 808, zinc acetate, low molecular weight
chitozan (Mw = 50,000-190,000 g mnl", deacetylation degree: 75-85
%, viscosity: 20,000 cP) (Sigma-Aldrich Co, Saint Louis, MO, USA);
soybean phosphatidylcholine (LPS75; 75 % pure; Lipoid® 575, Gerbras
Quimica Farmacéutica Leda, 53s Paulo, Brazil); medium chain triglye-
eride (MCT,- Nutrimed Ind. Ltda, 53o Pauls, Brazil). Recombinant
AnxAl (AnxAl) protein was purified by a previously establiched method
134] and provided by Profezzor Chriz Reutelingzperger, from Maastricht
Univerzity; acetone and ethanol used were of analytical grade; dextran
sulfate sodium (D5S, MW 40,000, Dextran Produets Limited, Canadal;
anti-mouse CD206 and anti-mouse Zonna cecludens-1 (Z0-1; Iovi-
trogen®, Waltham  Mazzachoserts, USA); anti-mouze F4,/80, anti-mouzs
CDE0 (eBioscience™, San Diego, California, USA); anti-mogze Clandin-1
and secondary antibody anti-rabbit conjugated with HRP (Abcam Ple,
Cambridge, United Kingdom); anti-mouse Ly6G (BD, Becton Dickinson,
New Jerzey, US); DAB Substrate Chromogen System (Dako Omnis,
Agilent, Santa Clara, California, USA); anti-Ki67 (Cell Signaling Tech-
nologies, Danvers, Massachusetts, USA); anti- proliferating cell nuclear
antigen (PCMA), Santa Cruz Biotechnology, Dallas, Texas, USAY; Colla-
genaze [ and Collagenasze IV from Clostridinm histolyticum and bowvine
zerum albumin {BSA) (Gibco™, Grand Island, New York, USA) Iso-
flurano (Critilia Produto Quimicos e Farmackuticos Ltda, 530 Paulo,
Brazil). Paraformaldehyde, xilene, zodinm citrate, peroxide and tris
{hydroxymethyl) aminomethane {Synth® - Labsynth Produtos para
Labaoratérics LTDA, 530 Paule, Brazil).

oy analywiz. The MLNG-AnxAl nanocapsules were analyzed vaing different magnifications. (A) bar = 500 nm; (B) bar = 200

nm; and {G) bar = 100 nm. Abbreviationa: LMC, lipid core nanocapaule; MLNG, mule wall lipid core nanocapaule; MENG-AnxA 1, metal-complex multi-wall lipid core

nanocapaule.
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Fig. 2. Rolea of MUNC-AnxAl therapy on DES-induced colitiz activity and inteatinal strucoure. Mice were reated with DEE 2 % in order to develop colitic and were
treated with AnxAl (12.5 pg/ml), MLNG (9.6x10"! particles) oz MLMC-AnzAl (9.6x10" particles/ 12.5 pg) between days 6 and 9. (A) Pescentage of body weight
loss; (B) Diarrhea acore; (G) Occult blood score; (D) DAL (E) Intestinal length; (F) Anatomic evaluation of the colon. n = 6 mice/group. * p < 0.05, **p < 0.01, ***p
< 0001 wo DES. Abbreviationa: LNC, lipid core nanocapaule; MLNG, multi wall lipid core nanocapsule; MLNC-AnxAl, metal-complex multi-veall lipid core nano-

capaule; DAl dizease activity index.

22 Synthesiz of the AnxA I-Surfoce-Functionolised Metal-Complex
MLNC

The first step of the synthesiz of nanocapsules conzisted of the
interfacial deposition of pre-formed polymer method, az previously
described [21,29]. An organic zolution was prepared by addition of PCL
(0.100 gJ, 5M (0.040 g), and MCT (120 pL)} diszolved in acetone (25 mL).
An additional organic solution was prepared by mixing 5 mL of ethanol
with LPS75 (0.090 g). The organic solutions were maintained under
‘magnetic stirring at 40 °C for 1 h. Afterwards, both zolutions were mixed
and maintained under agitation at 40 °C for 1 h. Another agqueous so-
lution was prepared using distilled water (60 ml) with 0.080 g of
nonionic surfactant Tween® 80, by mixing for 1 h ar 40 *C. Afterwards,
the final organic solution waz injected into the agueous solution and
stirred for 10 min. The rezulting translucid solution waz evaporated to

Bl

be concentrated to final volume of 8 mL, using a rotary evaporator under
reduced preszure at 40 “G. The formulation conzisted of lipid-core
nanocapsules in aquecus dispersion (LNC). The volume of the final so-
Tution was adjusted to 10 mL using ultrapure water. The supramolecular
structure iz stabilized by weak forees (dipole-dipole and ion—dipole
interactions).

Twenty-four hs later, 500 pL of a filtered (0.45 pm, Millipore, Merck
Millipore, Darmstadt, Germany) agueons solution of chitosan (0.3 %)
was pipetted (1 drop every 10 z) into 4.5 mL of LNC solution. The
mixture was maintained under magnetic stirring for 2 he (zecond step of
reaction consisting of interfacial ionic bonds). Next, a Zn®* solution
containing 28 mg of zine acetate in wltrapure water {10 mlL) was pre-
pared. Thereafter, the third and fourth steps lead to the crganometallic
coordination, 12.5 pL of zinc acetate solution were added into 412.5 pL
of the chitozan-coated lipid-core nanocapsulez solution (MLNC) under
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Fig. 3. MLNC-AnxAl up-regulate M2 macrophage polarization in lamina propria. Cells were dizsociated by enzymatic activiey from extracellular matrix and 2x10%
cella were used for antibody labeling. (A) Ly6G*, (8] F4,/80%, (0} F4/80+CDE0, (D) *. P4/60FCD206", n = 6 mice/group. * p < 0.05, ** p < 0.01 va DEE. # p < 0.05,

22 p < 0.01 va Maive.

magnetic stirring at 350 rpm. After 40 s, 75 pL of AnxAl solution 1.33
mgml.'ij were added into the same zolution under magnetic stirring at
350 rpm. The AnxAl -EZn**-chirosan-coated lipid-core nanocapsules
complex (MLNC-AnxAl) was maintained under magnetic stirring (350
rpm) for 20 min at room temperature (20 “C). At final formulation, the
theoretical concentration of AnxAl was 200 pg mL™". The four steps to
obtain the intermediate formulations (LNC and MLNC) and the final
formulation (MLNC-AnxAl) are reprezented in the Figure 51,

2.3, Physicochemical characterization of the monocapsules

Initially, z-average hydrodynamic diameter and polydizpersity index
(FDI) wvalues were calculated after determining the particle size distri-
bution using dynamie light seattering at 25* € (DLS; Zetasizer® Nano 5,
Malvern Instruments, Malvern, UK). The measurement waz performed
after dilution of samplez (500 x ) in purified and previously fltered
water (MilliQ®) (0.45 pm, Millipore®, Billerica, MA, USA). Zeta po-
tential {f - mV¥) mean values were calculated using the electrophoretic
mobility dismibution (Zetazizer® Nano Z3, Malvern Instrumentz, Mal-
wvern) in formulaton diluted (500 x ) in a pre-filtered (0.45 pm, Milli-
pore®, Billerica, MA, USA) MaCl aquecus solution (10 mM). The

quantifications of pH were carried out in the formulation using a cali-
brated potentiometer {DM-22, Digimed, 53o Paulo, Brazil). The con-
centration and size distribution gquantification of the formulations
(particle number denzity) were obtained by uzing nanocapsule macking
analysiz (NTA) (NanoSight LM10 & NTA 2.0 Analytical Software,
NanoSight® Itd). Quantification of AnxAl bound to the nanocapsules
was realized by an indirect method. The free AnxAl in the formulations
was quantified by a colorimetric method (QuantiProTM BCA Assay Kit,
Sigma-Aldrich, 5t Louis, MO, USA) according to manufacturer’s in-
structions. To separate the free fraction of AnxAl, the MLNC-AnxAl
formulation was centrifugated in ultrafiltration unitz (100 kDa; Merck
KGaA), using 1,840 xg for 5 min (Sigma® 1-14; SIGMA Laborzen-
rifugen GmbH, Germany). The obtained ultrafiltrate was quantified by
colorimetric methods and the protein concentration was obtained using
a calibration curve. The results were exprezsed in coordination effi-
ciency. The morphology of the MLNC-AnxAl formulation was visualized
under a transmizzion electron microscope operating at 80 kV. Samples of
nanocapsule (100 pL) were diluted in water (1:10, v/v). Only 10 pL of
the diluted solution were deposited on copper grids (400 mesh), which
were coated with carbon filmz. Afterwardsz, 2 % uranyl acetate aolution,
uzed as negative contrast, was added to the grid, and was kept in a
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vacuum desiccator for 24 h.
2.4. Animals

Male C57BL6 wild-type (WT) mice, aged 8-10 weeks and weighting
20-25 g were used. Animals, obtained from Faculty of Pharmaceutical
Sciences of the University of Sao Paulo. They were maintained under
pathogen-free conditions and in a 12-h light/dark cycle, at temperatures
between 20 and 25 °C, with free access to water and food. The protocol
of study was approved by the Ethics Committee of Animal Use of the
Faculty of Ph ical Sci of the University of Sio Paulo
(CEUA/FCF/ USP; protocol o 598), following the Brazilian laws of
animal ethics.

2.5. Colitis induction and treatments

Five groups of animals were employed (n = 6 animals/group), as
follow: Naive, DSS, AnxAl, MLNC and MLNC-AnxAl. The naive group
received just filtered water, colitic animals (DSS, AnxAl, MLNC and
MLNC-AnxA1) received DSS solution (2 %) from day 1 to the day 6; the
DSS solution was replaced with two days of intervals. On day 6, D5S was
withdrawn and replaced with filtered water until day 10. Between days

of the refe to colour in this figure

6 and 9, the mice were treated once daily with different doses of AnxAl,
MLNC, MLNC-AnxAl or diluent solution (H20 MilliQ®) according to
the route nladmminn‘t’ion. Oral: AnxAIl (100 pg/mL) or MLNC-AnxAl
(100 pg/mL - 3.1x10" particle/mL""); 'mfm (ip.): AnxAl
(12.5 pg/mL), MLNC (9.6x10"" particle/mL™! or MLNC-AnxAl (125
pg/mL— 9.6x10"! particles/mL ") in a final volume of 200 pL. Naive or
DSS groups were manipulated as the other groups, but with the carrier
solution H20 only (MilliQ®).

Clinical p were i by ing body weight,
diarrhea and rectal blood. They were observed and registered daily and
used to calculate the Disease Activity Index (DAI), as DAI was obtained
by the the sum of these parameters. On day 10, animals were anaes-
thetized by inhalation of isoflurane anesthetic (2-chloro-2- (difluor-

thoxy)- 1,1,1-trifl thane) and euthanized. Samples of the colon
were collected from the ileocecal junction up to the proximity of the
anus, to macroscopic evaluation. Furthermore, fragments of the colon
were used to histological (distal colon), enzymatic and flow cytometry
(mid/proxi colon) ly Peritoneal lavage was collected using
ice-cold PBS solution and cellularity was quantified by flow cytometry.
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2.6. Histopathol and i P TS et

¢4 24 o

Fragments collected from the distal part of the colon were fixed by
Mhmbznunm4%panﬁmn:lddnydzfor24h.Aﬂxwank they
‘were y in graded eth ! mxylumand-heddedm

quantified using ImageJ software. Results were expressed as mean + 5.
E.M. of percentage of marked area.

The quantification of proliferative nuclei was evaluated by the
photographs using a 40 x high power objective in ten fields of the
mucosal layer from PCNA-stained and Ki67-stained sections and the

paraffin for histopathological and i hi 'y lyses ac-

ing to our previ [13-14].

Histopathological analysis was performed in 4 ym sections. Samples
were stained using hematoxylin and eosin solution and analyzed using a
hgh-powuob;eenveﬁOx)nnmAmemcmp&dtoahmmm
scope (Carl Zeiss, Jena, Gi y). The histop 1 score
wupecfnnncdbhndlybymmzlymhwwl&pbhondlmmnu
of intestinal tissue. The score was adapted [35] and idered: tissue
edema, dysplasia/altered histoarchitecture, crypt edema, inflammatory
infiltrates and ulcerations. Ten photos were taken of each histological
section using a 20 x high power objective and scores were evaluated on
a scale ranging from 0 to 4.

During i histoch y , colon secti was
achieved were deparaffinized, hydratated and incubated with sodium
citrate buffer (pH 6.0) at 96 °C for 30 min. Endogenous peroxidase ac-
tivity was blocked with 3 % hydrogen p de, three times washed after
each in 10 min of incubation. Next, blocking of unspecific binding sites
msezmedwtmthl%BSAdﬂnnmenﬂmﬁsahneﬂES)form
h. ined were bated with anti-Claudin-1, anti-ZO-1,

mmmm&7mmmﬂ:ta4°cmmzy

were hed and incubated with a dary y d with
HRP (1 h, room temp ), and using 3,3-dia-
minobenzidine. Finally, ions were d with hematoxylin
and d. The ions were ph hed using a 20 x high power
bjective and the p of marked area of claudin-1 and ZO-1 was

ber of positive nuclei was quantified for each field assessed. Results
were expressed asz mean + S5.E.M. of proliferative nuclei.

2.7. Isolation of Leukocytes from lamina propria and flow cytometry

Leukocytes from proximal colonic lamina propria were isolated after
washes with 2 mM EDTA d by digestion with coll 1l and
IV from Clostridium histolyticum (1 mg/mL). The cells were washed
through 40-pum strainers (Corning, Corning, NY, USA) and stained with
Ly6G (PE), F4/80 (PerCpCy5.5), CD206 (FITC) and CD80 (PE). Positive
populations were determined by labeling with single antibodies. A
minimum of 10,000 events per sample was acquired on a BD Accuri C6
Flow Cytometer (BD, Becton Dickinson, New Jersey, US). The results
were expressed as percentages of positive cells normalized by controls
from each experiment.

2.8. Statistical analysis

Clinical in exp 1 colitis were analyzed by Two-
way ANOVA followed by Bonferroni post-test. For other analyses,
One-way ANOVA was used followed by Tukey's post-test. Values of p <
Oﬁmcmm"mmmw”mt
SEM. Statistical analyses were perfi d using iphPad Prism Soft-
ware 7.0.
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Fig. 6. Effects of MLNC-AnxAl on epithelial and som in the colon d d by DSS-induced colitia. Ki67 and PCNA are represented in
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quantification of proliferative nuclei stained with Ki67 (F) and PCNA (L) are presented in the graphs. n= 6 mice/group. Sections: 4 pm_ Bars: 50 pm and 20 pm. *p <
0.05 va DSS. & p < 0.05 va MLNC. Abbreviations: PCNA, Proliferating Cell Nuclear Antigen.
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3. Results
3.1. Development of nanocaprules

All formulationz showed white-opaleseent homogeneous macro-
scopic aspect, with no wisible aggregation in storage vials. Three indi-
vidual batchez of LNC, MLNC or MLNC-AnxAl were prepared. After the
addition of chitosan, the z-average diameeers of MLNC and MLNC-
AnxAl presented values greater than the mean diameter of LNC (p <
0.05 and p < 0.01 respectively) (Table 1; Fig. 1). PDI was significantly
higher for the MLNG and MLNC-AnxAl formulation: (moderate poly-
dizpersity) when compared to the LNC (narrow polydizpersity) (p <
0.001). Comparing MLNC and MLNC-AnxA1 formulations, the latter
prezented a lower polydizpersity index (p < 0.08) (Table 1; Figurs 52).
PDIL of the 3 formulations waz lower than 0.3. The zeta potential was
inverted after the addition of chitozan (p < 0.001), and no difference
was observed berween the chitosan-containing nanocapsules (MLNC
and MLNC-AnxAl) (Table 1, Fig 1). The addition of chitozan to the LNG
sructure caused a significant pH reduction when compared to the other
groups (p < 0.01), an expected result since acetic acid iz used to disperse
the chitosan solution (Tahls 1),

Furthermore, using 2D plots (intensity of light scattering versus
diameter), nanoparticle tracking analysis showed that MLNG-AnxAl
overlap MLNG (Figure 53), demonstrating that conjugation with the
protein occurred efficiently, and no aggregation occurred after forming
the organometallic complex. Coordination efficiency of AnxAl (9222
+ 1.47 %) waz calculated after ultrafiliration-centrifugation and quan-
tification of unconjugated protein TEM photomicrographs (Fig. 1)
demonstrated MLNC-AnxAl spherically shaped. The aspect of those
nanocapsules were similar to other chitozan-coated nanocapsule for-
mulations previously publizshed [30,57].

3.2 Intraperitoneal injection of MINC-AmxAl amenuates ulcerative
colitiz

D55 ingestion induced ecolitiz as observed by clinical parameters
waight lozz, diarrhea srore and occult blood in ztool, bowel length and
DAL Treatment: with AnxAl or MLNC-AnxAl by oral route did not
attenuate the damage caused by DES ingestion (Figure S4). Only Lp.
mreatment with MLNC-AnxA1 was effective in redueing the symptoms of
ulcerative colitis. It was observed reduced weight loss, diarrhea and
direaze activity index (Fiz. 2A-D), az well as restoration of the colonic
structure integrity, as demonstrated by the intestine length recovery at
day 10 after DEE ingestion (Fig. 2E-F).

3.3. MLNC-AnxAl treatment modulates macrophage phenotype in
intestinal laming propria

The characterization of cellz izolated from the lamina propria
demonstrated that D55 ingestion markedly inmcreased the number of
neutrophils (Ly6G*; Fig. 3A) and macrophages (F4/80%; Fig. 3B), which
reflected increased amount of M1 macrophages (F4/80/CD80%;
Fig. 2C). None of the treatments reduced the amounts of neutrophils and
macrophages (Fig. 3A and 3B); neverthelezs, MLNG-AnxAl treatment
reduced the amount of M1 maerophages {F4,/80,/CD80*; Fiz 3C) and
both AnxAl and MLNC-AnxAl treatments elevated the amount of M2
macrophages (F4,/80,/CD206%; Fiz. 3D).

Based on these results, we further investigated if MLNC or MLNC-
AnxAl were up-taken by macrophages. Data presented im Figure 55,
obtained in CytoViva experiments, showed coltured Raw 264.7 cells
taken up both nanocapzule preparations 24 hs after incubation. More-
over, to test the efficacy of taken up, we investigated the mice bone
marrow macrophages polarization into M2 phenotype, az AnxAl
switches macrophage into M2 cells. Az visualized in the Figurs 56,
dexamethazone (positive control of the experiment] and MNLC induced
M2 polarization; nevertheless MLNG-AnxAl effect was higher in
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comparison to those groups of eells. In addidon, only MLNC-AnxAl
treated cells secreted higher amounts of TGE-f, a pro-rezolution medi-
ator secreted by M2 cellz Figure S6). itiz noteworthy to mention, AnxAl-
meated cells did not szwitch cells into M2 profile, reinforcing the
importance AnxAl encapsulation in the MLNG.

3.4, MLNC-AnxAl treatment improves histological recovery, expression
of proteins related to epithelial proliferation and structure

D558 ingestion cauzed zevere damage to the colonic tizsue of mice;
untreated mice reached the highest histological score (Fiz. 4A, C and I
in all parameters: tizsgue edema (dotted line), dysplasia/altered histo-
architecture (black arrow head), crypt edema {vellow arrow head), in-
fAammatory infiltratez (white arrow head) and ulcerations (black
arrow). MLNGC-treated mice showed high histological scores, zimilar to
seen for the DES group (Fig. 4G and H), while AnxAl treatment elicited
improvements on histological scores, reducing some parameters as
edema and dysplasia/altered hiztoarchitecture (Fig. 4E and F). Howev-
er, only MLNGC-AnxAl treamment led to recovery of the colonic histo-
architecture during colitiz, decreasing crypt edema, inflammatory
infiltrates and ulcerations, and restoring tisswe hiztoarchitecture in
comparizon with the D55 group (Fiz. 41 and J). Also, the naive group
showed a normal histoarchitecture as expected (Fig. 4B

Moreover, the area stained for tight adhesion moleculez clandin-1
and Z0-1 was reduced in DES mice (Fig. 5B and G) when compared
with naive group (Fig. 5A and F) and treatments with AnxAl and MLNG-
AnxAl restorad the expression of Claudin-1 (Fig. 5H and J) and MLNC-
AnxAl meatment reztored the expreszion of Z0-1 (Fig. 5E) in inflamed
tissues. In addition, AnxAl and MLNG did not restore the Z0-1 expres-
sion (Fig. 5C and D) and MLNG showed the same resnlt as D55 to the
expression of claudin-1 (Fig. 50

Additionalty, the number of proliferative nuclei in the muco=al layer
waz aszezzed by counting PCNA and Ki67 positive cells (Fig. 6F and L)
PCMA and Kio7 are nuclear proteins; PCNA participates in DNA syn-
thesiz and repair pathways, while Ki67 iz involved in cell proliferation
and ribozomal RNA transeription. For both targets, only treatment with
MLMNC-AnxAl inecreased the number of positive nuclei, mostly in the
basal region, indicating regenerative epithelium (Fig. 6E and K. In other
treatment groups, there was a low number and structural dizorganiza-
tion of PCNA (Fig. 6G, H, | and J) and Ki67 (Fiz. 6A, B, C and D) positive
cellz, which became irregularly diztributed throughout the extension of
epithelial cells. Moreover, increased staining in the apical zone of tissue
was found in D35, AnxAl or MLNC treated groups, indicating areas of
dyzplazia.

4. Diseussion

Development of novel approaches for treatment of [BD3 iz a collec-
tive effort of a massive number of researchers worldwide, considering
chronicity and relapsing features of such dizeazes. Moreowver, patients
are not always responsive to current pharmacotherapy, and the physical
and peychoszocial symptoms associated with high costz of medication
burdens health care systems [38]. Bazed on our previous data showing
multi-wall LNC (MLNC) as effective tools to funetionalize proteins
(32 397, we here employed MLNC to funchonalize recombinant Annexin
Al (AnxAl), a known ant-inflammatory and tizsue repair protein
zecreted by inflammatory and epithelial ceflz during [BDs
[19,14-16,40-42]. AnxAl was efficienty functionalized onto MLNC,
and MLNG-AnxAl administered into the peritoneum of mice reduced
dizeaze symptoms and improved gut tizzue recovery in mice-indoced
colitiz. Theze effectz were not evoked by non-functionalized AnxAl,
highlighting the functionalization of AnxAl into MMNLC az a tool to
improwe local anti-inflammatory and repairing tissues properties of the
protein.

The MLNC-AnxAl supramolecular structure here employed com-
prizes LNC containing pelyester as the first wall, coated with a negative
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layer of lecithin containing phosphatidic acid that iz covered by a chi-
tosan wall generating electrostatic interactions. The incorporation of
chitozan was confirmed by the inverzion of the zeta potential, by slightly
enhancing values of z-average diameters comparing MLNGC and MLNC-
AnxAl to LNG. Chitozan iz pivotal for coordination of metals within
specific protein chemizorption zitez. Indeed, the unimodal nanometric
profile after protein addition showed high affinity between AnxAl and
Zuz‘, and the efficiency of coordination of 92 % confirmed the protein
chemizorption at the nanocapsule surface. Mean diameters lower than
200 nm, PDI lower than 0.3 and zatisfactory TEM Iimages ensure
investigation of biological activity of MLNGC-AnxAl is feasible.

A pivotal challenge was to test the effectiveness of oral adminiztra-
tion of MLNC-AnxAl on colitiz, az we hypothesized the supra molecular
structure achieved by the mult wall and the covalent binding of the
protein to the metal would be robust enough to protect AnxAl from
degradation inside the gastrointestinal compartments. Previous study
uzing the zame nanotechnology here emploved showed high bicavail-
ability of MLNG-captopril-furozemide by oral route, which was highly
efficient in reducing hypertension in comparizon to treatments with
non-funetionalized drugs [33]. Oral administration of MLNC-AnxAT did
not affect the symptoms of colitiz. Therefore, it may be inferred in vive
actionz of phyziological components within the gastrointestinal com-
parmments could have displaced the protein from the supra molecular
structure and further inactivate it.

Conversely, i.p. administration of MLNC-AnxAl inhibited the
development of main colitiz symptoms, the DAI being lower after four
rreatment dosez. Histological analyzes corroborated the higher effee-
tiveness of MLNC-AnxAl in causing tissue recovery. Non-functionalized
AnxAl was not so efficient in restituting epithelial membrane and crypt
reorganization as MLNG-AnxAl. These data, alongside the recovery of
gut length in MLNC-AnxA1 treated mice, suggest funcrionalized AnxAl
exerted merhanizms of wound healing.

The onset of epithelial healing in [BD iz characterized by rapid
migration of epithelial cellz in order to recrganize rudimentary barriers,
which iz followed by influx of inflammatory cellz into the lamina
propria. Maorphological changes of crypts, showing bifurcating/
branching structurez, and stem cell proliferation supportz wound
clozure, characterized by restitution of the normal pattern of epithelial
soructure, cellular differentiation, and barrier function [43]. The
complexity of cell and molecular mechanizms in wound healing in IBDs
involves a broad diversity of targets az markers of the procesz. We here
choze to quantify the profile of immune cellz in the lamina propria,
expression of tight junction (TJ) melecules involved with epithelial
permeability, and markers of cell proliferation.

TJ are exprezsed at the top of the lateral membrane of intestinal
epithelial cells keeping them together az a barrier, forming channels that
allow paszage between cells and alzo activate intracellular zignaling
[44]. Zonula Occludens-1 (Z0-1) iz a pivotal regulatory TJ protein for
gastrointestinal hemostaziz, and alterations on Z0-1 affect expression
and funetions of other TJ [45]. Therefore, stable dynamie levels of Z0-1
protein are fundamental for normal funetion of the epithelial barrier.
Z0-1 expression was reduced in epithelium of DS5-induced colitic mice,
which waz rescued to mormal levels by MLNC-AnxAl treatment
Althongh values were not significantly different, MLNG and Annexin Al
treatments alzo enhanced ZO-1 expression [46]. Indeed, it has been
shown thar oral adminiztration of higher doges of chitozan during the
resolutive phaze of inflammation improwed recovery of clinical and
histological parameters, incloding expression of 20-1 [42]. Claondin-1,
also a TJ protein, plays a relevant role in intestinal homeostasis but
regulation of its exprezzion depends on type of IBD dizeaze and in which
stage it findz itzelf in regarding symptoms (44 47].
litiz under our schedule of treatments, clandin-1 expreszion was reduced
and localized in the damaged epithelium of DSS mice group. MLNC-
AnxAl treamment increazed the expreszion of claudin-1, especially in
reorganized cryptz. Therefore, data herein demonstrated evidence
AnxAl, mainly the one released by MLNC, promotes expression of TJ
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proteins in order to reestablish crypt structure. In fact, the physiological
actions of AnxAl on TJ have been demonstrated in endothelial cells of
the blood brain barrier [42], in which deficient exprezzion of the protein
iz related to the genesiz of neurodegenerative diseazes. In these cases,
acute treatment with AnxAl rezcues TJ expreszion and ameliorates the
development of brain dizeazes [45-51]. Furthermore, in witro AnxAl
Ireatment enhanced the expression of both claudin-1 and Z0-1 in uterine
epithelium during blastecyte attachment [52]. Aszsociated, these data
support AnxAl as a pivotal protein for seabilizing TJ, and here we chow,
for the first time, the effect of functionalized AnxAl on rearrangement of
gut epithelial TJ during colitis.

Corroborating the reorganization of cryptz vizualized in animals
treated with MLMC-AnxAl, mreatment with the functionalized AnxAl
enhanced the proliferation in the region where tranzit-amplifying cells
and ztem cells are localized, at the bottom of crypiz and constitute a
sigmaling center that iz-a pivotal factor for tissue growth [537. In addi-
tion, the treatment with MLNG-functionalized AnxAl reduced the pro-
liferation of cellz extends to the apical tizzue. Thiz effect iz obeerved in
dizorganized growth and proliferated cellz approximately-two-thirds of
the crypt length can indieate dysplasia. It iz alzo a favorable effect as
proliferating cells in PCNA and Kif7 labeling in the damaged tissue
indicate dyzplaszia [54-52].

Taken together, data here depicted highlight the functionalization of
AnxAl az a possible adjuvant to therapeutic approaches employed on
IBD= treaoment. Previous data had already shown the high effectiveness
of nanoparticles loading AnxAl mimetic peptide Ac2-26 on experi-
mental colitiz [16, 59] validating further studies.

5. Concluzlon

Experimental data provided in this study corroborated the ability of
multi-wall LNG functionalization as a tool for delivery of hydrophilic
molecules inte target tizsues. Moreover, the fAndings support the
development of nanoparticles containing AnxAl to drive it into
damaged intestine areas, az it provides effective anti-inflammatory and
pro-rexolving actions in tizsue repair. Short reatment period with area-
focused low concentrations of AnxAl may be an efficient strategy to
improve tissue recovery during the relapsing acute inflammatory crisis
in IBDz. Nevertheless, further studies must still be carried out to evaluate
the risks and benefits of thiz approach.
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Keywands: Background: Omega 3 fatty acida, such as docosahexasnsic acid (DHA} have been widely consumed a0 supple-
Atheroscleratis ments to contral chronic inflammation. Nanocapanles containing DHA (MLNC-DHA-21] were developed and
Handcagaijer showed excellent atability. Thus, our chjective was to evaluace the effect of MLNC-DHA-a1 nanocapaules on
DEA _— ‘biomarkers of chronic inflammation.

e Methads: Cells wishility was determined by flow cytometry. The uptake of MLNGDHA-al nanocapmules by
Cyiakines macrophages and their polarization were determined. In vive, LDL- ! mice were fed 2 Western diet to promote

chronic inflammation and were treated with MLNC-DHA-al narocapoules, intravenously injected via the cawdal
wein once a week for § weska.

Results: MLNC-DHA-21 nanocapoules decreased the concentration of THFI (p = G.02) in RAW 264.7 cells
compared to the non-treated group [NT), with no changes in IL-10 (p = 0.29). The nanocapsules aloo exhibited an
increace in the M2 (F4/80% CD206) phenotype (p < 6.07) in BMDM cells. In vive, no difference in bady weighe
wag observed among the groups, tuggesting that the intervention wag well tolerated. However, compared to the
CONT group, MLNG-DHA-2] nanocapsules led to an increase in [L-6 (90.45 = 13.31 pg/ml), [L-1p (2.76 x1.34
pg/ml) and 1l-10 (149.88 %251 pg/mL) levels in plasma.

Conelusion: MLNC-DHA-21 nanocapoules showed the p ial to in vitra phage polarization and
were well-tolerated in vivoe, Howewer, they also i d pro-infl ¥ ki Therefs

considering that this immune response presents a limitation for clinical trials, further studies are needed w
identify the apecific compound in MLMC-DHA-al thae triggered the i o . Addressing thia isoue iz

espential, 2z MLNC-DHA-al tismue marget nanocapsules could contribute to reducing chronic inflammation.

1. Incroductlon

Chronic inflammatory conditions lead to several diseasez that
collectively represent the leading causes of disability and mortality
worldwide, such az cardiovascular dizeasze, cancer, diabete: mellitus,
chronic kidney dizeaze, non-alcoholic fatty liver dizease, autoimmune
and neurodegenerative dizorders [1-4]. In these examples, the

long-lasting chronic inflammation i2 a result of the signaling promoted
by cells of the innate and adaptive immune zystem, az rezponze to the
prezence of damage-associated molecular patterns (DAMP:s) in the blood
stream or inside the host cellz and tissues (1 57

‘The reaction of the immune syztem cells to various types of DAMPs iz
complex and difficult of controlling. For this reason, in many cases, dus
to discomfort, pain or even rizk of more severe complications, the
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y - jon is supp by d H ; lonal antibody showed a reduction of cardi lar events, but
anti-inflammatory drugs (NSAIDs) or glucocorticoids, have many had more infections caused by the sy ion of the i

advuueﬁem[é—lO],andmurmnnmmmkzmmmthe
dividual ptibility to i [11,12].
In this h logical based on bioactive com-
p could provide an i ing al ive to drug

thereby improving the quality of life for patients. Among
ﬂuhozmvellpxds nhubecnmpnrmdthe:nn—mﬂammamryeﬁecn
attributed to omega-3 fatty acids, icul acid
(C20:5 n3; EPA) and docosahexaenoic acid (C22:6 n3; DHA) [13]. EPA

:ndDHAexmannmﬂzmmzmry ivity by replaci hidonic acid In a previous
(AA) in the phospoholi to, duce less potent prostaglan-
dins, ins, 1 i boxanes after the activati

system [21). Thus, it is necessary to develop alternatives for reducing
chmm:mﬂammauanmthoutmhibmngthgmmmsym:abmryto
protect the body inst new i One al ive is the applica-
tion of hnology-based drug delivery sy to deliver
ammﬂamm:mry compound straightly to the target tissue.
diated drug delivery sy have been used in
anti-inflammatory th i ducing dical dosage and improving
therapeutic effectiveness [22].
study carried out by our group [23],
annPECAM»l—m:fxe—ﬁmmmhud metal-complex multi-wall nano-

ofcydoongenam(CO)Oandhpaxygenaes(LOX) [13.14]. In addition,

1g DHA richer algae oil in their core (MLNC-DHA-al)
wexedmloped :bowed a 94.80% conjugation efficiency and did not

EPA and DHA can inhibit the 1 of the 1 factor show significant toxicity towards HUVEC cells. Thus, our hypothesis, as
NF-kappaB (NFkB) to the nucleus through Pemmmg summarized in Fig. 1, is that MLNC-DHA-al nanocapsules could be
ptoli.fc:"- i ptor g; (PPARY) depending engulfed by the macrophage as a DAMP, their lipid content hydrolyzed
ng the expression of genes ding pro-inflammatory 1 by ly 1 lipases, releasing non-esterified fatty acids (NEFA) such as
[14-16] It has also been reported that EPA and DHA suppress the  DHA for of lipid medi [24]. Upon Toll-like receptor 4
ing the Interleukin 1p (IL1p) (TLR4) activation, mmuatap)ddmmmeulluhrcomtof
nonandnleae andtheycznalsosema for the sy is of poly d fatty acids due to ¥ d ph , endo-
P d pr ing medi (SPM:),mdla Ivins, p i i icul enhxgemmtand:ynﬂ:emnfoxyhpm["a Tlnult
and i ble of ing the mﬂammanuy process ["3 naxppo-eddulmDHAmppludbyour les can be rapidly
l"‘-ig]lnﬁct,BPAmdDHAmypm and therap idized by cycl , 5-lipoxyg and cytoch P450
p in v [16], and (CYP) leadmamthe:ynthm:ofann-mﬂmmxnryoxyhpms, including
new hnology-based gies have been developed to deliver ing Medi (SPMs) [25,26]. SPMs modulate
omqa—Sfauyaudumurptnnm 20]. lh:pbenotypecnnvmmnnfMlmMZmamphagel contributing to
On the other side, ing 1 i pp the of i [27]. In addition, the increase of
have shown some imp imitati: b inflammation is DHA/AA ratio can reduce the inflammation by other mechanisms [13].
ial to p individuals also against pathogi iated mo- Given the hypothesiz outlined in Fig. 1, it is important to evaluate the
lecular patterns (PAMPs) and d. iated lecul cytotoxicity, determine the in viro effect of these nanocapsules on
(DAMPs) [1,2 .OneuzmplguasmdypubeyR:dchxaaL in macrophage uptake and p i and to 1 the tol of
which patients with d with in-1p  the animals to the p j and their inflammatory
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response in plazma and liver after the treatment.
2, Material and methods

2.1. Materials

Lipid-core nanocapzules containing DHA (LNC-DHA), multi-wall
nanocapsules containing DHA (MLNC-DHA) and the surface-
functionalized {anti-PECAM-1)} metal-complex multi-wall nanocapsules
containing DHA (MLNC-DHA-al) were prepared and characterized in
our previous study [23] (Fig. 51). Algae oil applied in the oral zupple-
mentation (DHASCO™) waz purchazed from DSM (Heerlen,
Metherlands). Medium-chain triacylglycerol (MCT) was purchased from
Nutrimed Ind. Letda (530 Paclo, Brazil). Honey was supplied by Apis-
MNutri Led. (Mandaguari, Brazil). The fatty acid compozition of the algae
oil and MCT were previouzly described in another study publizhed by
our group [237.

22 Methods

2.2.1. Ceil culture

EAW 2647 (immortalized murine macrophages) cells were obtained
from the Rio de Janeiro Cell Bank (BCRJ, Rio de Janeiro, RJ, Brazil) and
cultured in DMEM (Gibco, Grand lesland, NY, USA) high glucoze
(4500 pg/mL) containing 100 FBS. Cells were kept at 37 °C under a
controlled GO atmosphere of 5%. Cell's culture medium waz replaced
every 2-3 daye and the cells were trypsinized with 0.01% trypsin in
EDTA buffer (Vitrocell Embriolife, Campinaz, SP, Brazil).

222 Cell viebility

The cytotoxicity of the nanocapsule: was evaluated using a fHow
cytometer after culturing. Briefly, cells were seeded at 2.5 = 10* cells,
well in 24-well microplates {Coztar® Mulriple Well Cell Culture Plates,
Corning, Glendale, Arizona, USA) and kept at 37 °C for 24 h. Afterward,
cells were treated with LNC-DHA; MLNCDHA and MLNC-DHA-al
(Fig. 1) at three concentrations: 0.14, 0.75 and 1.40 x 101' Tano-
particles/ml, and cultured for 24, 48 and 72 b Izolated anti-PECAM-1
waz also evaluated at a 200 pg/ml concentration After that ecells
were detached and washed twice in phosphate-buffered zaline con-
taining 1% bovine serum albumin Next, cells were incubated with
Annexin V {previouzly diluced (1:20) in Annexin V (Life Technologies,
Carslabe, USA) binding buffer (10 mM N-2-hydroxyethylpiperazine-
N'—2-ethanesulfonic acid, 140 mM NaCl, 25 mM CaCly, pH 7.4; BD
Pharmingen, Franklin Lakes, NJ} during 20 min in the dark, at room
temperature. After thiz, 200 pl. Annexin V binding buffer and 7-AAD
(1:200} were added. Data from 10,000 events were acquired in an
Accuri C6 flow cytometer (BD Pharmingen), and the stained cells were
analyzed. The negative double group for AnxV and 7-AAD-{non-
apoptotic and non-necrotic) marking wa: plotted to quantify the cell
viability [AnxV-, 7-ADD -), single marking with AnxV reprezented cellz
in apoprosiz (AnxV4, 7-ADD -}, single marking with 7-AAD indicated
cells in necrozis (AnxV-, 7-ADD+), while the double group positive for
AnxV-7-AAD denoted the group of cellz in late apoprosiz (AnxV+ , 7-
ADD+ ). The results of triplicates were expressed az a percentage (%).

2.2.3. Real-time uptake of the nanocapsules by RAW 264.7 macrophages

The uptake of nanocapsulez by macrophages was determined by
enhanced dark-field hyperspectral microscopy (CytoViva®) as described
by Sandri et al. [28]. First, RAW 2647 murine macrophages (8 x 10*
cells) were seeded in extra clean dust-free Nexterion® Glazs D coverzlips
(#D263T; Schott, New York, MY, USA) prerent in 96-well platez
(Corning, NY, USA). After adherence, cells were incubated with a me-
dium containing MLNC-DHA and MLNC-DHA-al at 0.75 x 10! nano-
particlez/mL for 4 h at 37 °C under a 5% CO3 atmozphere. A non-treated
group (NT) was kept in DMEM 10% SFB. Immediately after incubation,
cells were washed three times with 5% FB3-PBS, and the coverslip was

Biomedicine & Phormacoteeragy 167 (J035) 115474

placed on extra clean dust-free Nexterion® Glazs B slides (NexterionB
Glass B; Schott, NY, EUA) containing 10 pL of 5% FB3-PBS. Then, 10 uL
of cell zolution were et up using extra clean dust-free slides (NexterionR
Glazz B; Schotr, NY, USA) and coverzlips (Nexterion Glazz D #D263T;
Schott). RAW 2647 murine macrophages were imaged uzing a CytoViva
Ulira Resolution Imaging System {CytoViva, Inc, AL, USA) mounted on
an Olympus BX51 microscope (x1500 magnification; Olympuz Corpo-
ration, Tokyo, Japan) equipped with fuorite 100 x oil iriz 0.6-1.30
numerical aperture (NA) objective and a 75 W Xe light source. Optical
images were taken using a Dage XL CCD digital eamera with Image
Processing Software (Dage @; DAGE-MTI of MC, Inc., M1, USA). Image/
software, version 2.1.0/ 1.53¢ (2010-2022), was used to place the scale
bars. One hundred cells from representative photomicrographs were
randomly chosen for this meazurement and each treatment.

224, Maocrophage polarization

The experiment was performed according to the method previowsly
establizhed by Ying etal [297. Initially, CE7H]/6 mice were anesthetized
and euthanized to collect the left and right femurs for medullary washes
collection, uszing an icy PBS solution containing 2% Fetal Bovine Serum
(FB5). All animal experimentz were conducted under the National In-
stitutes of Health guidelines and were approved by the Institutional
Animal Care and Use Committee of FCF,/USP. Then the bone marrow
pool waz resuspended uzing 21 G needles to dissociate the cellz and pass
them through a 70 pm cell strainer to remove other tzzues. The cells
were washed with NH4CI 0.8% zolution and incubated in ice for red cell
removal. After centrifugation for & min, 500 x g at 4 "C, the cell: ware
resuspended with bone marrow-derived macrophages (BMDM) medium,
composed of IMDM (Izcove Modified Dulbeceo Media), 208 L9925 cell
culture rich in monocyte growth factor (M-CSF) and 10% of FB5S. The
cellz were counted and plated at the concentration of 5 = 10% cells,fwell
in a 24-well plate and maintained in BMDM medium for 7 dayz for cell
differentiation. After thiz period, and conzidering that thiz time provides
90% of marcrophage differentiation, naive cells were expozed to
Escherichia coli (LPS) 100 ng/mL and maintained for 24 h to generate the
M1- inflammatory phenotype macrophage. Treatments were performed
with dexamethasone (500 ng/mL), MLNC-DHA (0.75 x10'" parti-
cles/mL} or MLNG-DHA-al (0.75x10"!" particles/mL containing
200 pg/ml of Anti-PECAM-1). After 48 h, the supernatant was removed
and cytokines were analyzed by ELISA assay aceording to the manu-
facturer's instructions. Single-cell zuzpenzions were prepared at 2 x IG’
cellz/mL in staining buffer (10% FCS in PBS) and pre-incubated with
1 pg of the 2.4G2 antibodies for 5-10 min on ice prior to staining. About
50 pl, of eell suspension (egual to 10° cells) were dispensed into each
mbe or well along with a previously determined optimal concentration
of cell surface specific antibody against F4/80% CD80 and F4/80*
CD206 for differentiation of M1 and M2 macrophages respectively, in
50 pl. of staining buffer. Cell surface expreszzion of these maruration
markers was measured BD opteia™ kitz (BD Biosciences). The
colleceed events were analyzed with Flowlo v7.6 (Treestar).

225 Animal protocol

Three-month-old male homozygous LDLr! mice in the CS7BL/6
background were purchazed from the Faculty of Pharmaceutical Sci-
encez, University of 5330 Paulo. The animals were divided into 5 groups
and kept for 24 weeks under a Western diet ad libitum. After thiz period,
one group (BASELINE) was euthanized (n = 10), and the diet of the
other groups was replaced by AING3M regular diet [20] for & weeks
(Fig. 52). The animals were kept at 25 £ 2 °C and relative humidity of
55 £ 15% in an inverted eycle of 12 b light/12 h dark. Diet formulation
and chemiral compogition iz shown in Supplementary material
(Table 51 and Table 52, respectively. Food intake and animal weight
were weekly meazured. During the last § weeks, DHA-D group (n=9)
was supplemented with algae oil by gavage. Algae oil (0.011 mL) was
mixed with 0.094 mL of honey and 0.094 mL of soybean pil to reduce
the gavage stress [31]. Thiz mixture (0.20 mL) waz given to each animal
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once a week, and the doze waz bazed on 1.8 g/day for humans [32].
CONT group (n=11) had no supplementation. The MLNC-DHA-al
group (n=15) received 5.36 x 10% surface-functionalized (anti-—
PECAM-1) metal-complex multi-wall nanccapsules eontaining 12 pl
algae oil/ml and LMNC-MCT group (o= 15) received 1.09 x 10°
lipid-core nanocapzules containing 12 pl. MCT/ml, intravenously
injected via caudal wein once a week. The body weight of the animals at
the beginning of the intervention was 47.03 £+ 0.62 g. Thus, the dose of
DHA provided by diet or nanocapzules were 28.57 mg = 10 mg DHA Kg
bw/day and 0.0011 mg =~ 0.0004 mg DHA Kg bw/day, respectively.
After thiz second period, mice were anesthetized with izoflurane and
euthanized. Blood samples were collected after the euthanasia, trans-
ferred to EDTA (1%) vacutainer tubes, and centrifuged at 3000 x g for
10 min at 4=C. Tizzuez and plazma were frozen in liquid nitrogen and
atored at — 80 °C for analyzis.

2.2.6. Plazma metabolites

The concentracion of plazma lipids, including total cholesterol (TC),
triglyeerides (TG), high-density lipoprotein (HDL), low-density Lipo-
protein (LDL), besides glucose, aspartate transaminase (AST) and
alanine tranzaminaze (ALT) was quantified using commercial kits from
Labtest Diagndstica 54 (Lagoa Santa, Brazil).

227 Inflammatory and oxidative stress biomarkers

The cytokines concentration, including interleukin-6 (IL-6), umor
nectosis factor-alpha (TNF-a), interleukin-10 (IL-10) and interlenkin 1p
(IL-1[), was quantified in plasma and liver homogenate, using MILLI-
PLEX MAP Mouse Gytokine/Chemokine Magnetic Bead Panel (MCY-
TOMAG-70 K) {(Millipore, St. Charlez, MO, USA). The protein content of
the homogenates was quantified by Bradford methodolegy. Malondial-
dehyde (MDA) concentration was determined by reverse phase HPLC
according to Hong et al. [33] and analyzed using a Phenomensx
reverse-phaze C13 analytical column (250 mm = 4.6 mm; 5 mm; Phe-
nomenex) with an LCE-D8 pre-column (Phenomenex AJO- 1287}
coupled to an HPLC {Agilent Technologiez 1200 Series). A standard
curve waz prepared using 1,1,3 3-Tetrasthoxypropane (TEP, T9S89
Sigma-Aldrich}, and data were expreszed as nmol/mg protein.

228 Farty acid: proportion

Fatty acidz were determined in the liver homogenatez and plasma
according vo Shirai et al. [24] uzing a gas chromatography coupled with
a triple quadrupole mass specrometer (GC-MS Agilent 7890 A GC Sys-
tem, Agilent Technologies Ine., Santa Clara, USA). Fatty acids were
separated on a fused silica capillary column (J&W DB-23 Agilent Inc.
Santa Clara, USA). Compoundz were identified by comparing the
retention time of fatty acids in the samples with the retention time of
standards (FAME 37 Compenent Mix Supeleo 47885) and alzo bazed on
a comparizon of their mazz spectra with those given in the spectral
darabaze of the National Institute of Standard: and Technology (NIST,
Gaithersburg, MD, USA). One analyziz was camied out/animal, and the
fatty acid,/ 158 (C23:0, Fluka 91478) area ratio was applied to caleulate
the percentage of each fatty acid.

229 Smotistical analysis

Data were presented as mean + 5EM. Treatments were compared
uzing one-way AMOVA and Tukey HSD post-test or non-parametric
Fruzkal-Walliz ANOVA by Ranks, followed by Multiple Comparizons
(2-tailed). T-test or Mann-Whimey test were applied to compare
BASELINE and CONT groups. A p-value of (.05 was adopted to reject the
null hypothesiz. Calculations will be performed uzing Statistica v.13
(TIBCO Sofoware Round Road, TX, USA). Graphs were elaborated using
R Smdip and GraphPad Prisma v9 {GraphPad Sofrware, CA, USA).
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3. Resultz
3.1. In vitro assayz

The toxicity of the nanocapsules was determined uzing RAW 2647
murine macrophages {(Fig. 2). The rezules thowed that the viability of the
cells incubated with three concentrations of nanocapsules for 24h
(Fig. 2A), ranged from 52.36 + 17.62% to 83.33 + 1.5%%, but did not
differ among themselves (p= 0.39) (Fiz. IB). A similar trend waz
obzerved after 48 h(Fig. 53} and 72 h (Fiz. 54} Although no statistically
differences were observed, we opted to proceed with the concentration
of 0.75x 10" nanocapsules/mL was for the subsequent assays to mini-
mize any potential toxicological rizk. Fig. 3 shows that all nanocapsulez
were internalized az a damage-azzociated molecular pattern (DAMP) by
RAW 2647 macrophages, according to the strategy proposed in our
hypothesziz (Fig. 1). In the next step, BMDM cells were applied to eval-
uate macrophage polarization. Az shown in Fig. 4, internalization of
MLMNC-DHA and MLNC-DHA-al, led to a reduction in TNF-a compared
with NT cells (p = 0.01) (Fiz. £A), while no difference was obeserved to
IL-10 {p=0.20) (Fig. 4B). Regarding to macrophage polarization,
treatments with dexamethazone or nanocapsules did not change the M1
phenotype (p= 0.25) (Fig. 4C). However, MLNGC-DHA-al enhanced
(p < 0.01) M2 phenotype compared with NT cells, while MLNC-DHA
showed a trend ro increase it (p= 0.08) (Fig. 4D}, suggesting the
beneficial effect of the nanocapzule in promoting macrophage switch
phenotype.

3.2 In vivo assays

This is the first in vive study that applies a surface-functionalized
nanocapsule containing algae oil in the core. For thiz reazon, our first
challenge waz to evaluate if weekly caudal injections could influence
diet intake and, consequently, body weight gain of the animals. In our
experimental protocol, all groups received a Western diet for 24 weeks.
Afrer, about two to three animals were selected from each group to
compose the BASELINE (n = 10) group, while the remaining animals
were divided into four groups (n = 9-15) and received a regular diet for
8 weeks. There was no difference among the groups at the beginning
(25.74 £ 031 g, p= 0.32, n= 57), nor after 24 weeksz under a Western
diet containing about 36% lipids (47.03 £ 0.02 g, p=0.57, n =56}
The same waz observed among the 4 groups receiving a regular diet after
32 weeks (35.39 £+ 0.65 g, p= 0.49, n= 47) (Fig. 554). Neither Western
diet (2.40 £0.04gpe, p=0.96) nor regular diet intake (3.02
+0.22 g pe, p= 0.26) changed according to the groups (Fig. 55B). The
uze of a Western diet in LDL“ mice iz a elassical model for inducing
inflammation and promoting lipid profile alteration. In our model, the
Wastern diet cauzed the increase of TC, LDL, HDL, TG, ALT, IL-1f con-
centration in plasma, and TNFox (p=0.05) in liver homogenate
(Table 53). However, B weeks after discontinuing the stimulozs, except
for IL-1P, the other measured cytokines in plazma and liver did mot
change, suggesting a maladapted post-rezolution condition.

After 24 weeks, the inflammatory stimulus was removed by replac-
ing the Western diet with a regular diet, and the effect of the oral in-
terventions with algae oil (DHA-D) and the functionalized nanocapsules
(MLNG-DHA-al) was compared in terms of lipid profile and oxidative
stresz. Table | describes the major fatty acids profiles determined in the
animalz after 32 weeks, both in liver homogenate and plasma. No
important changez were observed in the proportion of facty acidz
analyzed in plasma among the groups. In the liver, DHA-D group that
received algae oil supplementation by gavage showed a higher propor-
tion of DHA compared with CONT (p = 0.02], but not compared with
MLNC-DHA-al (p = 0.18) (Table 1). Thiz result suggests that zome of the
DHA from the surface-functionalized nanocapsules reached the liver,
but it was not enough to increase DHA proportion compared to CONT
(p = 0.35). Furthermore, no alteration was observed in the relative Liver
weight (0.04 £ 0.00%, p = 0.45].

259



260

M. de Castro Leao et al.

Biomedicine & Pharmacotherapy 167 (2023) 115474

A B
" g Lale apoplt
| A B aF s
3y =~ — -
W _2
] 7
% =
" ’! c;
1 >
e ce Apoplos P
b ‘rrwn‘ Ml MELL iN g ‘nr‘ur Tl é
o W S S w2
Anx VoA
|
1=
0.14 0.76 140 0.14 075 1.4 014 07s NT
Pecam-1 TNC-OFA WMLNC-DHA T WLNCOHAAT
200 pgimiL x 10" fmL x 10"/mL x 101mL
B vievecens  apoptosis [l Late ooptoses [ necosis
Fig. 2. RAW 264.7 murine b viability, ia and late 23 estimated by flow cy y after culturing incubated with LNC-DHA,
MLNG-DHA 2nd MLNC-DHA-11 at three concentrations (0.14 x10'1, 075 xlo“mnwxlo"/mm also incubated with les (NT) and isolated

anti-PECAM-1 at 200 pg/mL for 24 h. Fig. 2A: Flow 1

i "Hndxngmdwwad;umndmenpnhfuqmnuﬂmo‘RAW2M7

murine macrophages mmhu:d with MLNC-DHA-al, as example. The horizontal axiz depicts fluorescein-] labded annexin V; the vertical axis shows binding of

pidium iodide £ g. 2B: Prop of RAW 264.7 murine

viability, iz and late iz. Vertical bars are mean + SEM

(n—S)Nodxﬁmmwuobemdmmgdmnmpkﬂmunhngmc:ﬂmblhty(y Osﬂumm(p 0.66), apoptosiz (p = 0.75) and late apoptosis (p = 0.48)

MLNC-DHA-a1

Fig. 8. Three-di ional Cy py images of uptake performed in
RAW 264.7 murine macrophages after 2 h of incubation with LNC-DHA, MLNC-
DHA and MLNC-DHA-al at 0.75 x 10'! /mL, and also incubated without any
nanocapeules (NT). Scale bar: 15 pm_

Given the higher proportion of polyunsaturated fatty acids in oral
DHA supplementation, it was expected to potentially increase oxidative
stress. However, in our model, no difference was observed in MDA
concentration (p = 0.47) in the liver homogenate (Fig. 56). The other
biomarkers measured in the groups at the end of 32 weeks did not show
a significant difference (Table 2). In the subsequent analysis, a LNC-MCT
group was included as a control of the MLNC-DHA-al group. The LNC-
MCT group contained MCT instead of DHA in the lipid core. The effect of
the inter ion with the psules and oral 1 ion on

systemic cytokines is shown in Fig. 5. The MLNC-DHA-al group
increased levels of IL-6 (Fig. S5A; p < 0.01), IL-1p (Fig. 5B; p = 0.01) but
also increased IL-10 (Fig. 5C; p < 0.01) without altering TNFa (Fig. 5D;
p = 0.11). No changes were observed in the cytokines determined in the
liver (Table 2).

3.2.1. Discussion
Our data showed that lipid-core nanocapsules containing DHA (LNC-
DHA), multi-wall nanocapsules containing DHA (MLNC-DHA) and the
surface-functionalized (anti-PECAM-1) metal-complex multi-wall
nanocapsules containing DHA (MLNC-DHA-al) did not present toxicity
when evaluated at 0.14 and 0.75 and 1.40x10" nanocapsules/mL in
RAW 264.7 cells, after 24, 48 and 72 h. The toxicity and ability to be

phagocyted by immune system cells is a pl bject that dep

on many factors, including carrier p ip i.mpuril:ia,
therapeutic content, shape, size, elasticity, surface chemistry, and
charge [35]. The psules were of polycaprolactone,
sorbitan ate, zinc low lar weight chi and
polyzorbate 80, as previously described (Fig. £1) [23]. These materials
have been widely applied to synthesize nanoparticles without reported
toxicity, even using animal models [36-35]. Our results confirm that the
material applied to build the capsule wall and the anti-PECAM-1 applied
on the surface did not affect the cells viability at 0.75x10'"" nano-
capsules/mL. Moreover, the algae oil (DHASCO®, DSM) containing
35.13 £ 0.35 g/100 g of DHA, used to compose the lipid core, was not
sterilized or depyrogenated due to its low oxidative stability. Thus, our
results showed that although non-sterilized, the algae oil applied in our
study can be considered relatively safe to prepare nanocapsules for
further in vivo animal assays. However, extrapolating from in vitro data
to in vivo behavior should be done cautiously [2
Concerning phagocytosis and polarization, the shape and size of our
nanocapsules may also have contributed to their internalization by RAW
264.7 macrophages. Our nanocapsules showed a spherical shape, with
sizes ranging from 159.12 + 1.25-163.50 + 5.33 nm, and all absolute
zeta potential values were below 14 mV, regardless of the negative or
positive coating [23]. It has been reported that non-spherical and
non—elecmul changed carriers may circulate longer than similarly sized
h or ticles, due to reduced ition by
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hozt defenze cellz [35,39]. The ability of RAW macrophages to engulf
booth MLNC-DHA and MLNC-DHA-al nancocapsules, as shown in Fig. 3,
‘may result from a balanece between their spherical shape azsociated with
non-ijonic surface charge. Thiz combination may influence their further
n vive application.

In cur study using mice-derived BMDM cells, it was not obzerved any
differences in the M1%:, az measured uzing the F4,/80 + CDO0 marker
(Fig. 4C) or in the IL-10 concentration (Fig. 4B), which iz typically found
in lower levels in M1 phenotype [40 <1]. Taking into account the
intense M2 polarization showed by MLNC-DHA-al (7.04%) compared
with NT (0.30%4), az measured using F4/80 + CD206 marker (Fig. 40,
followed by the reduced secretion of TWNFo (Fiz. 4A) obzarved to both
MLNC-DHA and MLNC-DHA-al, our results suggest that DHA present in
the algae oil compozing the lipid core of the nanocapsules haz the po-
tential to reduce the inflammatory microenvironment and improwve
macrophage functionality.

Bazed on these in vitro results, the nanocapsules were evaluated using
an animal model. A limited number of in vivo studies has investigated the
biological effects of omega-3 fatty acids-containing nanomaterials in
cardiovascular dizeasez and cancer [2042] and to the best of our
knowledge, none of theze studies has applied algae oil in the core of a
mnanocapsule surface-functionalized with anti-PECAM-1. For thiz reason,
there was any previous information about a safe dose for intervention.
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B Fig. 4. Cytokines concentration and polariza-
tion in CS7BL/S mouse bone marrow-derived
macrophages (BMDM). Assayn were perfommed
with dexamethacone (500 ng/ml] (DEXAJ,
MLNG-DHA (0.75 10! particles/mL), MLNC-
DHA-al (0.75 21011 particles/mL containing
200 pg/ml of Anti- PECAM-1 and without any
treatment {NT} for 48 h. Fig 4A: TNPx ipg/
ml); p=0.02 Fig < B: [-10 (pg/ml)
p=0.29; Fig. 4C: Percentage of F4/80 + CDE0
double positive cells (M1}, (p=0.25 and
Fig. 4D: Percentage of F4/80+ and CD206
double positive cella (M2), (p < 0.001). Vertical
bara are mean + SEM (NT, o= 3; DEXA, n=12;
MLNC-DHA, o= 6 and MLNG-DHA-21, n=5
for cytokines and MT, n=5; DEXKA, n=4%
MLMNC-DHA, on=6 and MLMNC-DHA-2l, n=§6
for pol ion). Tr were d by
One-way ANOVA and Tukey HED or equivalent
non parametric Ermzkal Walliz analyzin.

0,01

p=0.08

Our data showed 5.36x10° surface-functionalized {anti-PECAM-1}
metal-complex multi-wall nanocapsules containing 12 pl. DHA/mL wera
well tolerated by LDL™™ mice, since all groups had similar dist intaks
and body weight gain, without no zignes of local inflammation following
caudal vein injections. Furthermore, data from fatty acids profile, rela-
tdve weight and cytokines concentration suggested that our nmano-
capsuler did mot accumulate in the liver, causing any inflammatory
reaction.

Comversely, MLNG-DHA-al nanocapsules promoted a modulation in
the cytokine profile in the plazma, suggesting an inflammatory activa-
tion due to the increased releaze of IL-6 and IL-1P {Fig=. SA and 5B).
However, there were no change observed in TNFa (Fiz. 5C), while an
increase was verified to anfi-inflammatory IL-10 {Fig. 5C). I is impor-
tant to note that several aspects of the nanocarriers can interact with the
immune system, remembering that host defenses are the leading causes
of nanocarriers side effectz [35 431, It haz been reported that the size
between 100 and 200 nm has the highest potential for prolonged cir-
culation because thiz range is large enough to avoid the uptake by the
liver, but small enough to awvoid filration in the zpleen, thersby
extending circulation and providing more oppormunites for target
engagement [<43]. In a study reported by Deshpande et al. [44] flaxzeed
0il containing 17-f-estradiol was nanoencapsulated and functionalized
with CREFA-peptidez due to their specific binding affinity to
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Table 1
Major famy acid compoaition determined in plazma and liver homogenate of the
experimental groups after 32 wesks of meatment.

CONT CHAD MLNC-DHA-al  P" value
Plasma (%)
ClE 3341 1.B6 32452233 340109 092
Clél n? 256+ 0 1.92 + 0108 2392019 0.5
C17:0 0.02 = 002 006 006 HD .35
Clid 17094 164 19384204 19.53 & 081 o4
€18:1 n3 FPAT L 2EE 2402 448 277+ 134 052
Cla:2 m& (LHA} 14732 170 1587+ 1.20 1408 £ 088 0.83
Cl8:3 03 (ALA)  WD® 0.43 + 0.08° amiom® <am
C18:3 06 015+ .08 012+ 008 020+ 0.05 66
£20:3 0 HE 012+ 012 007 007 052
G204 nls (AR} 37607 378+ 068 435 £ 041 0.67
C20:0 004 2 002 .03 £ 003 HD .20
CHES 03 (EPA) 003+ 002 001 + 0.3 HD o498
CI:6n3 (DHA)  O78 037 178+ 043 129024 0.8
Liver (%)
ClEd 23+ 28)° 3503+062% 32274 082° o.0d
Cl6:1 u? 143+ 018" 2002012 rassox’ 001
C1E0 1981 264 2009139 18.76 % 073 o.78
€19:1 09 1B72 % 304 2048158 I5.07 = 092 005
Cli2 6 (LHA) 1604 182 467103 1519+ 088 0.78
ClO:A n3 (ALA) 049+ 029 026 + .08 024 005 o458
€18:3 06 023 £ 008 010+ 007 020+ 006 o4
G4 nb (AA) 400 2+ 048 482+ 062 445 + (L350 067
CEN6 N3 (DHAY 089+ 040 223+ 029" 147 022" 003

* Values were expreseed 2: mean & SEM (CONT, o = 6; DHA-D, n=35 and
MLNC-DHA-al, n = 9). Treatments were compared by One-way ANOVA and
Tukey HED or equivalent non parametyic Fruskal Wallis analyzis. P valees refer
to the comparicon ameng the four groupe. Values followed by the same letter do
not differ (p< 0.05).

Table 2
Biochemical parameters oboerved in the experimental groups after 32 weeks of
treatment.

CONT DHAD LHC-MCT  MLHC- P
DHAal value*
Plasma
Glucose g/ 15170 190,50 124 86 14820 .08
dL} +19.850 %2139 + 15.86 +12.02
TE (mg/dl) 19140 230,25 173.07 195.40 o074
+ 1835 + 3652 + 1364 +9.26
LOL (mg/dl) 9240 400 70.43 967 o.56
+ 072 +a7i 4 .63 4552
HOL (mgsdl)  39.30 4350 42.36 4460 as7
+ 251 + 220 4302 + 2359
TG (mgAdLy 85.30 10125 60.29 8533 a3
+ 1242 + 2079 +517 + 749
ALT (mg/dl)  69.20 59.25 44.00 55.53 032
+ 1261 =921 + 7.0 +6.3]
AST (mgsdl)  168.80 126.50 11764 129.33 [ %]
+ 3689 +17.79 +14.22 4 14.46
Liver
Relative o 004 .04 004 433
weighe (43 £ 0.01 T + 001 +0.0]
Cytokines
(liver)
AP (pgrml) 47 057 .65 61 a.29
+ 007 =+ 007 (05 + 007
L& (pg/ml) 4.70 3.5 457 425 o
+ 036 + 034 4 044 + 033
M-10 (pg/ml}y 286 2.26 aze 316 a.05
+ 0,38 + 030 + 043 =+ 044
THFa{pg/ml} 024 025 025 0.23 o.50
+ 0,03 & (o2 002 +0.02

" Values were expressed ax mean = SEM (CONT, n= 11; DHA-D, n = 9; LNC-
MCT, n= 14 and MENC-DHA-g], n= 15}. Treatments were compared by One-
way ANOVA and Tukey HED ar squivalent non paramestric Kruskal Wallia
analyniz. P values refer to the comparison among the four groupa.
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atherozclerotie plaque. Similar to our protocol, the nanocapsules were
intravenously injected in ApoE “~) mice fed a high-fat diet for 10 weeks,
totalizing 10 doszesz at the end of the experiment. The authors observed
that the weight gain of animalz waz not affected by the treatment, and
plazma ALT and AST concentrations remained within the normal range.
Sha et al [42] developed a nanoparticle derived from macrophage
membrane-coated lipozome, aiming to improve efferocytosziz in the
areerial wall. They observed good compatibility, prolonged blood cir-
culation time, and no cytetoxicity in MTT aszays. Thus, the observed
weight gain and dietary tolerance in our study may be attributed to a
combination of MLNC-DHA-al size (164 nm), spherical shape and an
adequate doze.

Under normal circumstances, opsonization by immunoglobuline and
complement protein: begine immediately upon contact of the nano-
particles with plazma, followed by mechanical filtration in the spleen
[43]. Although there iz no data about pharmacokinetic and pharmaco-
dynamics properties in our rezearch it iz plausible that our nanocapsules
infiltrated the inflaimed endothelium, spleen or other tizsoe and cells
that express PECAM-1 and have triggered the immune response
obaerved in plazma.

The systemic inflammation cbserved in our smdy may be canzed by
the purity of algae oil in the lipid core, the antibody in the nanocapaule
zurface or the chitozan applied in the wall, since group LNC-MCT did not
zhow the same behavior. In fact, LNC-MCT group was included in our
protocol berauze there were previous studies reporting its zafety when
applied in animal models [35 45]. Plateler-Endothelial Cell Adhesion
Molecule-1 (PECAM-1) iz a protein widely expressed, to different de-
grees, on most leukocyte subtypes, platelets and endothelial cells, where
itz expression iz primarily concentrated at junctions between adjacent
cells [46]. It has been reported that under an inflammatory condition,
zuch az those observed in atherosclercais, PECAM-1 increazes the june-
ton permeability between the endothelial cellz, facilitating the infil-
tration of immune cells into the inflamed intima [47]. However, the
toxicity of anti-PECAM-1 haz thown controversial results. Fig. 2 shows
that 200 pg/mL of Anti-PECAM-1 did not reduce viability when evalu-
ated in RAW 264.7 cellz. In another study, PECAM-targeted polymer
nanocarriers injected into mice did not show toxicity [48]. Despite this,
it waz obszerved a syrtemic releaze of pro-inflammatory cytokines after
intravenous administration of anti-PECAM-1 [49]. This adverse result
could be attributed to the fact that the engagement of the extracellular
domainz of PECAM-1 can compromize barrier funceion or lead to bidi-
rectional zignaling, with consequences toward cell survival, affecting
junctional integrity and leukocyter and platelet adhesion. Thus, more
studies involving anti-PECAM must be carried out to establish PECAM-1
margeted drugs safety, considering that nanoparticle binding can lead to
unexpected biological conzequences.

Converzely, chitozan haz been considered non-toxic, biocompatible
and biodegradable. However, caution should be taken regarding ite in-
teractionz with biological systems, which depends on concentration,
deacetylation degree and pogitive charge [50]. In a study invelving
algae oil, two samples obtained from Schizochytrium sp, were submitted
to a battery of in wivo and In vitro genotoxicity tests. The results indi-
cated that the oil was well tolerated and had no adverse effects at the
highest doze of 3305 and 3679 mg kg bw/day, for male and female ratz,
respectively [51], that iz about 120 times higher than the dose applied in
our study. According to the supplier, the algae oil applied in our nano-
capsulez contained DHA in the form of triacylglyeerol along with
ascorbyl palmitate (250 ppm) and tocopherol (250 ppm], being certified
as safe for the intended uze. However, conzidering the direct intravenous
injection, a higher degree of purity than those approved for dietary use
should be evaluated in further studies. Besides the purity, the amount of
DHA injected in the plazma by the nanocapsules could migger an im-
mune system response. In our smudy, fatty acids were expressed az a
percentage, and the proportion found in plazma similar to the propor-
tion found in liver. It waz estimated that each application of the nano-
capsulez provided about 2.8 pz DHA kg bw. Thus, quantitative
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d in plasma. Fig. 5A: IL-6 concentration (pg/mL); Fig. 5B: [L-1p concentration (pg/mL);

Biomedicine & Pharmacotherapy 167 (2023) 115474

S
J

p<0.01
3
Sy
E
8y
@
-
= 4
o-
A A
> O 2
& Q’bvb g" 9'2?
¥ ¢
&
&
D
15+

TNFa (pg/mL)

Fig. 5C: IL-10 concentration (pg/mL);

and Fig. 5D: TNFQ concentration (pg/mL). Vertical bars are mean + SEM (CONT, n = 10; DHA, n = 8§; LNC-MCT, n = 14 and MLNC-DHA-al, n = 12). Treatments
were compared by One-way ANOVA and Tukey HSD or equivalent non parametric Kruskal Wallis analysiz.

determination of DHA in plasma should be done in the next studies.
C ing the oral of algae oil, it was also ex-
pectedduttbereplaeememofAAbyBPAandDHAmmembnne
ids could a reduction in the sub Yy to

500 mg/kg/day). m:uthonconcludedmnalgalodcouldbezpphgd

in the of therap fori
lniut,dnniscmenﬂymevidemew:uggstmaﬂuconnolof

hronic inflammation is d lated [56]. The soluti plied in our

:ynthuiunriuzand4:icounoids,abkmfacilint¢xquimdm-
munity and induce lnng-l.unng infl i ["’4
there was no diffe in cy i p DHAD
and CONT groups, :uuunngmztdmmpplmemmnmmnm
cient to reduce sy ion once the stimulus was dis-
continued. Toko et al. [53] observed a supp in the expression of
pro-inflammatory cytokines in the heart of mice supplemented with EPA
and DHA. However, it is also worth noting that they applied a dose much
higher (1500.00 mg/kg. bw/day) than the dose used in our model
(10.00 mg/kg.bw/zay). In other study, C57BL/6 mice were supple-
mented with 200 mg/kg.bw of algae oil and intestinal damage was
induced by Ceftri di After 8 days, the animals showed in-
hibition of the pro-infl vy cytokine tumor necrosis factor
(TNF)-a, interleukin (IL)- 6 and myelop idase (MPO) ity [54].
Xu et al. [55] induced colitis in Male C57BL/6 mice using 2.5% DSS and
followed them with 2 weeks of treatment with algal oil (250 or

study contained 1.34x10"® nanocapsules/mL with 12 ul./ml.ofalguod
(35.13 £ 0.35% DHA). This solution was injected at a rate of
40 pL/animal once a week for 8 weeks. This amount corresponded to
8.9x10 ~'° mols/animal/week, based on the Avogadro's number. The

results showed that MLNC-DHA-al psules were well d in
vivo, but acti dan i i g the cy con-

ion in the pl C t.hatt.h.u P isa
limitation to clinical trials, funmexpammn:houldmmmndennfy
which compound within the apsules was resp for g

the immune response.

4. Conclusion

Our findings suggest that algae oil with a higher DHA content,
mmrporamdaspannfﬂuhmdcommﬂnnmemmcapmles,appemto
the . = pe, being a p ial therapy for

—_ Paage p
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controlling chronic infl i Hi , MLNC-DHA-al nano-

les i i pro-infl v cytoki in the pl Thus,
further studies should identify which compounds triggered the immune
response and to assess whether this effect might have adverse implica-
tions for ptibility to i

H q
Ethics app and

All the p 1s were approved by the Institutional Ani
Use Committee of the Faculty of Ph ical Sci University of
830 Paulo (CEUA/FCF 555).

Funding

Thiz study was supported by The State of 530 Paulo Research
Foundation (FAPESP) (Scholarship and Research Grant 2019/21029-3,
2021/02021-1, 2021,/08196-8) and National Council for Scientific and
Technological Develop (CNPq - Scholarship: 166541,/2017-6).

CRedIT suthorshi Prai

Conceptualization, LA.C.; methodology, LP; 5.J.C; MCL; ARP
and 5.5.G; formal analysis, LP.; 5.C.J.; K.B.; B.C;M.K.U_; K.A_; resources,
LA.C; writing, LA.C; M.C.L;L.P.; review and editing, LP.; M.C.L. All
authors have read and agreed to the published version of the
manuseript.

Declaration of Competing I

The author reports no conflicts of interest in this work.
Data Avallablility

Data will be made available on request.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopha.2023.115474.

References

m Lcl-n,ll Deng, H. Cul, et al,, Infk and infl
hm0m9(6)ml7)m-7210, hittpa://dok.org/
10 IGAJ’ ‘oncotarget 23208,

{2] D. Purman, J. Campisi, E. Verdin, et al., Chronic inflammation in the etiology of
disease across the life Span, Nat. Med 25 (12) (2019) 1822-1832, hetpa:, /dol cog,
10.1038 /541 59101906750,

3 Amuwnun,Mmuandmmsmm

51 (5) (2019) 794-811, htps://doi org/

101016/} immuni 2019.09.020.
[4] P. Stenvinkel, M. Ketteler, R.J. Johnson, B. Lindholm, R. Pecoits-Filho, M. Riella,
0. Hdnbihgu T. Cederholm, M. Girndt, IL-10, IL-6, and TNF-a: Central factors in
network of uremia—The good, the bad, and the ugly, Kidney
uwm(m 1216-1233, hetpe //dolorg/10.1111/).1523.1755.2005.00200

s} N-u-i S, Ao, T., Kimura, Y., Matsuki, K, Kawamura, T., Negichi, H., Nishio, J.,
Kodama, T, Taniguchi, T- -ulYui,H.(m&)lnhudiund_dby
dyhguh‘ as an inhibi of the 1 Acad:
dm«umm—dm[ml 113(14): 3844-3849. doi=10.1
073/pons. 1602023113,

{6] M.D. Howard, ED. Hood, B. Zem, V.V. Shuvae, T. Grosser, V.R. Muzykantov,
Nanocarriers for vascular delivery of anti-inflammatory agents, Annu. Rev.
Pharmacol. Toxicol. 54 (2014) 205-226, bitps://dai.org/10.1 146/ annurey
pharmtox-011613.140002.

{7) T. Rhen, J.A. Ci action of
mechanisms for old drugs, N. Engl. J. u-dmuomtnpxmnnpn do‘otg/
10.1056/NEJMra0S064] .

(8] H.E Voakeman, MA.F.J. van de Laar, Nonstercidal anti-inflammatory drugs:
adverse effects and their prevention, Semin. Arthritis Rheum. 39 (2010) 294-312,
https://doi.org/10.1016/]. semarthrit. 2008.08.001.

Biomedicine & Pharmacotherapy 167 (2023) 115474

(&) 5. h, A. k K do, J.
review of ti drug use in the elderly
[odh:l),AmusO(l) (2018) 143, herps://dot.org/10.14336/ad 2017.0306.
[10] ANON.
[11] J.S. Chandan, D.T. Zemedikun, R. Thayakaran, N. Byne, S. Dhalla, D. Acosta-Mena,
K.M. Gokhale, T. MCMA&M—“J Cooper, A Anand, K.

0. Okoth, J. Wang, N.J. Addesl J. Lord, G
N. Thomas, C.D. Buckley, N drugs and ility
to COVID-19, Arthritis Rheumatol. 73 (2021) 731-739, hitpe /dolorg/ 10,1002,

art. 41596,

[12] W. Zhang, Y. Zhao, F. Zhang, Q. Wang, T. Li, Z Liu, J. Wang, Y. Qiu,x.nlq,
X. Yan, X. Zeng, S. Zhang, The use of anti. drugs in the
mhmﬂtmm&-ml')(mlﬁh of

from China, Clin. Immunol. 214 (2020), 108393, hrps ./,
dm org/10.1016/] clim 2020, 106393.

[13] P.C. Calder, Omega-3 fatty acids and from to
man, Biochem Soc. Trans. 45 (5) (2017) 1105-1118, htips//dol.og/ 10,1042/
BST20160474.

[14] P.C. Calder, Omega-3 fatty acids and i 23
(2010) 355-374, hutps//doioeg/ 103390/ BU20303S5.

[15] R Bosviel, L. Joumard-Cubizolles, G. Chinetti Gbaguidi, D. Bayle, C. Copin,

N. Hennuyer, L Duplan, B. Staels, G. Zanoni, A. Porta, L Balas, J-M_ Galano,

COF,LMMT.MCMWWWHMW

and and dose-dl ! the

in humsan i putative through PPAR activation,
Pree Radic. Biol Med. 103 (2017) 146154, hitps //dolorg/10.1016/]
freeradbiomed.2016.12.018.

[16] HY. d-gﬂ." Lee, W. Kim, Y.J. mw:mmm

theough d receptor y
activation, Life Sci. 120 (2015) 39-47, https//dolorg/10.1016/].16.2014.10.074.

[17] KT. Rechan, D.W. Gilroy, Is the end of i Trends Mol. Med
25 (3) (2019) 156-214, hnpu //doi.org/10. lulc- /j.molmed.2019.01.006.

(18] BE M. Spite, of Acute and the Role of

ib and Vascular Biology, 24, Circ. Res 119 (1)
(2016) 113-130, hetps://doi.org/10.1161 /CIRCRESAHA. 116.307308.

[19] Y. Yan, W. Jiang, T- Spinetti, A. Tardivel, R_ Castillo, C. Bourquin, R. Zhou, Omega-
3 fatty acids prevent inflammation and metabolic disorder through inhibition of
NLRP3 infk 38 (6) (2013) 1154-1163, hips// dol
org/10.1016/3 immuni 2013.05.015.

[20] S. Serini, R. Cassano, §. G. Calviello, based
w3 p de- p app in
and neoplastic disenses, Int J. Nanomed. 14 (2019) 2809-2828, hups/ /dolorg/

102147 /AIN.S197495.

[21] P.M. Ridker, B.M. Bverets, T. Thuren, et al, Anti-inflammatary therapy with
canakinumab for atherosclerotic disease, N. Engl J. Med 377 (12) (2017)
1119-1131, httpe//doiorg/10.1056/NETMoal 707914.

[22] H. Wang, Y. Zhou, Q. Sun, et al., Update on nanoparticle-based drug delivery

system for treatment, Pront Biceng. Biotechnol. 17 (9) (2021),

630382, https://doi.org/10.3369/fhioe. 202] 630352

[23] M. de Castro Leio, A. Raffin Pohlmann, A_ de Cristo Soares Alves, et al,

acid d with anti-PECAM-1 as co-therapy for

atherceclerosis regression, Eur. J. Pharm. Biopharm. 159 (2021) 99-107, hiips //
doi.org/10.1016/}ejpb. 2020, 12.016.
[24] S N Viglie, M. etal, L Hpid
b for Hpid mexdi in murine O 8(25)
(2017) 4003740051, bittps://doi.org/ 10. 18632 /oncotarget. 16673,
[25) L llénipn, A. Jalil, C. Thomas, D. Masson, fatty acid
and atherosclercsis: The rise of PUFAs, wm (2019) 62-61, hrips/

dei.org/10.101 6/ atherceclerosis 2019.10.002.

[26] C.N. Serhan, B.D. Levy, Resolvins in infk of the po 3
superfamily of mediators, J. Clin. Invest 128 (7) (2018) 2657-2669, hnpl fdoi.
org/10.1172/JCI97943,

[27] S.A. Amici, J. Dong, M. Gueraw-de-Arellano, dul
the ph of and mi 8 (2017) 1520,

hittpe://doi.org/1 03369 fimmu 2017.01520. PMID: 29176977; PMCID:

PMCS686097.

(28] S. Sandri, C.B. Hebeds, RA. Loiola, et al, Direct effects of )
Tipi on human immune cells, Nanomed. (Lond. ) 14 (11)
(2019) 1429-1442, hitpe://doi.org/ 10,2217 /anm- 201 B-0484 W,

[29] W. Ying, P.S. Cheruku, F.W. Bazer, S.H. Safe, 5. Zhou, Investigation of
polarization using bone masmrow derived macrophages, J. Vis. Exp. 76 (2013)
50323, https/ /dol org/10.3791 /50323,

[30] P.G. Reeves, F.H. Nielsen, G.C. Pahey, AIN-93 purified diets for laboratory rodents:

reformulation of the AIN-76A rodent diet, J. Nutr. 123 (11) (1993) 1969-1961,
https://doi.org/10.1093/jn/123.11.1939,

[31) T. Kiister, B. Zumkehr, C. Hermann, et al, Voluntary ingestion of antiparasitic
drugs emukified in honey represents an alternative to gavage in mice, J. Am.
Assoc. Lab Anim. Sci. 51 (2) (2012) 219-223.

[32] P.M. Kris-Etherton, W.S. Harris, L.J. Appel, AHA nutrition committee. american
heart association. Omega-3 fatty acids and cardiovascular disesse: new
recommendations from the american heart association, Artesicscler. Thromb. Vasc.

IH 23 (2) (2003) 151-152, hittpe://doi.org/10.1161/01 .atv. 0000057 393.97337

[33) Y L!hq.&—l.uh,C.Y m«&mmwmh
16 taiwanese college students d by various acid tests and




M. de Castro Ledo et al.

an improved high-performance Bquid chromatography-based method, Clin.
m”m (2000) 619-625, https//doiceg/10.1016/50009.9120(00)001 77

[34] N Shirai, H. Suzuki, S. Wada, Direct methylation from mouse plasma and from
liver and brain homogenates, Anal Biochem 343 (1) (2005) 48-53, biips:/ /doi.
org/10.1016/).ab. 2006.04.037.

[35) H Parhiz, M. Khoshnejad, J W. Myerson, et al. drug casriess:
Big issues of small particles, Adv. Drug Deliv. lﬂ 130 (2018) 90-112, hetps:/ /dok
cng, 10.1016/).addr. 2018.06.023.

ded effects of .

[36] M cmah-l:, IlAthne,Vl.ll.‘lh:n,dal mmm)«—u
tool for the
of ath m“d" B (2021), 652137,
hlrpc /dolorg/10.3389/fmed 2021 .662137.
137] cB. MmmLmuu,omwdm

de-loaded multi-

mmmws 12 (1) (2020) 80, https/ /dol.oeg/

10.3390/pharmaceutics] 201 0080,

[38] F.A Bruinamann, A. de Cristo Soares Alves, A. de Praga Dias, et al, Nose-to-brain
delivery of simvastatin mediated by chitosan-coated lipid-core nanocapsules allows
for the treatment of in vivo, Int J. Pharm. 616 (2022), 121563,
httpe//dalorg/10.1016/).ijpharm.2022, 121563,

[39] P.M_Glassman, J.W. My LT. Ferguson, et al, drug delivery in the
vascular system: Pocus on endothelium, Adv. Drug Deliv. Rev. 157 (2020) 96-117,
hitps:/ /dol org/10.1016/).addr. 2020.06.013.

[ﬁ)GMM&OﬂIﬂ,l subsets in ath

Nat. Rev. Cardiol. 12 (1) (2015) 10-17, hittpe.//doi.org/10. 1008/
nreardio.2014.173.

[41] M de Gaetano, D. Crean, M. Barry, O. Belton, M1- and M2-type macrophage

are preds of adverse in human athy is, Front

Immunol. 7 (2016) 275, https://doi.org/10.3389/ fmmu 2016.00275.
[42] K&Y.MLM“W&‘MC&-ZCILMW
b the

ag of
therasclerosis via effect, J. Nanobiotechnol. 20 (1) (2022) 506,
https/ /dol org/10.1186/51 2961 022-01720.2.
[43] R.A. Petros, J.M. DeSimone, Strategies in the design of

jons, Nat. Rev. Drug Discov. 9 (8) (2010) 615-627, hetpe://dol
arg/10. 1068 /mrd 2591 .

[44] D. Deshpande, S. r, DR Janero, M.M. Amiji, Therapeutic efficacy of an
w-3-fatty acid-containing 17-p estradiol nano-delivery system against
atherasclerosis, PLoS One 11 (2) (2016), e0147337, htps://doi.org/10.1371/
Jjournal pone 0147337,

10

Biomedicine & Pharmacotheragy 167 (2023) 115474

8S.

Joaded

[45] M.T.P. de Ofiveira, D.S. k u

A Martins, A.

I’Hl.lﬁ)m.l

acute lung Wmmu-u,

Pharmaceutics 13 (5) (202])&3, httpe: //dok.0rg/10.3390/
pharmacentics] 3050683, PMID: 34068619; PMCID: vumst 102

[6]A.MI.IV0HA,S. PECAM:-1-a

inflammation and vascular biclogy, Arterioscler. Thromb. Vasc. Biol. 27 (12)
(mzsu-zsza, https://doi.oeg/10. 1161 /ATVBAHA. 107.151456.

[47] JR. PECAM-1: of i 1
integrity, Cdl‘l'hue Res 355 (3) (2014) 607-619, hitps//dol org/10.1007/
0044101317793

[48] T.D. Nuhll,VV Shuvaev, N.l Houog, et al., Endothelial targeting of semi-

palymer for Bi 29(2) (2008)
215-227, hittps://doi.arg/10.1016/). blomaterials. 2007.09.023.

[49] RY. Kiseleva, FM Cll\ﬂlb.‘ul V-:due-bdnllﬂmd
collaborative l cell ! 1 (PECAM:1),
Sci. Rep. 8 (1) (mt!) ISlo, httpe://dot.org/10.1038 /541 598.018.20027.7,

[50] LA Prank, G.R Onzi, A.S. Morawski, et al., Chitosan as a coating material for

for React. Punct. Polym. 147 (11)
(2020), 104459, hietps://doi.crg/10.2174/13892002 186661709251 22201.

[51] D. Schaitt, N. ‘l'nn.-l Peach, et al., Toxicologic evaluation of DHA-Rich algal oik

toxicity in rats, Food Chem. Toxical. 50 (10)
(2012) 3!&7—3876. hnpl /dot.org/10.1016/].6c1.201 2.07.054.

[52] T. Acki, S. Narumiya, Prostaglandins and chronic Trends Pharm. Sci.
33 (6) (2012) 304-311, bittps: //doi.org/10. 1016/ tips. 2012.02.004.

[53] H. Toko, H Morita, M. Katakura, et al, Omega-3 fatty acid prevents the

of heart failure by changing fatty acid composition in the heart, Sci-
Rep. 10 (1) (2020) 18553, https://doi.arg/10.1068,/341590.020-72686.0.
[54] H. Zhang, Z. Xu, W. Chen, F. Huang, S. Chen, X. Wang, C. Yang, Algal cil alleviates
R 1 3afh by biots and
repairing intestinal barvier, Frone Nutr. 9 (2023) 1081717, https:/ /dot crg
103309/ fnue. 20221061717, PMID: 36726819; PMCID: PMCS884653.

[55] Z Xu, H. Tang, P. Huang, etal., MNMMMMAMW

colitis of gut and of barrier, Front.

Microbiol (2020) 16, hitpa://dob.crg,/ 103389/ fmich. 2020.61 5404,
[56] AC. Skulas-Ray, P.M. wmw& l-l-niguul, Dose-response effects of
omega-3 fatty acids on trigly dothedial function in
mmmwulmm.%m
(2011) 243-252, hetps//dai org/10.3945 /njen. 1 10.

265



266

Co-autoria 2023

cells

Artide

oy

Role of Annexin Al Secreted by Neutrophils
in Melanoma Metastasis

Silvana Sandri !, Cristina Bichels Hebeda 2, Milena Fronza Broering ', Marina de Paula Silva 3,

Luciana Facure Moredo ", Milton José de Barros e Silva *, André Sapata Molina *, Clévis Antonio Lopes Pinto *,
Jodo Pedreira Duprat Neto ¢, Chris P. Reutelingsperger 50, Cristiane Damas Gil ©

and Sandra Helena Poliselli Farsky 1-#

check for
updates

Citation: Sandrd, 5.; Hebeda, CE;
Broering, MLE; de Paula Silva, M.;
Moredo, LE,; de Barros e Silva, MJ;
Sapata Molina, A; Lopes Pinto, CA;
Druprat Meto, | B; Reulelingsperger,
CF;et ol Role of Annexin A1
Secreted by Neutrophils in
Melamorme Metastasia. Ofls 2023, 12,
475, httpa/ fdoicorg/ 102390/
cells] 2030425

Avcndemic Bditor Luciara Tavares

Received: 15 December 2022
Revissd: 16 January 2023

HAcoepted: 23 January 2023
Published: 27 [arnary 2023

&0

=
Copyright © 223 by the authors.
Licensee MDP] Basel, Switzerland
This article is an open sccess article
distributed under the terms and
conditiore of the Creative Commaore.
Abtribution (£ BY) liceree (hitps://
amativecommmons. org,licenses by,
40/

1 Department of Clinical and Toxicological Analyses, School of Pharmace utical Sciences,
University of Sao Paulo, Sao Paulo 05508-000, 5F, Brazil

T NPCMed—NMiicleo de Pesquiza em Cidneias Médicas, Centro Universitirio para o Desenvolvimento
do Alto Vale do Itajai—UNIDAVI, Rio do Sul 89160-932, 5C, Brazil

*  Center for Stem Cells & Regenerative Medicine, Kings College London, Londen WC2ZE 2LS, UK

4 Skin Cancer Department, A.C. Camargo Canoer Center, 530 Paulo 01508-010, SF, Brazil

5 Cardiovascular Research Institute Maastricht, Maastricht University Medical Centag
Maastricht University, 6211 LK Maastricht, The Netherlands

£ Department of Morphology and Genetics, Universidade Federal de S&o Paulo (UNIFESF),
Sao Paulo (40234900, 5P, Brazil

*  Corespondence: sfarsky@usp.br; Tel.: +55-(113-3091-2197

Abstrack Annexin Al (AnxAl) is highly secreted by neutrophils and binds to formyl peptide
receptors (FPRs) to trigger anti-inflammatory effects and efferocytosis. AnxAl is also expressed in the
tumor microenvironment, being mainly attributed to cancer cells. As recruited neutrophils are player
cells at the tumor sites, the role of neutrophil-derived AmxAl in lung melanoma metastasis was
inv estigated here. Melanoma cells and neutrophils expressing AnxA1 were detected in biopsies from
primary melanoma patients, which also presented higher levels of serum AnxAl and augmented
netitrophil-lymphocyte ratio (WLR) in the blood. Lung melanoma metastatic mice (C57BL/6; Lv.
injected B16F10 cells) showed neutrophilia, elevated AnxAl serum levels, and higher labeling for
ArecAl inne utrophils than in tumor cells at the lungs w ith metastasis, Petritoneal neutrophils collected
from naive mice were co-cultured with B16F10 cells or employed to obtain neutrophil-conditioned
medivm (MNCM; 18 h incubation). B16F10 cells co-cultured with neutrophils or with NCM presented
higher invasion, which was abolished if B16F10 cells wete previotisly incubated with FPR antagonists
or co-cultured with Arec Al knockout (AnxA 1) neutrophils. The depletion of peripheral neutrophils
during lung melanoma metastasis development (ant-Grl; Lp. every 48 hfor 21 days) reduced the
nuimber of metastases and ArcAl serum levels in mice. Our findings show that AnxAl secreted
by neutrophils favors melanoma metastasis evolution via FPR pathways, addmessing AnxAl asa
potential biomarker for the detection or progression of melanoma.

Keywords neutrophil-depleted mice; melanoma patients; FPR antagonists; B16F10 cells;
nettrophil-lymphocyte ratio (MLE)

1. Introduction

The tumor microervironment consists of a heterogeneous population of cancer cells
and a variety of other cells including the resident and infiltrating host cells [1]. Infiltrating,
immune cells in the microenvironment distinctly influences the tumor progression. While
Tcell-mediated anti-tamor immune response correlates with favorable disease outcomes
and is the basis of cancer immunotherapy [2-5], the myeloid cells act as antigen-presenting
cells to promote anti-tumor T-cell responses at the initial phases of tumorigenesis; however,
lately, they have been effectors of the tumor progression [6—5].

Cells 2023, 12, 425, https: / /dod arg, 10,3390,/ cella 12030425
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Meutrophils are myeloid cells constantly produced in the bone marrow and wleased
into the blood. During the host defense against aggressions, this pattern is exacerbated,
leading to different neutrophil phenotypes with different half-lives and functions [%,10].
Meutrophilia is also detected in cancer patients, especially those with advanced-stage dis-
ease [11], and a high neutrophil-lymphocyte ratio (NLR) has been considered a biomarker
of poor clinical outcomes in many types of cancer [12-15]. Neutrophils also represent a
significant proportion of immune cells infilrating in many types of cancer [16-15]. At
the tumor site, tumor-associated neutrophils (TAN) are plastic cells that adapt to different
microenvironments, In the early tumorigenesis phase, the N1 TAN phenotype stimulates
antitumor immune response; however, under the continuous action of chemical media-
tors eleased in the tumor microenvironment, TAN changes to a N2 immunosuppressive
Phenotype and stimulates motility, migration, and invasion of tumor cells [19,20].

In melanoma, the most aggressive type of skin cancer, a body of research has emerged
employing NLR in the prognostic of both localized and metastatic melanoma [21-25], as in
immunotherapy monitoring in melanoma, being high in NLR was associated with poor
outcomes [22,26]. It has been pointed out that circulating neutrophils stimulate angiogens-
sis and enhanced melanoma cell migration toward blood endothelial cells [27], allowing
tumor cell invasion; TLE-4 activation in peripheral neutrophils promotes the metastatic
spread of melanoma [28]; and neutrophils activated by complement-membrane-attack-
complex release neutrophil extracellular traps (NETs), which open the endothelial barrier
favoring melanoma cells to reach into the circulation and their systemic spread [29]. Fur-
thermore, circulating neutrophils migrate to the tumor by actions of chemotactic mediators
produced in the lung melanoma microenvironment [30-32], and immature neutrophils at
the tumor-bearing lungs display pro-tumoral effects, such as the enhanced frequency of
ROS-producing cells [33] and NET formation [34]; conwversely, neutrophils expressing lower
amounts of Wip-1, a negative regulator of p53, trigger anti-tumor effects [35], and high infil-
tration of phagocy ing neutrophils evoked by intratumoral injection of vaccine-stimulating
biodegradable polysaccharide favors the maturation of dendritic cells and the generation
of immune memory [36].

Azurophil granules of neutrophils stock the anti-inflammatory protein Annexin Al
{AnxAl), and in inflammatory conditions, newly synthesized and AnxA1 stored in the
neutrophil granules are released into the microenvironment, mainly in microvesicle con-
tents [37]. Secreted AnxAl is phosphorylated in a calcium-dependent manner and binds
to G-protein-coupled receptors named formyl peptide receptors—FPR1 and FFR2—to
downstream different intracellular signaling pathsvays [35,39]. The neutrophil ArxAl
actions are associated with the blockade of leukocyte migration activated at the early
inflammation, e ferocy tosis, and tssue repair [40-42]. Moreover, a lower frequency of circu-
lating neutrophil-ArxcA 1* is associated with a reduction of the plasma levels of the protein,
which is found in systemic inflammatory diseases [43], and impaired AnxA1 expression in
neutrophils at the site of lesion exacerbates and lengthens the course of inflammation [44].

Many types of cancer cells also express AmcAl, and its effects are associated with
cancer development by inducing proliferation, angiogenesis, stemness, and cell invasion
in FPR-dependent pathways [45]. Previous studies demonstrated that melanoma cells
expressed ArwAl into the microenvironment, whichis associated with angiogenesis, amor
cell invasiveness, and growth [46-48]. In vitro studies corroborating the expression of
AnxAl by melanoma cells is related to invasiveness behavior, depending, at least in
part, on metalloproteinase-2 (MMP-2) expression [48]. The fine-tuned understanding of
neutrophils on solid tumors is nowadays a remarkable goal to clarify the mechanisms of
tumeor progression and to point out a target for treatment. Hence, we here depicted the
role of AnxAl secreted by neutrophils in lung melanoma mice and melanoma patients and
unveiled the fact that AnxAl derived from the blood or tumor-site neutrophils displays
pro-tumor invasiveness during lung melanoma development.

267



268

Cells 2023, 12, 425

Jef 19

2, Materials and Methods
2.1, Patients

Eighteen-year-old or older patients with histological confirmation of nevus or melanoma
by a pathologist were eligible for enrollment in the study. The patients recruited at A.C.
Camargo Cancer Center, Sao Paulo, Brazil, donated blood {8 mL) and authorized access to
biopsies far posterior analysis. Healthy donors were induded as controls. The study was con-
ducted under the Declaration of Helsinki and approved by the Ethics in Research Committee
of the University of Sao Paulo and A.C. Camargo Cancer Center (CAAE 277951120.0000.0067
and 277951120.4.3001.5432, respectively). In total, 16 patients were inchided, and sample
characteristics are depicted in Table 1.

Table 1. Characteristics of patient's sample. ***: absence. SLM: sentinel lymph node.

Characteristics
Total Patients Enrolled (a) = 16
Age (Years) (Mean £ 5D) = 5593 £ 15.25
- Breslow
Skin . . X . Inflanunatory
Fatients Phatotype Site Diagnostic TIT:“I:TW Ulceration InGlimie SLN Stage
1 I Left infra scapuilar Melanoma 0.a No Slight Mo 1A
1 NA Left abdomen Melanoma 14 No Discrete ew n
3 NA Rightleg Melanoma 0e No hiild ] 1A
4 II Right upper back Malanoma 32 MNa Dhiscpebe Mo 1A
5 I Left flank Campound nevus i} No Discpete Mo 1]
: Mealanama
[ m Right scapular (lentigo mali ) i} Na 1] MNa o
T m Lelt Compound nevus i} Nao - Mo ]
inframammary
Residual
8 - Left thigh melanoma 1] No o Mo IB
(lentigo maligno)
Right thorax :
@ m [breast) Atypical nevus i} No 1} Mo 0
o I Left lumbar Melanoma ne No Discrate Mo ma
11 m Rightarm Melanama 25 No Discpete Mo 1A
Right 3
12 i} i dumt Melanoma (ES) 11 Nao Slight Mo 0
13 m Left scapular Melanama insitu No Intense Mo 1]
s Dysplastic et
1a II Right scapular mel . (i} No Mo ]
Right loswer Dysplastic -
15 I abd i el i e o Nao No 0
Dysplastic
16 il Right mxdillary junctional [i] No o Mo 0
melanocytic nevus
2.2 Animals

Female C57BL/6 mice wild-type (ArcA 1) or AnxA I-knockout mice (AnxAlv")
{25-30 g; 3-5 per group) were provided by the Central Animal House of the School of
Pharmaceutical Sciences and the Chemistry Institute of the University of 5ao Paulo. Mice
were housed in polycarbonate cages (four animals per cage; Tecniplast, Buguggiate, Italy)
at room temperature (22 °C + 0.1 °C) and humidity (50% £ 10%) with a 12 h light /dark
cycle, receiving standard food and water ad libitum. Animals were anesthetized with a
combination of ketamine/xylazine solution (20:2 mg/kg, intraperitoneal (i.p.); xylazine
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hydrochloride—Ceva Santé Animale; ketamine—Syntec do Brasil Ltda) before each experi-
mental procedure. All procedures were approved by the Instifutional Animal Care and
Use Committee (IACUC) at the School of Pharmaceutical {(CEUA FCF/USF 583).

2.3. Melanoma Cell Culture

The B16F10 malignant melanoma cell line was obtained from the Banco Células do
Rio de Janeiro {BCR]), Rio de Janeiro, Rio de Janeiro, Brazil. Cells were grown in culture
dishes for 5-10 passages in Dulbecco’s modified Eagle’s medium (DMEM; #12100046
Gibco, Carlsbad, CA, USA) supplemented with 109 heat-inactivated fetal bovine serum
{FBS; #2024-06 Gibco} and 100 U/mL penicillin and 100 pg/mL streptomycin solution
{#15140-122 Gibeo), maintained at 37 “C with 5% CO» atmosphere. Reverse transcription
polymerase chain reaction (RT-PCR) was performed routinely in the laboratory to check
the mycoplasma cell contamination. AnxA1land FPR expression in melanoma cells were
evaluated by flow cytometer as described below.

24 Collection of Plasma and [solation of Blood Human Neutrophils

Analiquot of fresh and heparinized venous blood from patients and control donors
whas used to total leukocyte and smear blood count. The count of total leukocytes was
performed using a Neubauer chamber, and smear blood was stained with Giemsa to circu-
lating leukocyte differentiation. The NLR was calculated by the ratio bebween the number
of circulating neutrophils and lymphocytes counted. Plasma was separated by centrifuga-
tion, recovered, and stored at — 80 *C until AnAl serum levels measurement. Afterward,
erythrocytes and leukocytes pellet were diluted in 0.9% MNaC’l, and neutrophil isolation
was carried out by density gradient centrifugation, as described previously [49]. Isolated
neutrophils were fixed and analyzed by fow cytometer as described in the following item.

25, Collection and Culture of Mice Neutrophils

Meutrophils were obtained from wild-type and AnxA 17" mice, 4 h after intraperitoneal
injection of 3 mL 1% oyster glycogen Type I solution (#8751 Sigma-Aldrich, Saint Louis,
MO, USA), previously prepared in phosphate-buffered saline (PBS) [50]. The animals were
anesthetized, and the cells were collected by rinsing the abdominal cavity with 10 mL of PBS.
To macrophage adherence, peritoneal cells were incubated for 2 h in DMEM supplemented
with 10% FBS, 100 U/ mL penicillin, and 100 pg/ mL streptomycin. Afterward, non-adhered
neutrophils were recovered and counted in the Neubawer chamber. Then, neutrophils
(1= 10‘5} were seeded in a 96-well plate (Coming, New York, NY, USA) and cultured
in DMEM supplemented with 10% FBS for 18 h. After culture, the cell-free supernatant
was recovered as Neutrophil Conditioned Medium (NCM), filtered through a 45 pm filter
(Comning), stored at-80 "C, and used according to assays. The purity of the peritoneal cell
population and viability were analyzed by flow cytometry.

2.6. Induction of Melanoma Lung Metastasis in Mice

Cultured B16F10 cells wete harvested, washed, and resuspended to give the appropriate
concentration in serumy-free DMEM. B16F10 cells suspension (5 x 107 cells/ 100 pL) was
injected into the mice via the tail vein [51]. The animals were maintained under observa-
tion, and after 21 days of tumor cell injection, the mice were submitted to euthanasia by
overaxposume to nasal anesthesia (isoflurane; 2-chloro-2-{diflucromethaxy}-1,1,1-triflucro-
ethane; Cristalia, Brazil). For neutrophil depletion, 150 pg anti-Grl (16-5931-95; clone RB&-8C5
Bicecience/Invitrogen, Waltham, MA, USA) or rat IgG2b kappa isotype (#14-4031-85 Bio-
science/ Invitrogen) were injected 24 h before melanoma cell inoculation. The antibodies weme
injected every 48 h for up to 21 days. The blood was ecovered from aorta vein to obtain
the plasma and circulating leukocytes for posterior analysis. The lung was ecovered and
perfused, and the number of B16F10 metastases was counted by visual inspection helped with
stereo microscopy (CL 8000 LED, Zeiss, Oberkochen, Germany ), followed by fixation.
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2.7. Histology of Human Biopsies and Mice Lungs

Mice and human biopsies were fixed in 4% buffered paraformaldehyde, dehydrated
and embedded in paraffin. Slides sections (4 pm) were dewaxed with xylene and rehy-
drated through gradient ethanol into water. Hydrated slides were stained with hema-
toxylin/ eosin (H&E EasyPath, Sao Paulo, Brazil) for morphological analyses or used for
immunofluorescence or immunchistochemistry assays.

2.8, Immunofluorescence

The immunoflucescence was performed according to Zagout et al. (2020 [52]. Briefly,
for antigen retrieval, sections were heated in citrate buffer (pH 6.0) for 40 min at 95 °Cin a
water bath. After cooling at room temperature, the sections were rinsed and permeabilized
with 0.2% gelatin from cold water fish skin #G7041 Sigma Aldrich) and 0.25% Triton-X-100
{#X100 Sigma-Aldrich) in PBS. Sections were blocked with 5% bovine serum albumin (BSA;
#A7030 Sigma Aldrich), 0.2% gelatin, and 0.25% Triton-X-100 in PBS. Patients’ samples were
incubated with anbi-AmcAl mouse antibody (1:50; #510066 BD Bicsciences, San Jose, CA,
USA) overnight (4 “C), followed by incubation with anti-mouse Alexa Fluor 488 (1:250;#10680
Invitrogen). Lung sections were processed as mentioned previcusly and incubated with
anti-rat Ly6G ({1:25; clone 1A8—#16-9668-82 Bioscience/ Invitrogen) and anti-ArxA1 rabbit
antibody (1:50; #71-3400 Invitrogen). Afterwards, samples were incubated with anti-rat-Alexa-
Fluor 488 (1:250; #A1106 Invitrogen) and anti-rabbit Alexa Fluor 568 (1:100; A11001 Invitrogen).
The nuclei were stained with DAPI (1 pg/mL; #554907 BD Bioscienae). Megative controls
were obtained by omitting the primary antibody. Immunoflucrescence was analyzed using an
Axioskop 2 fluorescence microscope (Carl Zeiss, Jena, Germany ), and images were captured
using the software AxioVision 4.7 (Carl Zeiss). The Ly6G*-positive cell count was performed
using the cell counter tool from Fiji/ Image] softw are (Version 2.9.0/1.53t National Institutes of
Health, Bethesda, MD, USA). Five fields were analyzed from each lung section. The analysis
of AmcA 1 expression in Ly6G+positive cells was performed according to de Paula-Silva and
collaborators [53). Briefly, composite pictures (czi format) were imported to Fiji from Image]
and split into blue and green or red channels. For densitometric analysis, the green or red
channel was selected, further analyzed, and modified in the gray filler. Background pixvel
averages wete then subtracted from the image pixels of interest to cortect uneven illumination.
Fluomescence measures were performed manually by the selection of positive regions; average
values were expressed in arbitrary units.

2.9, Immunohistochemistry

After antigen retrieval and permeabilization with (.1% Triton-X-100 in PBS, peroxidase
was inactivated with 3% hydrogen peroxide (Synth, Diadema, Brazil), and nonspecific an-
tibody binding was blocked by preincubating sections with 107 BSA in PBS at 37 *C for
&0 min. Sections were incubated with diluted primary antibodies against melanoma marker
Melan A (1:50; #PA5-99174 Invitrogen) or AnxA1 (1:500, #713400 Thermo Fisher) at 4 °C
overnight. Then, slices were washed and incubated with HRP-conjugated anti-rabbit (#ab&721
Abcam, Cambridge, UK) at room temperature for 1 h. The sections were developed with
33-diaminobenzidine (DAB; #K3468 Dako, Carpinteria, CA, USA) and lightly counterstained
with hematoxylin (Merck, Darmstadt, Germany), follewed by dehydration and coverslip
mounting. Negative controls were performed by omitting the primary antibody:

210. Serum and Cel Supernatant AnxAl Measurement

The levels of AnxAl in human and mouse blood and in the neutrophil-conditioned
medium were quantified by ELISA using commercial kits (human: #MBS495574; mouse:
#M74042, MyBioSource, San Diego, CA, USA ) according to supplier instructions.

211. Flow Cytometry

Flow cytometry experiments were performed to characterize the expression of AnvAl,
FPR1, FPR2, CD66b, Ly6G, and F4/80. To evaluate the expression of AnxAl and CDé6b
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in human neutrophils, isolated cells were fixed with FACS lysing solution (#345202 BD
Biosciences), washed with PBS containing 0.1M glycine (Synth), permeabilized with 0.01%
Triton-X-100, washed with 1% BSA in PBS (BSA/PBS), and incubated with primary anti-rabbit
antibody to AnxAl (1:100) for 1 h at 37 *C. Mext, cells were washed with BSA/PBS and
incubated with secondary goat anti-rabbit antibody conjugated to Alexa Fluor 488 (1:250;
Invitrogen) and anti-PerCP-Cy™5.5 anti-human CD86b-neutrophil marker (1:50; #562254 BD
Pharmigen) for 40 min in the dark at room temperature. To verify the frequency of mice
circulating neutrophils {Ly6G*) and monocy tes (F4/80%), cells were fixed with BACS lysing
solution for 30 min at room temperature, washed with PBS containing 0.1M glycine, and
incubated with anti-Ly 6G conjugated with FITC (1:50; #551460 BD Pharmigen} and anti-F4/80
conjugated with PerCP-Cy5.5 (1:200; # 15-4801-82 Biolegend, San Diego, CA, USA) for 40 min
in the dark at room temperatuze. The cells were analyzed by a fow cytometer (BD Accuri C6),
taking 10,000 events into consideration and using BD CSampler™ Analy sis software {version:
1.0.2641-21 BD Bicsciences, Franklin Lakes, NJ, USA).

212, Transwell Matrigel Invasion Assay

Transwell membranes (8 um pore size; #353097 Falcon/Corning} were coated with
40 uL Matrigel (#356237 Corning diluted 1:6 in serum-free DMEM). B16F10 melanoma cells
(2.0 % 10 cells/transwell) were resuspended in DMEM supplemented with 0.5% BSA and
added to the inner compartment of the chamber [54]. One set of experiments was performed
to investigate the role of the neutrophil-conditioned medium (NCM; supermatant from
18 h neutrophils cultured obtained from wild-type or ArA1" mice) on melanoma cell
invasion. Hence NCM:DMEM 5% FBS culture medium (300 pL; 1:1 dilution) or DMEM 5%
FBS (Control) were added to the outer cup. Another set of experiments investigated the role
of the contact of neutrophil-melanoma cells on invasion. In this case, neutrophils (obtained
from wild-type or AmxAT mioe) and melanoma cells were co-cultured in a proportion
of 5:1 for 24 h. The participation of FPRs on the effects was evaluated by treatment of
melanoma cells with FPRs antagonists, cyclosporine H (1 uM; #AG CN2 0447-M005 Adipo
Gen Life Sciences, San Diego, CA, USA), or WEW4 (1 uM; #2262 Tocris Bioscience, Bristol,
UK) for 30 min and before adding to the inner compartment of the chamber. To confirm
the involvement of ArcAl, NCM with low amounts of AnxAl or ArcAT~ NCM were
supplemented with recombinant ArcAl (1.5 and 3.5 ng/mL; donated by Professor Chris
Reutelingsperger from Cardiovascular Research Institute Maastricht, Maastricht University,
Maastricht, The Netherlands). After 24 h, cells that migrated through the Matrigel were
fixed in 1.0% glutaraldehyde solution (#354400 Sigma Aldrich) and stained with 0.5%
toluidine blue in 2% of NayCOy (Synth) for 20 min. The number of migrated cells was
counted under a Leica DMil inverted microscope (Leica, Shinagaw a, Tokyo, Japan). Ineach
well, seven independent fields were considered for quantitation. The data ame reprsentad
as change fold in relation to control or total number of invading cells.

213, Statistical Analysis

Statistical analyses were performed using Graph Pad Prismd4 (Graph Pad Software Inc.,
San Diego, CA, USA). The data were expressed as mean =+ standard error of the mean (SEM),
and comparisons were made bebween the experimental groups using the f-test or cne-way
ANOVA followed by Tukey's post hoc test for multiple comparisons using GraphPad softwame
version 5 (San Diego, CA, USA). The level of significance was set at p < (L05.

3. Results
3.1. Expression and Serum AnxAl Levels Were Increased in Meanoma Patients

The samples included were obtained from nevus or melanoma patients with different
Breslow index and stages, or it sifn melanoma (Table 1). The inflammatory infiltrate was
classified as mild to severe, represented mainly by lymphocytes identified by morphological
characteristics (Figure 1A-C—black arrows and inserts). ArxAl expression was verified
in four biopsy specimens (dysplastic nevus = 1; melanoma = 3). The selected melanoma
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samples showed Breslow indexes around 0.8 mm (Figure 2F), 1.1 mm (Figure 2H), and
3.2 mm (Figure 2J). As observed by H&E staining, the samples showed pigmented cells
{*) and melanoma cells (black arrow) characterized as large and rounded cells with large
nuclei (Figure 1D,EH,]). In the dysplastic nevus and first melanoma samples, cells scattered
throughout the dermis, as seen by H&E staining (Figure 1D,F), were positive for AnxAl
in both samples (Figure 1E,G). In the second melanoma sample, an increased number of
pigmented and melanoma cells (Figure 1H) and AnxAl-positive cells (Figure 11) were
detected. In the third sample, the majority of cell types found in the dermis were melanoma
cells (Figure 1]), being that almost all of them expressed AnxA1 (Figure K}. Peripheral blood
was also analyzed. Patients with melanoma showed an increased circulating neutrophil
compared to the nevus (Figure 1L). In melanoma patients, the NLR was around 2.5, while
in nevus patients, the NLR was 1.69, Furthermore, a high expression of AnxA1 was found
in circulating neutrophils (CD66b positive cells) from melanoma patients compared to
nevus patients and the control (Figure 1M), and serum ArxAl levels were increased in
patients with melanoma (Figure 1N).

3.2 Neutrophils Were AnxAI* in The Lung Melanoma Metastasis Model

On the basis of the expression of AnxAl in melanoma mlls and neutrophils from
melanoma patients, a model of lung melanoma metastasis was employed to investigate the
pattern of AnxAl expression and neutrophil infiltration in the metastatic site. As shown in
Figure 2A, lung metastasis was observed 21 days after i.v. injection of B16F10. In the lungs
of control animals, AnxAl labeling was detected in the alveolar (arrowheads) but not in the
bronchiolar epithelium (Br—Figure 2B,C). Conversely, the lung melanoma metastasis was
composed of Arc Al* tumor cells (T—Figure 2D,E) and immune cells (arrows—Figure 2EG).
Asverified by Ly6G-neutrophil marker labeling (Figure 2H,I), the number of neutrophils
increased in the melanoma group (Figure 2J). Furthermore, Ly6G and AnxAl double
labeling (Figure 2K) or AmvAl melanoma labeled cells (Figure 2L) showed that neutrophils
expressed higher amounts of ArcAl than melanoma cells (Figure ZM).

3.3. Peripheral Blood Neutrophils and AnxAl Levds Were Enhanced in the Lung Mdanoma
Metastasis Modd

The number of circulating neutrophils waselevated in melanoma metastasis mice in
comparison to that found in the control group {Figure 3A). Moreover, levels of AnxAl in
the serum were augmented in lung melanoma metastasis mice (Figure 3B). To verify the
ability of neutrophils to secrete AnxAl, peritoneal neutrophils werne collected from naive
mice, and greater amounts of AnxAl release were found in the supernatant from these cells
than B16F10 cells when cultured for 24 h (Figure 3C).
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Figure 1. Expression and serum levels of AnxAl were increased in melanoma patient samples.
(A-C) Representative image of inflammatory infiltrate in biopsies obtained from melanoma patients—
H&E staining (black arrows and inserts: lymphocytes). Scale bar: 100 um. (D) H&E staining and
(E) AnxAl expression detected by immunofluorescence in nevus sample. (F,H,J) H&E staining
and (G,I,K) AnxA1 expression detected by immunofluorescence in melanoma cells from melanoma
biopsies. (*) pigmented cells. (Black arrows) melanoma cells. (White arrows) AnxA1-labeled cells.
Scale bar: 50 pm. (L) Leukogram. (M) AnxA1expression in circulating neutrophils (CD66") evaluated
by flow cytometer. (N) AnxA1 serum levels. The data represent the average = SEM. Control (n= 4);
nevus (1 = 4-5); melanoma (1 = 5-9). * p < 0.05 vs. nevus; ## p < 0.01 vs. control.
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Figure 2. Increased expression and serum levels of AnxA1l in lung melanoma metastasis mice.
(A) Experimental design. (B,C) Control group. Alveolar epithelium (arrowhead). Bronchiolar ep-
ithelium (Br). (D,E) Expression of AnxA1 in melanoma cells (T) from lung melanoma metastasis.
(F,G) Immune cells labeled for AnxAl Immune cells infiltrate (arrows). Inserts: Tumor and im-
mune cells. Ly6G-positive cells in (H) control and (I) melanoma groups. (J) Increased number of
neutrophils in lung melanoma metastasis mice. (K) AnxA1l expression in neutrophils (Ly6G*) and
(L) in melanoma cells from lung melanoma metastasis. (M) Amounts of AnxA1expression in new-
trophils and melanoma cells. The data represent the average £ SEM of at least 3-5 animals per group.
p*<0.05vs. control; ** p < 0.01 vs. neutrophils.
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Figure 3. Increased blood neutrophils and ArnxAl levels in the lung melanoma metastasis medel
(A) Amounts of neutrophils in the peripheral blood from lung melanoma metastasis mice. (B) Serum
kevels of AnxA L (C) Secretion of AnxAl by melanoma cells (B16F10) and neutrophils cultured for
24 h. The data represent the average & SEM. * p < 0.05 vs. control; ** p < 0.001 vs, B16F10. Control
group (1 =5); melanoma group (n= 5).

3.4 AnxAl Secreted by Neutrophils Increased the Melanoma Cédl Invasion via FPRs Pathways

On the basis of these previous data, we further investigated the involvement of AmcAl
secreted by neutrophils on melanoma cell invasion. Thus, neutrophils were recovered from
the peritoneal cavity as depicted in Supplementary Figure S1A. Almost 80% of the total
peritoneal cells were neutrophils, and 20% were macrophages as observed by Ly6G and
F4/80 labeling, respectively (Supplementary Figure 51B}). After macrophage removal by
plated-adherence for 2 h, neutrophils weme incubated for 18 b, and viability was reduced
with an increase in Annexin V, an apoptosis marker (Supplementary Figure 51C), which
was expected, since neutrophils’ life span during in vitro incubation is around 7 to 10 h
for both human and mice cells [55,56]. Furthermore, the levels of ArxAl secreted by
the neutrophil supermnatant, named neutrophil-conditioned medium (NCM]}, was 2 up to
8 ng/mL (Supplementary Figuwe 51D). Considering that AnxAl effects are attributed to
its cleaved form, NCM was analyzed by Western blotting. As shown in Supplementary
Figure 51E, the AnxAl found in the NCM was cleaved. On the basis of the concentration of
AnxAl, NCM was divided into high and low AnxAl content and employed to investigate
the invasion of melanoma cells. For this, murine melanoma B16F10 cells weme applied, in
which AnxAl and its receptors (FPR1 and FPR2) were first characterized (Supplementary
Figure 52A). B16F10 calls were incubated with NCM, at a proportion of 1:1, with a standard
culture medium (DMEM supplemented with 5% FBS) or with standard medium (control)
for 24 h (Figure 4A). In the assayed conditions, high AnxAl content NCM increased
the melanoma cell invasion in comparison to the control (Figure 4B), which was not
associated with increased cell proliferation (Supplementary Figure 52B). To evaluate the
involvement of AnxA1 in the effect promoted by NCM, melanoma cells were pre-treated
with cyclosporine (CsH) or WEW4, antagonists for FPR1 and FPR2, respectively. As
observed in Figure 4B, incubation with the antagonists reduced the melanoma cell invasion,
which was not due to alterations in the cell viability (Supplementary Figume 52C). Further,
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in NCM containing low levels of AnxAl (lower than 2 ng,/mL), the melanoma cell invasion
was reduced in comparison to NCM with detectable AnxAl levels. The addition of rArncAl
to non-detectable AnxAl NCM recovered the cell invasion previously observed (Figure 4C).
The role of ArcA1 on cell invasion was corroborated using NCM from neutrophils collected
from AnxA1 knockout mice (AnxA17/), In this condition, the melanoma cell invasion was
reduced, which was rescued by the addition of the rAnvAl (Figure 4D).

The melanoma cell invasion was also evaluated in B16F10-neutrophil co-culture
{Figure 4E). As observed in Figure 4F neutrophil co-culture enhanced the melanoma
cell invasion, which was inhibited if melanoma cells were pre-treated with FPR1 and FPR2
antagonists. The mduction of cell invasiveness was also observed if neutrophils were
collected from AnxA 1"~ mice (Figume 4G}.

We also investigated whether melanoma-conditioned medium (MCM) could change
the neutrophil’s phenotype. Indeed, MCM reduced the expression of ICAM-1 at the
neutrophil’s surface (Supplementary Figure 53A) and increased the secretion of CXCCL1
KC, MCP-1, Arginase, VEGE, and IL-10 (Supplementary Figure 53C-E). As this neutrophil’s
profile is characteristic of the N2 phenotype, it may indicate that neutrophils at the site of
metastasis display an anti-inflammatory phenotype.

3.5 Depletion of Circulating Neutrophils Reduced Lung Melanoma Met astasis and Serum Levels
of AnxAl

Once ArcAl secreted by neutrophils displayed a role in melanoma metastasis, we
further irvestigated whether depletion of these cells during the disease progression was able
to alter the disease outcomes. We depleted circulating neutrophils using anti-granulocyte
antibody anti-Grl before B16F10 injection until the end of the lung melanoma metastasis
model (Figure 5A). In our model, the antibody dosage and schedule reduced the mumber of
peripheral neutrophils during the 48 h period after the antibody injection (Figure 5a). Thene
was no detected modification in the number of ciraulating monocytes in the blood, while the
number of blood neutrophils remained reduced up to day 21 (Supplementary Figure S4A).
The remaining neutrophils showed morphology like an immature phenotype (Supplementary
Figume 54A'), which may have been the result of bone marrow msponse to anti-rat antibocty
production (mitigation), due to limited depletion in peripheral tissue (low bioavailability), or
due to the induction of neutrophil production in the spleen (extramedullary granulopoiesis),
as discussed by recent literature [57,55].

Even the completed neutrophil depletion was not achieved; we observed a signifi-
cant reduction of melanoma metastasis spots as observed by macroscopic analysis of the
lungs from depleted neutrophils {anti-Grl treaded) in comparison to the isotype group
(Figure 5B-D). Histologic analy sis using H&E staining showed that the isotype group had
metastasis in the external regions of lobes and near blood vessels (Figure SE). The lungs
of neutrophil-depleted mice showed fumor mass spots near vessels; however, the size
was smaller than that found in the isotype group (Figure 5F). Further, we observed an
increase in the circulating lymphocytes in the neutrophils depleted animals in comparison
to isotype mice (Supplementary Figure 54B-D). Bronchoalveolar lavage (BAL) showed
a reduced level of TGF-8 and VEFG-x (Supplementary Figure S4EF), which may have
been related to the reduced number of neutrophils in the lungs. To characterize lungs
from neutrophil-depleted mice, we performed immunohistochemistry analysis using a
melanoma marker (Melan A). Thus, it was verified that the Melan A-positive cells were
restricted to the tumor (Figure 5G). On the other hand, in neutrophil-depleted mice, Melan
A-positive cells were found to be mived with other Melan A non-labeled cells also near
vessels (Figure 5H). It was also observed that Melan A-positive cells were found spreading
in the lung tissue of depleted-neutrophil mice (Figume SH—insert). The AnxAl expression
was found in melanoma tumor cells (Figure 5LJ} and immune cells (Figume 5ij} in the lung
from both isotype and neutrophil-depleted mice. Furthermore, the depletion of neutrophils
reduced the levels of serum AnxA1 (Figure 5E), minforcing the potential of AnxAl as a
melanoma biomarker.
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Figure 4. Neutrophil-conditioned medium or neutrophil cultured with melanoma cells increased
the cell invasion by in a dependent manner of AnxAl (A) Experimental design. (B) Invasion of
melanoma cells in the absence and presence of FPR inhibitors incubated with standard culture
medium (DMEM supplemented with 5% of FBS—control) or neutrophil-conditioned medium (NCM)
for 24 h. Melanoma cells were pre-treated with 1 puM cyclosporine H (CsH; FPR] inhibitor) or 1 uhd
WEW, (FPR2; inhibitor) for 15 min before seeding at the transwell bottom. * p < 0.05 vs. control;
# pc 0L05; ## p< 0,001 ve. NCM. (C) Invasion of melanoma cells in the presence of NCM—detectable
levels of AnxAl, NChM—undetectable levels of ArxAl, or NOM—undetectable levels of AnxAl
supplemented with recombinant ArxAl (rAnxAl) at indicated concentrations. **/## p < 0.01 vs
NCM. (D) Invasion of melanoma cells in the presence of NCM from wild-ty pe (AnxA1H*) or AnxaAl
knockout (AnxA1") mice cultured for 24 h. (E) Experimental design. (F) Invasion of melanoma cells
in the absence and presence of FPR inhibitors co-cultured for 24 hwith neutrophils at proportion of
5 neutrophils to 1 melanoma cell, * p< 0.05 vs. control; ## p < 0.001 vs untreated cells. (G) Invasion
of melanoma cells in the presence of netitrophils from AnxcA1* * or AnxA1Y mice cultured for 24 h
The data represent the average &+ SEM of at least five to eight independent experiments. ** p < 0.01
v, AmxATH*,
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Figure 5. Neutrophil depletion reduced the ber of mel lung metastasis and serum AnxAl

levels (A) Experimental design. (a) Total number of neutrophils and monocytes in peripheral blood.
(B,C) Images of the lungs from isotype or anti-Grl-treated mice. (D) Number of melanoma metastasis
spots. (E,F) Morphologic analysis by H&E staining. (G,H) Representative images of the Melan A
expression (Li) in isotype and (J,j) neutrophil-depleted mice. Insert: Melan A expressed in cells
spread into the lungs. Red arrows: immune cells labeled for AnxAl (K) Serum levels of AnxA L The
data represented the average + SEM. *p < 0.05 vs. isotype. Melanoma group (1 = 4, 5). Melanoma
neutrophil-depleted group (n = 5).
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4. Discussion

Neutrophils have been recognized as relevant players in cancer biology. Their actions
are under robust investigation as they display anti- or pro-tumoral activities. The duality of
neutrophil behavior is dependent on the phase of the disease, tumor environment contents,
and the state of neutrophil activation in the blood or tumor sites. AnxAl* neutrophils
are indamental to halting inflammation, and although AnxAl secreted by cancer cells is
involved in metastasis development, the role of AnxAl derived from neutrophils in tumor
invasiveness is underestimated. Hence, we addressed this issue, showing AnxA 1 secmted
by neutrophils contributes to the development of melanoma lung metastasis by promoting
cancer invasiveress through FPR1/FFPR2 pathways.

The up-expression of AmxAl by tumor cells takes place in solid umors of different
origins and is associated with poor outcomes [59-62], implicating AnxAl as a common
mediator of cancer development. Indeed, aggressive human melanoma cell lines express
high amounts of AnxA1 related to cell invasiveness, as verified by impairing melanoma cell
invasion when endogenous ArxAl protein levels were reduced [46]. Moreover, the treat-
ment of the melanoma cells with the mimetic AnxAl N-terminal peptide Ac2-26 stimulated
the inwvasiveness by increasing MMP-2 expression, depending on FPR/MAPK/STAT3 acti-
vation pathways [46-48]. Furthermore, impaired melanoma hung metastasis in AmcAT/
mice was associated with the inhibition of angiogenesis [63], pointing out that AnxAl is a
Player protein such as on cancer as stromal cells. A previous refrospective clinical study
showed that high AnxAl expression in melanoma cells from primary tumors reduced
metastasis-free survival, but Anx Al expression levels were unchanged according to the
Breslow index [46]. Here, data obtained in melanoma patients corroborate this evidence,
as augmented AnxAl expression in the eytoplasm of cells from a dysplastic nevus and
melanoma patients was detected. However, the intensity of ArwA1 labeling did not change
according to melanoma cells migrating deeper or spreading into the dermis, suggesting
that maintenance of constitutive AnxAl expression is an effector molecule mediating the
tumor progression.

The NLR is a readily available metric with an emerging role in melanoma progno-
sis [15]. For localized melanoma, a high NLR is predictive of worse overall survival.
However, the optimal cut-off for NLR is not established, varying between 2 and 5 [15]).
Patients with NLE > 5 had significantly worse median overall survival in comparison with
lenw NLR [64]. Similarly, NLR value has been considered in the prognostic of the patients
receiving checkpoint inhibitors [24-26]. For instance, Bartlettet al (2020) demonstrated
that patients from the high-NLR group were more likely to have higher disease burden and
poorer overall performance status. Furthermore, an NLR increase of =300 after initiation
of therapy was also associated with shortened overall survival [65] Although the number
of patients included in our study was small, we observed a peripheral neutrophilia and
the NLR was around 2.5, which is within the range considered for localized melanoma.
Interestingly, we also observed that blood neutrophils from melanoma samples showed
increased AnxAl expression compared to nevus. The function of circulating AnxA1* neu-
trophils in melanoma is not yet known and deserves further investigation. Nonetheless,
AnxA1* neutrophils in the blood are related to an immunosuppressive profile [39,41,66,67]
Furthermore, the potential of AnxAl serum levels as a tumor biomarker has not been well
explored. Its upregulation was only associated with pathological grade and clinical stage in
patients with lung cancer [58]. Here, high serum AnxAl levels and neutrophils expressing
AnxAl were consistent, such as that found in melanoma samples from patients as in the
melanoma mice model. The fact that we found an increase in AreAl serum levels brings
an alternative approach to help in the diagnosis of melanoma, and a large cohort is needed
to support the potential of AnxAl as a biomarker for melanoma detection or progression.

Further experimental data showed that neutrophils that infiltrated into the melanoma
lung metastasis expressed elevated levels of ArocAl in comparison to melanoma cells. A
broad amount of data shew that AnxAl secreted by neutrophils into the inflammatory
environment is phosphorylated and exerts autocrine and paracrine actions to halt the
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inflammatory process and to induce efferocytosis [69]. To the best of our knowledge, we
suggest, for the first time, that neutrophils secrete AnxAl in melanoma metastasis and
can influence tumor development. Henoe, to confirm this hypothesis, anin vitro platform
was carried out to detect the role of neutrophils or neutrophil-secreted products (NCM)
on tumor cell invasiveness. Indeed, such melanoma cells co-cultured with neutrophils as
incubated with NCM presented higher invasiveness, which was rescued if neutrophils
wemne obtained from Ar AT/~ mice, The antagonisms of FFR1 or FPR2 also inhibited the
augmented invasiveness of melanoma cells co-cultured with neutrophils or incubated
with NCM. In the conditions where rAnxAl was added to the medium, the melanoma
cell invasion was lower than that found in NCM. Studies have shown that the active
form of AnxA1l is associated with the N-terminal region, which can be exposed after a
conformational change at the neutrophil plasma membrane or cleaved in a 33 kDa fragment
by enzymes as elastase [7(,71]. Here, we verified that AnxAl secreted by neutrophils is
cleaved. The lower effect promoted by rAnxAl in comparison to NCM could be associated
with the lack of the deavage process. Hence, this body of data drives a pivotal role of
AnxAl secreted by neutrophils in melanoma invasion via the FPRs axis.

We here confirmed that B16F10 cells constitutively express FPR1 and FPR2, and
data from the literature show that AnxAl binds to both receptors and leads to cancer
progression, such as breast cancer [67]. Interaction of ArwA1 with FPRs modulates signal
transduction pathways, such as oncogenic signaling and extracellular-signal-related kinase
{ERK) phospharylation, resulting in cell invasion [72]. Indeed, the MAP kinase pathway
is associated with melanoma development, as the inhibition of the members of the RAS-
RAF-MEK-ERK axis has been a target of recent drugs to treat melanoma [73]. Moreover,
previous studies showed that Anx Al stimulated MMP-2 activity by interaction with FPRs,
increasing cell invasiverwss and promoting the proliferation and migration of melanoma
cells in vitro [48,74].

Nonetheless, we may also suggest that ArvAl secreted by N2 phenotype neutrophils
influences stromal and immune cell behavior in the microenvironment, favoring the hr
mor progress. Indeed, AmxAl via FPR1 potentiates the VEGF-A signaling in endothelial
cells by promoting new vessel formation [75], and neutrophil-derived AnxAl is related to
angiogenesis during the development of the placenta [43]. Additionally, the reduction of
lung melanoma metastasis in AmcA 1Y mice was associated with neovascularization im-
pairment [63]. As mentioned before, N2 neutrophil-secreting AnxAl displays immunoreg-
ulatory effects [39,41,66,67], which may effectively contribute to the immunosuppressive
status of the metastasis sites. Robust evidences show a complex interplay of chemical
mediators secreted by cancer cells and neutrophils on umor progression when mediators
secreted by cancer cells induce the switch of neutrophils to the N2 phenotype [7576]. A
recent report demonstrated that melanoma cell-neutrophil interaction supports cancer
progression by priming neutrophils towards a pro-tumor N2 phenoty pe [77]. Indeed, the
data here obtained show that melanoma-conditioned medium polarizes neutrophils into
the N2 phenotype.

In addition, we observed a reduction of melanoma metastasis formation and serum
levels of AnxAl in neutrophil-depleted mice. Furthermore, an increase in lymphocytes
was detected in lung metastasis, indicating that neutrophils at the tumor site may act as
immunosuppressive cells. Indeed, neutrophil depletion has unweiled its role on cancer
progression by suppressing antitumor T cells [75]. T-cell activation can be inhibited directly
by TGF-§ or IL-10 secreted by M2 phenotype [19] or indirectly by MMP-9 secretion that
activates the TGF-p by proteclytic cleavage [79]. Moreover, neutrophils favor melanoma
dissemination by releasing the neutrophil extracellular traps (NETs) induced by comple-
ment membrane attack complexes; NETs lead to the endothelial barrier opening that allows
melanoma cells to enter the circulation and systemicspread [29]. Indeed, lung matastasis in-
duced by melanoma cells expressing AnxAl is impaired in Anx Al mice [63], addressing
the fact that constitutive AmxAl secreted by other mice cells are involved in the metastasis,
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Herein, the reduction of neutrophils implied in the serum AnxA1 secretion decrease, which
may impair melanoma cell invasion and, consequently, its dissemination.

Owr findings added AnxAl secreted by neutrophils in the blood or at metastasis sites
as a new player of the melanoma cell invasion, pointing to AnxA1 as a pivotal mediator
secreted by neutrophils acting on cancer cells. These data open a venue for investigations
about the mechanisms of AnxAl secreted by neutrophils, such as in the blood as in tumor
metastasis and to propose AnxAl blood kvels or AnxAl* neutrophils as a biomarker of
early detection or melanoma progression.

Supplementary Materials: The following supporting information can be downloaded at https:
S Swwwomdpl com )/ article/ 10,3390 / cells12030425 /1. Figure 51 Obtention and characterization
of mouse peritoneal cells; Figure 52; Characterization of melanoma cells. Figure 53: Neutrophil
profile after 24 h of culture with melanoma-conditioned medium (MCM). Figure 54 Evaluation of
the circulating neutrophils (Ly&6G+) and monocytes (F4/80) on the 21st day after melanoma cells
injection, Figure 55 Uncropped gel, Reference [50]] is part of the Supplementary Materials document,
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Abstract

Inflammatory bowel diseases (IBDs) disrupt the intestinal epithelium, leading to severe chronic
inflammation. Current therapies cause adverse effects and are expensive, invasive, and ineffective for most
patients. Annexin A1 (AnxAT) is a pivotal endogenous anti-inflammatory and tissue repair protein in IBD.
Manostructured compounds loading AnxA1 or its active N-terminal mimetic peptides improve 1BD
symptomatology. Te further explore their potential as a therapeutic candidate, the AnxA1 N-terminal mimetic
peptide Ac2-26 was incorporated into SBA-15 ordered mesoporous silica and covered with Eudragit® L30-
D55 to deliver it by oral treatment into the inflamed gut. The systems SBA-Ac2-26 developed Measurements
revealed self-assembled rod-shaped particles, likely on the external surface of SBA-15, and 88% of peptide
incorporation. SBA-15 carried the peptide Ac2-26 into cultured Raw 2647 macrophages and Caco-2
epithelial cells. Moreover, oral administration of Eudragit-SBA-Ac2-26 (200 pg; once a day; for 4 days) to
mice under dextran-sodium sulfate-induced colitis reduced colitis clinical symptoms, inflammation, and
improved epithelium recovery. Our findings demonstrate a simple and cost-effective approach to delivenng

Ac2-26 orally into the inflamed gut, highlighting its potential as non-invasive IBD therapy.

Keywords: Annexin A1l; SBA-15; oral route; tissue recovery; inflammation.
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Introduction

The incidence of inflammatory bowel diseases (IBDs) has increased in the past years in developed
and newly industrialized countries. Divided into two distinct types: ulcerative colitis (UC) and Crohn's
disease (CD) are relapsing and chronic inflammatory diseases that mainly affect the large intestine.! Both
UC and CD patients present debilitating symptoms like tenesmus, blood stool, diarrhea, and fatigue 2
Motably, malignant colorectal cancer, small bowel cancer, intestinal lymphoma, and cholangiocarcinoma
are enhanced in IBD patients; in addition, the high incidence of neoplasms is related to IBD-treated patients,
implicating the adverse effects of available drugs® Besides the considerable weakening situation that
patients with IBD need to confront, around 50% of patients fail or present a loss of effectiveness of available
drugs. Furthermore, the most recent biological treatments are expensive and require invasive
administration. These features pose |BDs as a remarkable public health problem worldwide."* Hence, the
look for novel biological targets and drugs and pharmaceutical approaches to deliver non-invasive drugs
hallmarks IBDs as a subject in biological and drug development research 3

Annexin A1 (AnxA1) compnses a 37KDa endogenous protein of the calcium and phospholipid-
binding Annexin superfamily #7 Annexins present a C-terminal and an N-terminal domain; the last domain
is specific for each superfamily component and confers specificity to biological activities 7 AnxA1 was first
characterized as a glucocorticoid-regulated anti-inflammatory protein;®2* nowadays, AnxA1 is recognized
as a potent anti-inflammatory and resolvin molecule, being a mediator of cell proliferation, differentiation,
and apoptosis of immune, epithelial, and cancer cells.'™'? AnxA1 binds to intracellular structures, to
membrane phospholipids, or to G-transmembrane coupled formyl peptide receptors to trigger the
downstream activation of intracellular pathway. &

Robust evidence has associated the pivotal role of AnxA1 in the control of IBDs; as such, infiltrating
leukocytes and epithelial intestinal cells express the protein during the course of the disease. Absence or
low levels of the protein worsens and maintains the uncontrolled inflammation that perpetuates the
disease 7 AnxA1 interactions with formyl peptide receptor 1 (FPR 1) mediate the IBD wound closure, and
formyl peptide receptor 2 (FPR2) evokes mucosal healing by regulating the traffic and functions of

leukocytes into the inflamed tissue "®-22 Ac2-26 comprises the 25 amino acids of the N-terminal sequence
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of AnxA1 that binds to FPR1 and 2 to display equivalent biological actions of the full-length protein, 32324
including those evoked by AnxA1 on 1BDs 228

Based on the data, the pharmacological administration of recombinant AnxA1 or its synthefic M-
terminal-related peptides could address a mandatory role in IBD therapy. Indeed, this approach has been
recently tested using lipid nanoparticles to load recombinant AnxA1 (rAnxA1) or Ac2-26. These strategies
were more effective in treating colitis in mice than free rAnxA1 or Ac2-26 if locally administered, which
demands non-feasible invasive routes of administration to treat chronic patients -3 A nanoparticle-based
on reactive oxygen species (ROS)-responsive material cammying Ac2-26 was effective in colitis treatment by
oral route in mice, based on the release of the peptide by the action of ROS at the inflammatory site > To
strengthen the desirable oral defivery of novel drugs to treat IBDs, here we developed, charactenized, and
showed the effectiveness of a simple and cost-effective nanostructured silica mesoporous microparticle
loading Ac2-26 to treat IBD by oral route. Data obtained point out the effectiveness of the treatment as a

promising non-invasive approach to 1BD therapy.

Material and Methods

Materials

SBA-15 was synthesized at the Physics Institute, University of S3o Paulo, Brazil, according to a
previous work.> SBA-15 silanized with the amino-functional timethoxysilanes (APTES); Eudragit® (L30-
D55; Evenik Industries AG - Rellinghauser Stralle — Essen Germany); peptide Ac2.26 (Proteinmax- Sdo
Paulo, Brazil); ethanol were of analytical grade (Sigma; St. Louis, USA); dextran sulfate sodium (DSS, MW
40,000, Dextran Products Limited, Ontario, Canada), anti-mouse MUC-2 (Invirogen®, Waltham,
Massachusetts, USA); anti-mouse F4/80 (eBioscience™, San Diego, California, USA); anti-mouse Claudin-
1 and secondary antibody anti-rabbit conjugated with HRP (Abcam Ple, Cambndge, United Kingdomy); anti-
mouse Ly6G (BD, Becton Dickinsen, New Jersey, US); DAB Substrate Chromogen System (Dako Omnis,
Agilent, Santa Clara, California, USA); anti- proliferating cell nuclear anfigen (PCMNA)(Santa Cruz
Biotechnology, Dallas, Texas, USA); anti-CD 163 (Bioss Antibodies Inc, Massachusetts, USA); Collagenase

Il and Collagenase IV from Clostridium histolyficum and bovine serum albumin (BSA) (Gibco™, New York,
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USA). ELISA kits anti-mouse TNF, IL-10, CXCL-1, IL-17 and I1L-23 (BD OptEIA™ - BD, Becton Dickinson,
Mew Jersey, US); isoflurane (Cristdlia Produto Quimicos e Farmacéuticos Ltda, Sio Paulo, Brazil);
paraformaldehyde, xilene, sodium citrate, peroxide and tns (hydroxymethyl) aminomethane (Synth® -
Labsynth Produtos para Laboratorios LTDA, Sdo Paulo, Brazil); cytochalasin D (Millipore Sigma,
Dammstadt, Germany); pluronic P123 (BASF, German); tetraethyl orthosilicate; FITC; amino-functional
trimethoxysilanes (APTES) (Sigma-Aldrich; St Louis, USA). Cyanine-5.5 NHS ester (Cy5.5 - Lumiprobe
Corporation, Hunt Valley, USA); Spectra/Por® 10 mm dialysis membrane tube (500 Da) (Spectrum®
Laboratories; New Brunswick, USA); JT74A 1 cells (ATCC®; Washington DC, USA); Raw 264 7 and Caco-

2 cells (BCRJ®; Xerém, Brazil).

Synthesis of SBA-15

The synthesis of SBA-15 was made using 4 g of the Pluronic P123 (PEOxPPO®RPEO). It was
dissolved in 122 g of 2M HCI solution and kept under magnetic and mechanical sfirring for 1 hour 8.6 g of
tetraethyl orthosilicate was added, and the solution was kept under stirnng for 24 hours. After this process,
the mixture was submitted to a 48 hours hydrothermal treatment at 100°C in an autoclave, washed with de-
ionized water, and dried at room temperature. The polymer template was then removed through caleination
at 540°C under Nz for 2 hours and in air for 4 hours.

Ac2-26 incorporation stemmed by dissolving the peptide in MilliQ water, then a 1:1 mixture of SBA-
156:Ac2-26 was made, where 1 mg/mL of Ac2 26 was added at 1 mg of SBA-15. The mixture was dried in
an oven at 35°C until complete drying. For coating with Eudragit® 5100, a 1:2 ratio of SBA-15-Ac2-26 and
Eudragit® was added. The matenal was dried in an oven at 35°C for 4 hours and then stored in a freezer

at-20°C.

Characterization of SBA-15

Dynamic Light Scattering (DLS) measurement was performed at room temperature on a Brookhaven

DM-5000 Particle Size Analyze (Brookhaven Instruments, NY, USA), using a wavelength of 635 nm. Data
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analysis was conducted using the BIC software provided with the machine. The sample was diluted to 1
mg/mL to mitigate the influence of interparticle interaction on the diffusion coefficient of the particles and,
consequently, on the obtained data.

Small-angle X-ray Scattering (SAXS) was performed on a Nanostar (Bruker, Buffalo, USA)
instrument equipped with a microfocus Genix 3D system (Xenocs, Massachusetts, USA) and a Pilatus 300k
detector (Dectris, Baden Switzerland). The sample-to-detector distance was ~667 mm, which provided an
effective range of the modulus of the transfer moment vector, g = 4msin(8)YA (where 20 is the scattering
angle and A = 1.5418 A is the X-ray wavelength), from 0.015 to 0.30 A" For the experiments, deionized
water (used in the sample preparation) and the same sample from DLS assays were measured, at room
temperature, in reusable quartz capillary with 1.5 mm in diameter mounted on stainless steel cases. Powder
samples of SBA-15 and SBA-15 plus peptide was placed in a sample holder between two mica sheets. The
set of mica sheets was also measured for background correction purposes. Data treatment, which includes
azimuthal integration, background subtraction and absolute scale normalization (for the liquid sample), was
performed using the XSACT software supplied by Xenocs.

The adsorption ®sotherms were obtained in the ASAP2020 equipment (Micromeritics®, Atlanta,

USA) using nitrogen gas.

SBA-15 uptake and cytotoxicity

The analysis of SBA-15 uptake into cells was carmied out by FITC labelling. For this, it was employed
SBA-15 silanized with APTES, according to protocol described by Appiah-Ntiamoah et al. (2015).*" After
labeling, SBA-15 was analyzed by SAXS measurements. Mouse macrophage cell line J774A.1 were
cultured and seeded in 24 well plates as previously described 2232 Cytochalasin D (20 pM) was added 1
hour and removed before the treatment with FITC-SBA-15 (10 pg/mL). The cellular uptake was checked 4
and 24 hours after treatment using the cell imaging (CELENA & Logos Biosystem, USA) and ten fields per
condition were analyzed. The percentage of phagocytic cells was quantified using the software ImagelJ. In
addition, cytotoxicity for different concentrations of SBA-15 was performed using MTT assay.
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Murine 3D organoids and organoid-derived differentiated epithelial cells were isolated and cultured
as previously described 35 FITC-SBA (10 pg/ml) was added into organcids and on the apical part of the

differentiated epithelial cells and analyzed 6 days or 24 hours later, respectively.

In vitro release of peptide by SBA-15

The peptide Ac2-26 was dissolved in phosphate buffes saline (PBS) (pH of 7.4) to reach a
concentration of 1.0 mg/ml. Simultaneously, 1 mg of Cyb dye was dissolved in 1 mL of 1 mM DMSO. The
peptide and Cy5 dye were mixed in a 1:10 molar ratio, and any excess dye was removed through dialysis
using a 10 mm membrane with a 500 Da cutoff. The Cy5-labeled peptide was purified with Sephadex G-25
and then lyophilized. Spectrophotometry at 215 nm (Shimadzu Scientific, Marlborough, USA) confirmed the
success of the labeling process. The yield of the Cy5-labeled peptide was ten vials, each containing 450
HG-

Following, the labelled peptide was incorporated to SBA-15 (following item 2.2) and employed to test
the release of the peptide info cells. The uptake of SBA-15-Ac2-26Cy.5.5 and FITC-SBA-15 was measure
by flow cytometry (BD, Accuri C6, USA) in mouse macrophages Raw 264.7 and Caco-2 human intestinal
epithelial cells. The presence of the peptide Ac2-26Cy.5.5 was analyzed after 30 minutes, 2, 6 and 24 hours
after incubation with SBA-15-Ac2-26Cy 5.5. Caco-2 cell were used to measure the uptake of FITC-SBA-15
after 4 and 24 hours of incubation. After the incubation time, cells were collected and washed twice and
resuspended in PBS. In order to quantify the percentage of cell positive, at least 10,000 events were
collected. The events were collected with the delimitation of the principal population of healthy cells, and

the percentage was set in relation to the untreated condition_

Animals

Male C57BL6 wild-type (WT) mice were obtained from Faculty of Pharmaceutical Sciences of the
University of S50 Paulo, aged 8—10 weeks and weighting 20-25 g. They were maintained under pathogen-

free conditions and in a 12-hours light/dark cycle, at temperatures between 20 to 25°C, with free access to
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water and food. The protocol of study was approved by the Ethics Committee of Animal Use of the Faculty
of Pharmaceutical Sciences of the University of Sio Paulo (CEUA/FCF/ USP; protocol n®653), following

the Brazilian laws of animal ethics.

In vivo and ex vivo evaluation of SBA-15 and Ac2-26 in gastrointestinal tract

The homing of the SBA-15 in the gastrointestinal tract (TGI) was evaluated by FITC-SBA-15 coated
with Eudragit Eudragit-FITC-SBA-15 (400 pg/400 pl) was administered orally to health mice at day 6.
Animals were euthanatized 6 or 18 hours later to withdraw of the TGI. Ex vivo flucrescence images were
acquired using the VIS & Lumina LT Series Il equipment {(Xenogen Corp., Alameda, CA, USA) using the
following parameters: excitation/emission 465/520, automatic exposure time, F/stop 4 and binning of 4. For
Fluorescence intensity analysis we selected a region of interest and normalized by the corresponding areas.

The signals acquired were analyzed using Living Image Software version 4.7.2 in units of photons/s.

Experimental Colitis

Experimental colitis was induced by gavage (v.0.) of dextran sodium suffate (DSS) at 2%, conveyed
in the water of the animals from day 0-6, so that they receive constant doses of DSS. The animals were
divided into four groups: DSS, DSS + SBA-15-Eudragit (200 pyg) and DSS + SBA-15-Ac2 26-Eudragit-SBA-
15-Ac2.26 (200 pg/200 pg), both in a final volume of 400 pL. Treatments were performed daily by oral route,
between days 6 ® Naive or DSS groups were manipulated as the other groups, but with the carrier solution
PBS only (Supplementary Figure 1). Clinical parameters (body weight, diarrhea, and rectal bleeding) were
evaluated daily (Day 0 to day 10), to assess the evolution of the colitis. The Disease Activity Index (DAI)
was calculated from the sum of the clinical parameters. On day 10, the animals were anesthetized by
isoflurane inhalation (2-chloro-2-(diflucromethoxy)-1,1,1-trifluoroethane) and euthanized. The intestinal
length and macroscopic analyses were evaluated. Colon samples were collected from the ileocecal junction
up to the proximity of the anus, and employed to histological (distal colon), enzymatic and flow cytometry

(mid/proximal colon) analyzes.
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Histopathological analysis

Fragments collected from the distal part of the colon were fixed by 24 hours incubation in 4%
paraformaldehyde for 24 hours. Histopathological analysis was performed in 4 pm sections. Samples were
stained using hematoxylin and eosin solution and analyzed using an AxioCam coupled to a Zeiss
microscope (Carl Zeiss, Jena, Germany). The histopathological score analysis was performed blindly by
two analysts knowledgeable on characteristics of intestinal tissue. The score was adapted and considered:
tissue edema, dysplasia/altered histoarchitecture, crypt edema, inflammatory infiltrates, and ulcerations.
Ten photos were taken of each histological section using a 20x high power objective and scores were

evaluated on a scale ranging from 0 to 4.

Immunohistochemistry analysis

Colen sections were deparaffinized, hydrated and incubated with sodium citrate buffer (pH 6.0) at
96°C for 30 minutes. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, three times
washed after each in 10 minutes of incubation. Mext, blocking of unspecific binding sites was camed out
with 1% B3A diluted in Tris-buffer saline (TBS) for one hour. Sections obtained were incubated with
antibodies for: Claudin-1 (1:50), MUC-2 (1:200), PCNA (1:10) and CD163 (1:100). Afterwards they were
washed and incubated with a secondary antibody conjugated with HRP (1 hour, room temperature), and
detected using 3,3'-diaminobenzidine. The sections were photographed using an AxioCam coupled to a
Zeiss microscope (Carl Zeiss, Jena, Germany) with a 40x high power objective. The percentage of marked
area of Claudin-1 was quantified using ImageJ software. Results were expressed as mean + S.EM. of
percentage of marked area. The quantification of MUC-2, PCNA and CD163 were evaluated by using a 40x
high power objective in ten fields of the mucosal layer from sections and the number of positive cells were

quantified for each field assessed. Results were expressed as mean + S E M. of cells per field.

Isolation of Leukocytes from Lamina Propria and Flow Cytometry

Leukocytes from proximal colonic lamina propria were isolated after washes with 2 mM EDTA

followed by digestion with collagenase |l and IV from Clostridium histolyticum (1 mg/mL). The cells were
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washed through 40-pm strainers (Coming, Coming, NY, USA) and stained with Ly6G (PE) and F4/80
(PerCpCy5.5). Positive populations were determined by labeling with single antibodies. A minimum of
10,000 events per sample were acquired on a BD Accuri C6 Flow Cytometer (BD, Becton Dickinson, New
Jersey, US). The results were expressed as percentages of positive cells normalized by controls from each

experiment.

Statistical Analysis

The experimental colitis was subjected to analysis of clinical parameters using Two-way ANOVA with
a subsequent Bonferroni post-test. In addition, for other analyses, One-way ANOVA was utilized, follow'd
by Tukey's post-test. The significance level was set at p < 0.05, and the results were presented as mean +

SEM. GraphPad Prism Software 7.0 was employed to conduct the statistical analyses.

Results

Ac2-26 solution is composed of rod-like particles

Ac2-26 was successfully dispersed in deionized water at a concentration of 6 mg/mL, allowing
future experiments that could require higher concentrations. It is interesting to observe that the sample is
more viscous than pure water and slightly hazy, which points out the likely existence of large aggregates,
being those features mitigated after dilution. To probe such aggregates, we proceeded with DLS assays.
Figure 1A shows the obtained autocomrelation function (black filled circles), C(1), fitted with the non-
negatively constrained Least Squares (NNLS) method® (red continuous line). From the satisfactory fitting,
the size distribution weighted by intensity, volume and number was evaluated (inset of Figure 1A). As
observed, there are three populations of particles with sizes (23 £ 1) nm, (109 + 28) nm and (58 + 18) um,
being the first one the most numerous. Considering the results, none of these sets corespond to the peptide
alone, with only 3089.46 Da of molecular weight, as informed by the manufacturer, but its self-assembled
supramolecular structure and even aggregates. It is important to realize that such type of analysis assumes
a spherical shape for the probed objects. To confirm this feature, we performed SAXS experiments on the
same sample used for DLS.
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The obtained SAXS data is shown in Figure 1B (black filled circles), and it was satisfactorily fitted
by the Indirect Fourier Transform (IFT),*® implemented in the WIFT software [38]. From the fitting (blue
continuous line), the so-called pair distance distnbution, p(r), is obtained (inset of Figure 1B, blue continuous
line), which provides the particle’s longest length of ~23 nm (where p{r) = 0), in agreement with the DLS
results concemning the population with the smallest objects. Furthermore, the pair distance distribution, p{r),
suggests the presence of elongated particles, for instance, with rod shape. In this context, a test was
performed in which the SAXS data was fitted with a simple cylinder model. A lognormal size distribution for
the radii values was also used, as in previous works ** The obtained satisfactory fit (Figure 1B, red
continuous line), corroborates the hypothesis of the cylindncal shape. Inthis case, the objects have average
radius of ~3 nm, according to the obtained size distnbution (inset of Figure 1B, red continuous line) and
length of ~80 nm. The former value is out of the probed scale length, defined by the minimum value of the
q range, thus it cannot be precisely determined. Thus, the value ®icated by the p(r) function, ~23 nm, was
assumed as the cylinder length.

Allin all, SAXS and DLS results suggest the peptide self-assembly into rod-shaped particles.

SBA-15 is a suitable mesoporous to anchorage Ac2-26

The incorporation of peptide into SBA-15 was around 88,8% £ 1.2 (n=4) 88,8%, measured by the
Bradford dye-binding method. SAXS measurements were performed on powder samples of pure SBA-15
and SBA-15 containing the peptide (sample SBA-Ac-26). The obtained data is shown in Figure 1C (black-
filled circles) and the obtained results are comparable to already reported for ordered mesoporous silica
data.*™* |t is interesting to note that both curves, with and without peptide, are very much alike.

To quantitively describe their nanostructure and eventual differences, we proceeded with the data
analysis using the model fully detailed by Losito et al 2021a.4' The main fitting parameters, as well as their
values, are summarized in Table 1, while their meaning is explained in the following: R and T correspond
to the core radius and the shell thickness, respectively, of the core-shell cylinder modeling the mesopores,

being g,.,; the shared standard deviation of the log-normal size distribution of R and T. The parameter

:i‘:::! informs about the contrast electron density of the core relative to the shell. For ideally “empty”
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Bocove Otherwise, Afeore . ) is an indication about the existence of some material inside
Bpcherr Apshel

mesopores,

the mesopores. a is the |attice parameter and o, quantifies the distortion of the lattice relative to an ideal
2D-hexageonal one (for an ideal lattice, &, = 0). Finally, AP is the scale factor of the Pored term (propertional
to g—* decaying law) and monitors, for instance, changes at the low q region of the SAXS curve related to

the presence of large aggregates, while (7 Spp— is the radius of gyration related to the polymer-like

scaftering at high g onginated from the synthesis of the SBA-15.

As expected, both curves have structural parameters with close values, except for the AP
parameter. In comparison to pure SBA-15, its value increased ~3 times with the addition of peptide, which
suggests the presence of material on the SBA-15 macroporasity. Moreover, the parameter Apeore /APshan
slightly increased with the peptide incorporation, indicating that a fraction of material is inside the
mesopores. Considering the percentage of peptide anchorage was 87%, as previously discussed, possibly
most of the Ac-26, in its aggregated/self-assembled form, is in the SBA-15 macroporosity.

To have more information on the SBA-15 pore filling by the peptide, MAl expenments were
performed. The sorption results related to the SBA-15 samples, pristine and loaded with Ac2-26
({peptide:silica, 1:35 wi%), are shown in Figure 1D and are similar to those reported by Zhao et al 1998,
for SBA-15 material. The isotherm of both samples shows hysteresis loops with sharp adsorption and
desorption branches, which indicates a narrow pore size distribution (PSD). From the guantitative analysis
using the Brunauer—Emmett—Teller (BET) and Barrett-Joyner—Halenda (BJH) medels as well as the
calculations based on previous works,* the PSD was obtained (inset of Figure 10) along other useful
parameters summarized in Table 1. Although the PSD of both samples are very similar, data presented in
Table 1 show a reduction of around ~55% in the surface area (intemal mesopicroporosityxternal
macroporosity) after the incorporation of the peptide into SBA-15. Also considenng the reduction of ~62%
in the available mesopore volume, that can either indicate their filling or blocking of the pore entrance, we
can conclude that the peptide is located inside the silica porosity (mesopores andlor macropores). In
combination with SAXS results, the hypothesis that likely most of the peptide is in the SBA-15 macroporosity
is reinforced. Furthermore, the possibility of increase the peptide concentration is evident, since there is

still “free space” in the SBA-15 porosity, with the care of preserving a homogenous distnbution.
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SBA-15 does not cause cytotoxicity and releases Ac2-26

Fluorophore labeling was employed to investigate the uptake of SBA-15 and the release of the Ac2-
26 by SBA-15 info cells. SAXS measurement showed the incorporation of flucrophore to SBA-15 without
robust changes in the SBA-15 scattering profile (Supplementary Figure 2). We here show the low uptake
of SBA-15 by differentiated colonic epithelial cells (Figure 2A and D, Supplementary Figure 3) and 3D
colonic organoids (Figure 2B, Supplementary Figure 3}, which indicate SBA-15 may be low absorbed in the
gut. Moreover, further flow cytometry analysis confirmed this data (Supplementary Figure 4). Nonetheless,
enhanced epithelial permeability or even disruption of the epithelial barrier that occurs during gut
inflammation may favor the microparticle influx into tissue.

Hence, SBA-15 may be taken up by phagocytes in the inflamed tissue. Data presented in Figure 2C
showed that J774 murine macrophages engulfed the microparticle by phagocytosis, as the percentage of
intake was blocked by cytochalasin D with a concentration of 20 pM. The uptake of microparticles increased
with time (Figure 2E and F) and did not cause cytotoxicity until 48 hours of incubation (Figure 2G). Indeed,
these data corroborate previous data depicting SBA-15 as a promising drug carrier into epithelial cells in
the gut and inflammatory phagocytes 4°

To evaluate the delivery of Ac2-26 by SBA-15, Caco-2 epithelial cells were incubated with SBA-15
loading Ac2-26-Cy5.5 labeled. Flow cytometry assay detected fluorescence emitted by Ac2-26-Cy5. 5 in the
epithelial cells after 30 minutes of incubation, which was increased 6 hours after incubation (Figure 2H).
Furthermore, similar data was found in Raw 264 7 macrophages, which also evidences the capability of

SBA-15 to deliver the peptide into phagocytes (Figure 2H).

Eudragit-SBA-15 biodistribution in gastrointestinal tract (GIT) and peptide release
into gut
Notably, the in vitro dissolution analysis showed that the Ac2-26 peptide was released from Eudragit-

SBA-15 in a pH solution close to that found in the duodenum (Supplementary Figure 5). Hence, to confirm
if the peptide was delivered into the gut, Eudragit-SBA-15-Ac2-26Cy.5.5 was orally administered, and the
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intensity of fluorescence was achieved in GIT after 3 hours of administration, which remained until 8 hours
of analysis (Figure 3A and B).

To evaluate the transit of Eudragit-FITC-SBA-15 in the GIT conditions and achieve the large infestine,
we track the treatment 6 and 18 hours after oral administration into mice. The measurement of signals
detected the Eudragit-FITC-SBA-15 in the small and large intestines at 6 hours and 18 hours after
administration, respectively (Figure 3C and D).

Associated data obtained showed Eudragit-SBA-15 remains in the GIT for at least 18 hours, which may
lead to sustained release of the peptide into the gut, addressing further analysis of the therapeutic efficacy

of the Eudragit-SBA-15-Ac2-26 by oral route on IBDs.

Eudragit-SBA-Ac2-26 reduces clinical symptoms and inflammation in the gut

DSS-induced colitis is a standard model of experimental IBD 45 DSS administration orally triggers the
peak of the disease on day 6, and the withdrawal of DSS promotes the iniial recovery of fissue on day
10.18222247 Hence, the Oral Eudragit-SBA-15-Ac2-26 treatment started at the peak of the disease (day 6)
and was maintained at the beginning of the recovery phase (day 10). Treatments were performed once a
day based on the TGI distribution of SBA-15 and peptide release. Data obtained showed that Eudragit-
SBA-15-Ac2-26 oral administration prevented weight loss and induced colen length recovery, leading to
lower DAl (Figure 4A-C). Moreover, the treatment inhibited the influx of neutrophils and macrophages into
the inflamed gut, reduced the secretion of inflammatory cytokines TNF-a and CXCL-1, and enhanced the
secretion of the anti-inflammatory cytokine IL-10 (Figure 4D-H). The beneficial effects of the treatment were
due to Ac2-26 loading, as treatment with Eudragit-SBA-15 did not prevent clinical symptoms and

inflammation parameters (Figure 4A-H).

Eudragit-SBA-Ac2-26 improves the gut histoarchitecture

Histological analysis of the tissue showed that DSS administration induced ulcers, crypt abscesses,

vacuolar hydropic degeneration, submucosal edema, and mucosal/submucosal massive inflammatory cells
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infiltrate. These alterations were reduced, and the colonic histological architecture was recovered by the
Eudragit-SBA-15-Ac2-26 oral treatment (Figure SA).

Immunchistochemical analysis was carried out to depict the mechanisms inveolved in the protection
of gut architecture caused by Eudargit-SBA-15-Ac2-26 treatment. DSS administration led to lower
expression of claudin-1, ene major component of tight junctions, essential for the epithelial cells’ barrier
integrity; reduced mucin-2 marker, associated with goblet cells, leading to impaired mucus secretion;
reduced epithelial cell proliferation and reduced the amount of anti-inflammatory M2 macrophage in the

tissue. Eudragit-SBA-15-Ac2-26 oral treatment rescued all effects on tissue architecture (Figure 5B-E).

Discussion

The oral route is the most preferred for drug administration to treat I1BD as it is not invasive, allows
high patient compliance and flexibility on dose adjustment, and delivers the drug directly to the colonic
region.*® Nonetheless, small molecules and proteins present poor bicavailability by oral route administration
and require suitable pharmaceutical technical approaches to resist the bacterial and enzyme-nch
environment and different pHs in the gastrointestinal system.*® Based on the robust beneficial actions of
AnxA1 on IBD, we here inferred that AnxA1 mimetic peptide Ac2-26 could be incorporated into the SBA-15
ordered mesoporous silica microparticle, and the polymer coverage, using the well-known Eudragit® (L30
D55 polymer, Evonik), could protect the SBA-15-Ac2-26 from the unwanted harms of the TGl to deliver
Ac2-26 into the inflamed colon area.

SBA-15 has a high thermic, hydrothermal, and mechanic-resistant matenal ** conferming its ability
to resist pH and enzymatic actions [46]. The structural components of SBA-15 contain many essential
sylanol groups (Si-OH)*42 to bond substances in its structure. SBA-15 also presents a high surface area,
large pore volume, and narrow mesoporous pore size distribution, around 10 nm. Together, these properties
allow the safe transport of small molecules through the TG #3-* In fact, by means of the modeling of SAXS
data, in combination with NAI results, it was possible to conclude that a fraction of the Ac2-26 peptide is
loaded into the SBA-15 mesopores. In contrast, the remaining amount is somehow on the silica surface, a

similar scenano observed in previous studies,*?5 in which the authors loaded proteins instead of peptides.
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As suggested by Rasmussen et al (2019),%¢ the biological content of the SBA-15 macroporosity is still being
protected against harsh environmental conditions such as the TGL.

Positively charged molecules can undergo electrostatic interactions with anionic components such
as glycoproteins expressed on the epithelial cells. This results in charge neutralization and alteration of the
fight junctions’ permeability, allowing the transport of positively charged molecules.* For this reason, SBA-
Ac2-26 was further covered with Eudragit®, a pH-responsive anionic copolymer produced from methyl
methacrylate and methacrylic acid. It exhibits pH-dependent solubility characteristics, remaining stable
under acidic conditions but dissolving in basic pH (pH >7.0)%® to facilitate drug release, which in
physiological conditions can start in the distal ileum. Eudragit is an efficient drug carmer in the lower pH of
the inflamed gut, as it carries a significant negative charge, enabling its preferential absorption to sites of
inflammation. Image tomography analysis corroborated that Eudragit-SBA-15 administered by oral route
remained in the GIT for an extended period, suitable for delivering drugs to the gut. Moreover, the Eudragit-
SBA-15 uptake by in vitro gut epithelial cells in two or tri-dimensional cell models was deficient, reinforcing
the hypothesis that SBA-15 is not absorbed in the gut and could be excreting by feces *® Further data
addressed Eudragit-SBA-15 as a suitable platform to deliver the peptide into the gut, as Ac2-26 was
detected in the epithelium after in vifro incubation with SBA-15-Ac2-26, and Eudragit-SBA-15 delivered
Ac2-26 into the gut for an extended period after oral administration.

The inflammatory environment disrupts the intestinal barier in IBD, resulting in increased
permeability, allowing the leakage of nanoparticle-based therapies to the lamina propna and the subsequent
engulfment by phagocytes 5452 It may be a suitable mechanism of SBA-15-Ac2-26 in IBD, as we here
corroborated that macrophage efficiently phagocyte SBA-15.

The beneficial effects Ac2-26 on IBD symptomatology are related to its binding to FPR1 on the
inflamed epithelium 2526 Moreover, AnxA1 is highly expressed by neutrophils and macrophages in the
lamina propria and mediates the efferocytosis via FPR2 agonism. 82 Ac2-26 acts like AnxA1, binding to
both receptors for downstream anfi-inflammatory and fissue repair through intracellular pathways ® These
concepts can be addressed fo SBA-15 distnbution and Ac2-26 biological response to oral treatment of
colitis. The treatment promoted rapid beneficial effects, detected by the marked reduction of weight loss 24

hours after the first treatment, which was sustained for the following three administrations once a day during
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the recovery phase of the disease. The effectiveness of the oral treatment of colitis could not be compared
to the free Ac2-26 administration due to the poor bioavailability of peptides by oral intake 5 On the 10" day
of the disease, the treatment inhibited the influx of neutrophils and monocytes into inflamed tissue and
reduced the levels of pro-inflammatory cytokines secreted in the tissue. The latter effect could reflect the
lower number of inflammatery cells. Indeed, Ac2-26, similarly to AnxAl, detaches adhered cells to
endothelial cells, thus limiting their trafficking to inflamed sites;55-% nonetheless, Ac2-26 inhibits the
secretion of pro-inflammatory cytokines by transcriptional and post-transcriptional pathways 2562
Conversely, levels of the anti-inflammatory and pro-resolution IL-10 cytokine were enhanced by the
treatment and agreed with the high amounts of anti-inflammatory CD163 M2 macrophages in the tissue of
treated mice. Ac2-26 is a recognized resolvin peptide that polarizes M2 macrophages and induces
neutrophil apoptosis to further phagocyted by M2 macrophages. 27236557

Beyond reducing inflammation, Eudragit-SBA-15-Ac2-26 treatment favored tissue repair by rescuing
the tight adhesion molecule and claudin-1 expression and promoting epithelial cell proliferation. Such
AnxA1 as Ac2-26 induces epithelial repair in different models, and the underlying mechanisms involve the
binding to FPR1/FPR2 receptors to downstream ERK1/2 phosphorylation pathway and inhibition of RhoA-
ROCK signaling.#752-7=

Conclusion

We here designed a polymer-covered microparticle containing the antiinflammatory peptide Ac2-26
as a platform for targeted drug delivery to the inflamed colon by oral route administration. This conception
was based on the high incorporation of small molecules into the microparticle mesoporous, which polymers
could cover to protect it from the TGI adversities to drug delivery. Indeed, around 88% of the Ac2-26 peptide
was incorporated, and the massive peptide release occurred in pH close to the gut microenvironment,
suggesting that the peptide could be effectively protected from premature release until it reached the ileum
and colon. Further data corroborated the platform's efficiency, as Eudragit-SBA-15 reached the large
intestine in 18 hours, delivered the peptide in the gut, and clinical colitis recovery was detected in the first
24 hours of treatment. After four doses, once a day, the inflamed tissue was recovered, showing the

peptide’s anfi-inflammation and tissue repair actions. Therefore, this platform holds promise, particularly in
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444  safeguarding and delivering Ac2-26 at the inflamed colon to trigger the distinct intracellular pathways, which

445 are recognized as underlying mechanisms of AnxA1 protection in IBDs.
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Legend for Figures

Figure 1 A Autocorrelation function (filled black circles) fitted by the NNLS method (continuous line). Inset:
Hydrodynamic diameter distributions of the peptide weighted by number, volume, and intensity. B SAXS
data of the peptide in solution (filled circles) fitted by the IFT method (blue continuous line) and the cylinder
model (red continuous line). Inset: The obtained p(r) function, from IFT, and the size distnbution function of
the cylinder radius, N(D), from the model fitting. C SAXS data (filled black circles) of the pure SBA-15 and
the SBA-15 incorporated with Ac2-26 (sample SBA-Ac2-26) fitted by the SBA-15 model (red continuous
line). The curves were vertically shifted for a clearer visualization. D MAI data of pristine SBA-15 and the
SBA-15 incorporated with Ac2-26 (sample SBA-Ac-26). Inset: Pore size distnbution (PSD, adsorption and

desorption).

Figure 2 A Representatives pictures from differentiated EDMs treated FITC-SBA for 24 hours. D The
percentage of microparticles uptake was determined. B Representative pictures showed 3D murine
organoid challenged with microparticles and cultured for 6 days. C Representative pictures showed
macrophages J774 challenged or not with microparticles for 24 hours in presence or absent of phagocytosis
inhibitors (cytochalasin D). E and F represent the uptake quantification of FITC-SBA after 4 hours (4h) and
24 hours (24h) after treatment. G In All images, green inside the cells represent microparticles
internalization. Cytotoxicity by MTT assay using murine macrophages Raw 264.7. Ac2-26, SBA and
Ac2-26-SBA concentrations 1, 2, 3 and 4 corresponding to 0.5, 5, 10 and 50 pg/mL respectively. H
Representative graph showing the percentage of Caco-2 or Raw 264.7 cells positive for Ac2-26-Cy5 at
different time points: 30 minutes (30min), 2 hours, 6 hours and 24 hours. The lower left side represents the
Caco-2 and Raw 264.7 histogram median of flucrescence (upper line) and the percentage using forward
scatter height (FSC-H) vs fluorescence emission for Cy5. Data obtained from the flow cytometry Accun C6
software after 30 min and 24 hours. D as determined by parametric Student’s t-test. E and F as determined
by One-Way ANOVA and Tukey multiple comparisons. H as determined Two-Way ANOVA and Tukey

multiple comparisons. * <p 0.05, ** <p 0.01 and **** p< 0.0001. #### p< 0.0001.
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Figure 3 Biodistribution along the TGI of Eudragit-SBA-Ac2-26Cy5.5 Eudragit-FITC-SBA-15. Mice were
treated orally and the intensity of the distribution is represented by photons/s. A Eudragit-SBA-Ac2-26Cy5.5
distribution was analyzed after 3 hours and 8 hours /n vive (top) and the TGl analyzed separately ex vivo
{botton) at the same time points. The yellow color represents the higher intensity in the tissue. B Eudragit-
FITC-SBA- 15 biodistribution ex vivo along the TGI after 6 hours and 18 hours. The red color represents the

higher intensity in the tissue.

Figure 4 Clinical, cellular and secretory profile of DSS-induced colitis mice treated with Eudragit-SBA or
Eudragit-SBA-Ac2-16. A Percentage of body weight loss; B Anatomic evaluation of the colon and length
measure; C DAI; D Percentage of macrophages isolated from lamina propna (CD45+/F4/80%); E Percentage
of neutrophils isolated from lamina propria (CD45+/Ly6G*); F TNF-a; G CXCL-1; H IL-10. n = 10 mice/group.
*p<005 *p<0.01,* p<0.001 vs DSS. & p < 0.05, && p < 0.01, &&& p< 0.001 vs Eudragit-SBA-15.
Abbreviations: DAl, disease activity index. DSS, dimethyl sulfoxide.

Figure 5 Histopathological sections performed with HE dye. A Histopathological score represented by
arbitrary units. The sections were blindly evaluated and considered alterations were highlighted. Tissue
edema (square brackets), inflammatory infiltrates (black ammow head) and ulcerations (red arrow). Naive
section presenting normal histoarchitecture. Mice colon sections submitted to IHC. B Representative
secfions and percentage (%) of marked area for Claudin-1 marker. C Representative sections and, number
of positive cells per field for MUC-2 marker. D Representative sections and, number of positive cells per
slide for PCNA marker. E Representative sections and, number of positive cells per field for CD163 marker.
n = 10 micefgroup. Scale bar: 50 pm. Sections: 4 pm._ * p < 0.05, ** p < 0.01, *** p< 0.001, *** p < 0.0001
vs DSS. . & p <0.05, &38&8 p < 0.0001 vs DSS + Eudragit-SBA-15.

Table 1 Structural and textural properties of the pristine SBA-15 sample and the SBA-15 incorporated with
Ac2-26 (sample SBA-Ac-26) obtained from SAXS and MAI technmiques. All uncertainties in the last digt,

when exist, are presented between parentheses.
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