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Nascimento CR. Comparacéo das linhagens monociticas U937 e THP-1 como
modelos de macrofago para estudos in vitro [dissertacdo de mestrado]. Araraquara:
Faculdade de Odontologia da UNESP; 2022.

RESUMO

Macrofagos sdo células mieldides do sistema imune, caracterizados pela atividade
fagocitica e capacidade de apresentar antigenos via MHC-Il. Em sua maior parte,
podem ter mondcitos como precursores. Sao ceélulas altamente responsivas a sinais
do microambiente, podendo assumir diferentes fen6tipos em um espectro que varia
de um perfil pré-inflamatério (ou ‘classico’) denominado M1, até um perfil anti-
inflamatério (ou ‘alternativo’), denominado M2. Macréfagos M1 podem ser
polarizados por estimulos inflamatérios e microbianos como LPS e IFN-gama,
resultando no aumento da producdo de citocinas inflamatoérias, maior atividade
microbicida e producdo de ROS. Macréfagos M2 também conhecidos como pro-
reparo, apresentam maior atividade fagocitica e propriedades angiogénicas podendo
ser diferenciados por IL-4, IL-10 e IL-13. Macrofagos tem um papel central na
homeostase, patogénese e reparo, assim ha grande interesse nestas células para o
entendimento de processos biologicos relacionados a diversas doencas e processos
de reparo, além de serem um importante alvo terapéutico potencial. THP-1 e U937
sdo as linhagens monociticas humanas mais comumente utilizadas como
precursores de macréfagos, porém podem apresentar diferencas importantes na
resposta biologica, influenciando as informacfes obtidas. Este trabalho tem o
objetivo de caracterizar a resposta biolégica de macrofagos derivados das linhagens
monociticas THP-1 e U937, contribuindo para a selecdo da melhor linhagem celular
segundo a area de interesse em pesquisa. Diferentemente de mondcitos primarios,
M-CSF ndo induziu a diferenciacdo em macréfagos, indicada pela adesdo ao
substrato de cultura in vitro e por alteraces morfologicas, tanto da linhagem de
THP-1 quanto U937, sendo necessario o estimulo com forbol-miristil-acetato (PMA).
A partir dos resultados observou-se que a condicdo M1 leva ao aumento da
expressdo de TNF e IL-6 e reducéo da expresséao de Argl e IL-10 determinados por
RT-gPCR assim como maior producdo de ROS avaliada por citometria de fluxo e
aumento da secrecdo de IL-6 e IL-1B determinada por ELISA. Condigdes M2
induziram maior atividade fagocitica apenas para macrofagos derivados da linhagem
THP-1. Os resultados indicam que h& diferencas entre as linhagens THP-1 e U937
na resposta a estimulos externos, mas existem similaridades com a resposta
bioldgica de macréfagos primarios. Por fim, macréfagos derivados da linhagem THP-
1 tendem a ter maior responsividade a estimulos M1 e a assumirem um fendtipo
relacionado ao perfil pré-inflamatorio/classico, enquanto macrofagos derivados da
linhagem U937 apresentam maior responsividade a estimulos M2 e desvio fenotipico
para o perfil alternativo/de reparo.

Palavras-chave: Ativacdo de macrofagos. Células THP-1. Células U937. Fendtipo.



Nascimento CR. Comparison of monocytic cell lines U937 and THP-1 as
macrophage models for in vitro studies [dissertacdo de mestrado]. Araraquara:
Faculdade de Odontologia da UNESP; 2022.

ABSTRACT

Macrophages are immune cells of myeloid origin, characterized by phagocytic activity
and by capability of antigen presentation via MHC-II. Peripheral blood monocytes can
differentiate into macrophages in the tissues. In response to multiple signals in
microenvironment, macrophages can transiently and reversibly assume different
phenotypes, ranging in a spectrum from varying from pro-inflammatory (or “classically
activated”) also known as M1, to an anti-inflammatory (or “alternatively activated”)
also known as M2. M1 macrophages can be induced by microbial (e.g., LPS) or
endogenous (e.g., IFN-gamma) inflammatory stimuli and produce higher levels of
inflammatory cytokines, have higher microbicidal activity and greater production of
ROS. M2 macrophages are also known as pro-repair macrophages, have increased
phagocytic activity and angiogenic properties. This phenotype can be induced by
anti-inflammatory cytokines such as IL-4, IL-10 and IL-13. Macrophages play a
central role in homeostasis, pathogenesis, and repair, justifying the interest in these
cells for the comprehension of biological mechanisms associated with disease and
repair processes, as well as an important potential therapeutic target. THP-1 and
U937 are the two most used human monocytic cell lines. Albeit rarely the
experimental choice for one cell line or another is rarely justified, these two monocytic
cell lines have important differences in their biological response, which influences the
information derived from these studies. The goal of the present study is to
characterize the biological response of macrophages derived from THP-1 and U937
monocytic cell lines, contributing to an informed selection of the best cell line
according to specific research goals. Unlike primary monocytes, M-CSF did not
induce macrophage differentiation of neither THP-1 nor U937 cells, as observed by
substrate adhesion and morphological changes, which required stimulation with
phorbol-myristyl-acetate (PMA). Based on the results it was observed that the M1
condition leads to increased expression of TNF and IL-6 and reduced expression of
Argl, and IL-10 determined by RT-gPCR; as well as increased production of ROS
detected by flow cytometry and higher secretion of IL-6 and IL-1B by ELISA. Under
M2 conditions, only THP-1-derived macrophages had increased phagocytic activity.
The results indicate that THP-1 and U937 cell lines do respond differently to the
same external stimuli, but both mimic the response of primary macrophages. Finally,
macrophages derived from THP-1 cells tend to have greater responsiveness to M1
stimuli and skew their phenotype to the pro-inflammatory/classical profile, whereas
macrophages derived from U937 cells exhibit greater responsiveness to M2 stimuli
and a phenotypic shift towards the alternative/repair profile.

Keywords: Macrophage activation. THP-1 Cells. U937 Cells. Phenotype.
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1 INTRODUCAO

Mondcitos sdo células mieldides do sistema imune inato encontradas na
circulacdo sanguinea, medula 6ssea e baco. No sangue possuem meia-vida curta
(~71 h em humanos) e podem representar uma populacdo de até 10% das células
nucleadas em um humano saudavel. Tem grande importancia para o sistema imune
inato devido a expressao de receptores de padrdo moleculares (PRRs), elevada
responsividade a sinais no microambiente, e atividade fagocitical?>. No processo
inflamatoério, mondocitos migram para o tecido afetado em resposta a um gradiente de
quimiocinas produzidas localmente e, dependendo dos sinais no microambiente

tecidual, podem se diferenciar em células dendriticas ou macréfagos®.

Macréfagos, comumente originarios da diferenciagdo de mondécitos em
condi¢bes inflamatérias e cancer 4 sdo células de vida mais longa e tamanho maior,
guando comparadas com seu precursor. De fato, a distincdo entre mondcitos e
macrofagos esta relacionada primariamente a diferencas na expressao de algumas
proteinas e marcadores, mas principalmente a alteracdes funcionais e morfolégicas,
bem como a sua localizagdo intra- ou extra-vascular. Algumas caracteristicas
diferenciais de macrofagos sdo: maior atividade fagocitica e antimicrobiana,
possibilitadas por um aumento no nimero de lisossomas e um caracteristico pH

acido, além da maior producéo de ROS®.

Além da habilidade de internalizacdo ativa de particulas que lhe da nome
(denominado por Elie Metchnikoff, o termo macréfago significa “macro”: grande e
“fago”: comedor®), essas células sdo conhecidas como apresentadores de antigeno
prototipicos. Moléculas internalizadas por fagocitose s&o processadas e
externalizadas em associacdo ao complexo de histocompatibilidade (MHC) II,
possibilitando a ativacao de linfocitos T. Além disso, macrofagos produzem multiplos
mediadores inflamatoérios que influenciam a quimiotaxia e atividade de outras células
da resposta imune inata e adaptativa, evidenciando seu papel central na resposta

imunel’.

A responsividade dos macréfagos aos sinais presentes no microambiente
(padrdées moleculares associados a micrébios ou ao dano — MAMPs e DAMPSs,
respectivamente) modula o estado de ativacdo dessas células. Os mediadores
biolégicos (quimiocinas, citocinas, metaloproteinases, produtos de reacdes



enzimaticas como prostaglandinas, leucotrienos, ROS e outros) influenciam o aporte
e ativacdo de outros tipos celulares no microambiente, contribuindo para determinar

o tipo de resposta que devera ser gerada® para o restabelecimento da homeostase.

Uma caracteristica fundamental dos macrofagos € precisamente esta alta
responsividade/versatilidade em relacdo a multiplos estimulos, a qual esta
diretamente relacionada a sua plasticidade fenotipica que possibilita aos macrofagos
assumirem (de forma transitéria e reversivel) diferentes fendétipos variando em um
espectro com um extremo pro-inflamatério e outro extremo anti-inflamatorio,
configurando os macréfagos como um “camaleao imunolégico”. Em um extremo do
espectro, macréfagos classicamente ativados, ou M1, tem fendtipo primariamente
pro-inflamatério, caracterizado por elevada producdo relativa de citocinas como
interleucina (IL)-1B, IL-6, IL-12 e TNF-a, além de alta expressédo do complexo MHC-II
e maior atividade microbicida, relacionada ao aumento da producdo de espécies
reativas de oxigénio (ROS). O perfil M1 pode ser induzido por sinais microbianos
(como LPS) ou inflamatérios (como IFN-y), e se caracteriza pelo aumento da

expressao relativa de marcadores como CD80, CD86, MHC Il entre outros®19,

O processo de resolucdo da resposta inflamatéria subsequentemente a
correcdo da injuria (por ex., infeccdo ou trauma) também conta com importante
participacdo de macréfagos, os quais sofrem alteracdo fenotipica em resposta aos
novos sinais no microambiente, associados ao reparo e/ou resolucao da inflamacéo.
Macréfagos de ativacdo alternativa, ou M2, também conhecidos como macréfagos
anti-inflamatérios ou pré-reparo, apresentam elevada expressdo relativa de
mediadores como IL-10, TGF-B e VEGF, além de aumento da atividade de
fagocitose. O perfil M2 pode ser induzido por sinais associados ao padrédo de
resposta de células T helper Th2, como IL-4, IL-10 e IL-13, e se caracteriza pelo
aumento da expresséao relativa de marcadores como CD206 e CD163%11.

E importante considerar que a resposta e transi¢éo fenotipica dos macréfagos
nao é absoluta, a expressdo de marcadores e funcdes bioldgicas associadas aos
perfis M1 e M2 ndo sdo mutuamente exclusivas, e o fendtipo dos macrofagos
transita no espectro entre estes extremos M1-M2, com expressao simultanea de
marcadores caracteristicos dos dois fendtipos pela mesma célula. A predominancia
da expressao/funcdes biologicas associadas ao perfil M1 ou M2 é o que caracteriza

um macréfago como “pro-“ ou “anti-inflamatério”. Em algumas situagdes ha
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persisténcia do processo inflamatoério devido a disturbios no controle inibitorio (por
ex., doencas autoimunes) ou devido a ineficacia ha remocao do estimulo inflamatério
(por ex., doencas periodontais ou doencas vasculares crénicas). Nestas condicoes,
podem ser encontrados no microambiente macréfagos de perfil predominante M1 e
M212‘13.

Macréfagos sdo um dos tipos celulares imunes mais prevalentes em diversos
tumores sélidos, sendo denominados macroéfagos associados ao tumor (TAM, tumor-
associated macrophages). O inicio de diversos tipos de tumores (por ex., tumores
gastricos, de pulméao e de cabeca e pescoco) esta relacionado a inflamacéo crénica
de baixa intensidade, assim macrofagos de perfil ‘classico’ ou M1 podem contribuir
para a tumorigénese por meio de dano ao DNA celular resultante da produgé&o
sustentada de ROS. Mudltiplos sinais presentes no microambiente de tumores solidos
estabelecidos, como reduzida tensdo de oxigénio e outros produzidos por células
neoplasicas, fibroblastos e outras células imunes influenciam os macrofagos que
assumem um perfil fenotipico caracteristico, frequentemente associado ao perfil
alternativo ou M2 (denominado ‘M2-like’) devido a atividade supressora da resposta
imune (por ex., maior expressdo de IL-10, menor expressdo de citocinas pro-
inflamatérias como IL-12 e TNF, menor atividade de apresentacdo de antigeno).
Esta caracteristica fenotipica supressora possibilita a evasdo da imunovigilancia
pelas células neoplasicas, além da producdo de mediadores angiogénicos que
favorecem a vascularizacéo e nutricdo no microambiente, bem como a possibilidade
de disseminacdo hematogénica e geracao de metastases. Importante destacar que
elevada infiltracdo de tumores solidos por TAMs esta associada a pior
prognostico'**®, demonstrando a relevancia deste tipo celular na progressdo e
resposta ao tratamento de tumores solidos, o que o0s torna um possivel alvo

terapéutico.

Desta forma, a relevancia dos macrofagos em diversas doencgas, condicfes e
processos de reparo torna estas células objeto de interesse, uma vez que a
compreensao da biologia dos macrofagos e os possiveis mecanismos pelo qual eles
podem modular processos de patogénese e reparo pode ser explorada para o

desenvolvimento de novas abordagens terapéuticas'®'’.

Estudos in vitro sdo fundamentais na investigacdo da biologia de macrofagos.

Estes trabalhos utilizam células monaociticas primarias obtidas do sangue periférico
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ou da medula de voluntarios humanos posteriormente diferenciadas in vitro.
Alternativamente, sdo empregadas linhagens monociticas humanas estabelecidas

como modelo experimental de macréfagos?®.

Constituidas por mondcitos circulantes, linfécitos T, B e NK, células
dendriticas, as células mononucleares de sangue periférico (PBMC, peripheral blood
mononuclear cells) sdo isoladas do sangue total por diferentes métodos, sendo o
mais comum a associacdo de uma etapa de centrifugacdo em gradiente de
densidade (utilizando um polimero de sacarose de alta densidade), seguida da
separacao (sorting) magnética ou por meio de citometria de fluxo. A manutencéo de
células priméarias usualmente requer mais atencdo e cuidados em comparacao as
linhagens celulares estabelecidas, além da reduzida longevidade das células
primarias em cultura. O rendimento do processo de isolamento de mondcitos
primarios € variavel, uma vez que a propor¢cao deste tipo celular em PBMC pode
variar entre 2 a 10%, assim a disponibilidade é mais limitada em comparacdo as

linhagens monociticas estabelecidas!®20.

A manutencdo de mondcitos primarios in vitro € dificultada pela limitada
proliferacdo destas células, e para retardar/inibir a senescéncia e apoptose, alguns
estudos indicam o estimulo com mediadores inflamatérios (por ex., IL-18 ou LPS)
que funcionariam como fatores de sobrevivéncia, porém ja influenciam no fenétipo
destas células. Outra dificuldade no uso de mondcitos primarios é a variacdo do
fenotipo e responsividade celular associada a caracteristicas individuais dos
doadores (incluindo sexo, idade, condicGes e estado geral de saude), a qual pode
introduzir importante heterogeneidade na resposta celular, bem como as implicacdes
éticas e de custo relacionadas ao recrutamento de mudltiplos doadores para

identificacdo de um padrdo de resposta consistente?:22,

A utilizagd@o de linhagens celulares monociticas pré-estabelecidas proporciona
disponibilidade virtualmente ilimitada, menor custo e maior consisténcia de resposta
biolégica. THP-1, U937, MonoMac 6, ML-2 e HL-60 s&o linhagens monociticas
humanas frequentemente utilizadas, as quais tem em comum a proliferacéo ilimitada
e resisténcia a apoptose por serem células neoplasicas (leucemia). Desta forma, as
caracteristicas convenientes destas linhagens representam também sua principal
limitacdo, uma vez que a resposta bioldégica de células neoplasicas pode ser

substancialmente diferente da resposta de células primarias ndo neoplasicas?.
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Apesar desta limitacdo, linhagens monociticas foram e ainda sdo intensamente
utilizadas por permitirem a investigacdo de mecanismos bioldgicos relevantes, os

quais séo verificados posteriormente em modelos in vivo.

Quando as células de interesse sdo os macrofagos, a dificuldade e baixo
rendimento do isolamento de células primarias a partir de tecidos e a impossibilidade
de expandir e manter estes macréfagos primarios em cultura por periodo
consideravel faz com que sejam utilizados monécitos como células precursoras, as
quais sdo estimuladas de forma a induzir sua diferenciacdo em macrofagos. As
linhagens THP-1 e U937 sdo as mais comumente utilizadas como precursoras de
macréfagos e destacam-se entre as linhagens monociticas por serem capazes de
mimetizar o processo de diferenciacdo de mondcitos primarios em macrofagos e por
apresentarem semelhancas morfolégicas e na resposta bioldégica em comparacédo a

mondcitos e macréfagos primarios?4.

A linhagem THP-1 foi estabelecida em 1980, a partir de criangca do sexo
masculino com 1 ano de idade portadora de leucemia monocitica aguda. Estas
células podem ser transfectadas, expressam receptor do complemento C3,
receptores Fc, tem atividade fagocitica e podem ser diferenciadas em macréfagos
por ésteres de forbol (TPA ou PMA). Tem proliferacéo ilimitada em meio de cultura
com minimos requisitos de suplementacao, e podem ser polarizadas nos diferentes

fendtipos de macréfagos??.

A linhagem U937 foi estabelecida em 1974 a partir da efusdo pleural de um
paciente do sexo masculino de 37 anos de idade apresentando linfoma histiocitico.
Esta linhagem também pode ser transfectada e expressa complemento C3, além de
TNF-alfa e pode ser diferenciada em macréfagos por ésteres de forbol (PMA). As
principais diferengcas com a linhagem THP-1 sé@o a origem (por serem derivadas de
linfoma histiocitico apresentam maior maturacdo) e a forma de imortalizacdo
(transformacao por virus Epstein-Barr). A facilidade de cultura em condi¢gbes pouco
exigentes em termos de suplementacdo também €& uma caracteristica desta
linhagem, que é frequentemente utilizada para investigar os mecanismos de

diferenciacdo de mondcitos em macréfagos?°2°,

Ambas as linhagens sao frequentemente utilizadas em sistemas de co-cultura

com outros tipos celulares para investigar mecanismos biolégicos de influéncia de
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monaocitos e macréfagos em diversas doencas e processos. Apesar das limitacdes
do sistema in vitro, resultados satisfatorios e replicaveis derivados de estudos com

estas linhagens sdo relatados e tém contribuido para o avanco do conhecimento?’28,

No entanto, existem indicacdes de diferencas importantes no comportamento
e resposta celular das linhagens THP-1 e U937, e a escolha por uma ou outra
linhagem frequentemente ndo é justificada biologicamente nos estudos, supondo-se
estar primariamente relacionada a disponibilidade e/ou experiéncia dos
investigadores com uma das linhagens. Assim, a identificacdo de possiveis
diferencas na resposta celular destas linhagens e a caracterizacdo de aspectos
biolégicos como a diferenciagéo, fenétipo e responsividade de macréfagos derivados
de cada uma destas linhagens monociticas é de grande importancia para que
pesquisadores facam uma selecdo informada da linhagem mais adequada para a
finalidade especifica do estudo e modelo experimental. Embora estas linhagens
sejam intensamente utilizadas como modelos experimentais confiaveis de mondcitos
e macrofagos, ndo h4 um consenso quanto aos protocolos utilizados para sua
diferenciacédo e polarizacao fenotipica, o que dificulta a interpretacdo de resultados
conflitantes reportados na literatura. Este trabalho ira explorar o comportamento
biolégico dessas linhagens frente a diferentes estimulos de diferenciacdo e
polarizacdo fenotipica, gerando informag¢des Uteis a diversas areas de estudo

envolvendo a biologia de macrofagos.
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2 PROPOSICAO

Este estudo tem o objetivo de caracterizar e comparar as linhagens
monociticas THP-1 e U937 em relacdo a diferenciacdo em macrofagos e algumas
caracteristicas bioldgicas, incluindo producdo de ROS, atividade fagocitica e

resposta a estimulos externos.
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3 PUBLICACAO

Comparison of monocytic cell lines U937 and THP-1 as macrophage models for

in vitro studies*

Camyla Rodrigues Nascimento?, Natalie Ap. Rodrigues Fernandes?, Laura Andrea

Gonzalez Maldonado?, Carlos Rossa Junior?

a- Department of Diagnosis and Surgery, School of Dentistry at Araraquara, Sao
Paulo State University (UNESP), Araraquara, SP, Brazil.

Abstract

Macrophages are innate immune cells that constitute an important bridge with
adaptive immunity and have an important role in homeostasis and in various
conditions and pathologies. Thus, understanding macrophage biology can improve
comprehension of diverse biological processes and provide insights into novel
therapeutic immunomodulatory strategies. Due to limited yield and technical difficulty
in isolating primary macrophages, in vitro studies commonly use monocytes as
precursor cells. Monocytic cell lines are a virtually unlimited source of macrophage
precursors and two of the most frequently used cell lines are THP-1 and U937.
However, there is great variability in macrophage differentiation protocols and scarce
information on possible differences in the responses of these cell lines. In this study,
we used a standardized differentiation protocol using PMA and compare the
response of the macrophages derived from THP-1 and U937 cells to M1- and M2-
polarizing conditions. THP-1-derived macrophages are more responsive and skewed
to M1 conditions/phenotype, whereas U937-derived macrophages were more
responsive and skewed to M2 conditions/phenotype. THP-1-derived macrophages
also had greater production of ROS and phagocytic activity. The similarities in the
responses of macrophages derived from these two monocytic cell lines to M1
conditions were the inhibition of phagocytosis and the increase in ROS production.
This information should be considered to make an informed choice on the cell line
used as in vitro macrophage model, according to the experimental goals and

biological context.

*0O artigo segue as normas do periédico Molecular Immunology.
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1. Introduction*®

Macrophages in inflammatory conditions and cancer frequently originate from
circulating monocytes (Kwak et al., 2021). Microenvironmental signals (Microbe or
Damage Associated Molecular Patterns- DAMPs and MAMPSs, respectively)
modulate their activation status and phenotype. Diverse biological mediators
(chemokines, cytokines, metalloproteinase, products of enzymatic reactions such as
prostaglandins, leukotrienes, reactive oxygen species- ROS, and others) produced
by macrophages can influence the afflux and activation of other cell types in the
microenvironment, further shaping the host response and ultimately reestablishing
homeostasis (Guilliams et al., 2018).

The relevance of macrophages in various diseases, conditions and repair
processes justifies the great interest in these cells, since understanding the biology of
macrophages and the possible mechanisms by which they can modulate
pathogenesis and repair processes can be explored for the development of new
therapeutic approaches (Funes et al., 2018; Locati et al., 2020). In vitro studies using
human cells are critical in investigating macrophage biology and rely either on
primary cells obtained from donors or on established monocytic cell lines (Baine, M.
J., Mallya, K., & Batra, 2013).

Peripheral blood mononuclear cells (PBMC) are isolated from whole blood and
include T and B lymphocytes, monocytes, and dendritic cells. The maintenance of
primary cells in culture is usually more demanding compared to established cell lines.
The yield of the primary monocyte isolation process is variable, since the proportion
of this cell type in PBMC range from 2 to 10%, thus availability is limited compared to
established monocytic cell lines. Moreover, there may be important variability in
phenotype and cellular response both inter- and intra-individual donors (Grievink HW,
Luisman T, Kluft C, Moerland M, 2016; Posch et al., 2016).

The use of pre-established monocytic cell lines provides virtually unlimited
availability, reduced cost, and greater consistency of biological response. THP-1,
U937, MonoMac 6, ML-2 and HL-60 are frequently used human monocytic cell lines,
which have in common unlimited proliferation and resistance to apoptosis because of
their neoplastic (leukemia) nature. Thus, the convenient characteristics of these cell

lines also represent their main limitation, since the biological response of neoplastic

* APENDICE A
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cells can be substantially different from that of primary non-neoplastic cells
(Daigneault et al., 2010). Despite this limitation, monocytic cell lines are intensely
used because they allow the investigation of relevant biological mechanisms, which
are subsequently verified in in vivo models.

THP-1 and U937 are the most commonly used monocytic cell lines used as
macrophage precursors because of their ability to mimic the macrophage
differentiation process and for the similarities to primary monocytes and
macrophages in morphology and biological responses (Aldo et al., 2013). The THP-1
cell line can be transfected, expresses C3 receptors and Fc receptors, have
phagocytic activity and can be differentiated into macrophages by phorbol esters
(TPA or PMA) (Chanput et al., 2014). The U937 cell line can also be transfected and
expresses C3 complement in addition to TNF-alpha and can be differentiated into
macrophages by phorbol esters (PMA). Distinctive characteristics of U937 cells in
comparison to THP-1 cells are their origin (since these cells derive from histiocytic
lymphoma, they are more mature) and the form of immortalization (transformation by
Epstein-Barr virus). Both THP-1 and U937 are not demanding in their culture
conditions (Minafra et al., 2011; Valdés Lépez JF, 2018).

Despite the limitations inherent to in vitro studies, the use of these cell lines
has yielded important and replicable information that contributed to the advancement
of knowledge on macrophage biology and their relevance in diverse contexts
(Benaiges et al., 2021; Spalinger et al., 2020). Nevertheless, there are indications of
important differences in the biological response of THP-1 and U937 cells, and the
choice of one or the other lineage is often not justified biologically in the published
studies. Speculatively, the use of U937 or THP-1 cells may be primarily related to the
availability and/or personal experience of the investigators. Thus, identifying possible
differences in cellular response of these cell lines and characterizing biological
aspects involved in macrophage differentiation and polarization in vitro can aid
researchers to select the most appropriate cell line for the specific purpose of the
study and experimental model.

There is no consensus on the protocols used for their differentiation and
polarization, making it difficult to interpret conflicting results reported in the literature.
This study will explore the biological behavior of these cell lines in response to pre-
defined differentiation and polarization stimuli, generating information that is useful to

several areas of study using these cell lines as in vitro models of macrophages.
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2. Material and Methods

2.1 Cell lines

The human monocyte cell line THP-1 was obtained from ECACC and U937 cells
acquired from ATCC. The both cell lines were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 1% antibiotics (P/S-penicillin and streptomycin). Cells were cultured in
a humidified incubator at 37 °C with 5% CO2. Both monocytic cell lines were
differentiated into macrophages by treatment with PMA at 10ng/mL for 24h. The
medium containing PMA was then removed, and cells washed gently with PBS to
remove residual PMA and non-adhered / dead cells. Complete RPMI medium (10%
FBS, 1% P/S) was added, and cells were maintained in culture for an additional 48h
(Baxter et al., 2020). At the end of this period, adhered cells were used for

experiments as ‘M0’ macrophages.

2.2 Differentiation of THP-1 and U937 cells in macrophages with PMA and M-
CSF —morphological and cytoskeletal changes
2.2.1 Morphology

Monocytic cells were cultured in 4-well chamber slides at a density of 70,000
cells/mL (500 pL/well). After 24 hours, cells were treated with 10 ng/mL of phorbol-
myristate- acetate (PMA; Sigma-Aldrich, St Louis,MO, USA) or rhM-CSF (Peprotech
Inc) at 50 and 100ng/mL concentrations. After 24 h, medium containing PMA was
removed, the attached cells gently washed with Ca/EDTA-free PBS, fresh RPMI
medium (10% FBS, 1% P/S) was added and the morphology of cells was registered
on a digital inverted microscope (brightfield). After an additional 48h in culture (72h
after treatment with PMA) cell morphology was registered again. For cells treated
with rhM-CSF, half of the volume was changed after 3 days including fresh rhM-CSF
and morphology was recorded in the same digital inverted microscope at the same
magnification on the 6" day of culture.

2.2.2 Cytoskeleton
Immediately after imaging cells in brightfield in each period (24 and 72 h for
PMA, 6 days for M-CSF), cells were fixed with paraformaldehyde, permeabilized in

saponin-containing buffer and stained with AlexaFluor488-conjugated phalloidin
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(Thermo Fisher Scientific) (40 nM) for 40 min, followed by DNA staining with DAPI
(Thermo Fisher Scientific) (2 ug/mL) for 5 min. After extensive wash with PBS, the
images were obtained at 100 and 400x magnification on an inverted digital
fluorescence microscope (Evos fl, AMG Micro) in three random fields.

2.3 Phenotypical polarization

PMA-differentiated macrophages were de-induced in low FBS culture medium
(RPMI, 1% FBS, 1% P/S) for 16-18 h. M1 polarization was induced by stimulation
with LPS (Sigma-Aldrich, Merck) (100 ng/mL) and IFN-y (Peprotech Inc) (20 ng/mL),
and M2 was induced by used IL-4 (Peprotech Inc) (20 ng/mL) and IL-13 (Peprotech
Inc) (20 ng/mL). The stimuli were maintained for 48h. The cells were collected to
assess phenotype, production of ROS, phagocytic activity and gene expression, and

culture supernatants was collected for ELISA.

2.4 Gene expression

Total RNA was extracted from lysed cells using affinity columns according to
the manufacturer’s protocol (Cellco, BR). The quantity and purity of total RNA were
determined by UV spectrophotometry and by the absorbance at 260 nm and the ratio
260/280 nm, respectively. 200 ng of total RNA were converted into cDNA using
random hexamer primers and synthetic reverse transcriptase in a reaction volume of
20 uL, following the instructions of the supplier (High Capacity cDNA Synthesis Kit,
Applied Biosystems, Invitrogen Corp., Foster City, CA, USA). qPCR reactions were
performed in a 10 L total volume reaction, including SYBR Green mastermix
(PowerUp SYBR Green, ThermoFisher Scientific), cDNA template, deionized water,
and human-specific pre-designed and optimized sets of primers (Table 1). Cycling
conditions were empirically optimized in control samples by assessing the melting
curve after 45 amplification cycles. Reactions were run on a StepOne Plus qPCR
thermocycler (Applied Biosystems, Invitrogen Corp., Foster City, CA, USA). Relative
levels of gene expression were determined by the ACt method using the
thermocycler’'s software and automated detection of the Ct. Expression of GAPDH
(no significant change in Ct in the different experimental conditions for both cell lines)

was used in the calculations as the normalizing gene.
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Table 1 — Primer sequences used in the assessment of gene expression by RT-qgPCR

Gene Transcript Sequence (5-3’)

GAPDH NM_002046.7 S- ACAACTTTGGTATCGTGGAAGG
AS-GCCATCACGCCACAGTTT C

IL10 NM_000572.3 S - GGCACCCAGTCTGAGAACAG
AS - ACTCTGCTGAAGGCATCTCG

TNF NM_000594.4 S - GCTGCACTTTGGAGTGATCG
AS - TCACTCGGGGTTCGAGAAGA

IL6 NM_000600.5 S- CCTGAACCTTCCAAAGATGGC
AS- TTCACCAGGCAAGTCTCCTCA

Argl NM_000045.4 S- GTGGAAACTTGCATGGACAAC

AS- AATCCTGGCACATCGGGAATC

2.5 Phagocytosis activity

PMA-differentiated macrophages from THP-1 and U937 cells were polarized to
M1 or M2 phenotype. Control ‘M0’ macrophages were treated with the same volume
of PBS in lieu of M1/M2 stimuli. 8 uL of 2.0 ym FITC-latex beads (L4530; Sigma-
Aldrich, St Louis, MO, USA) were added in 500 uL of complete culture medium. After
30 min at 37C/5% COg2, cells were thoroughly washed with PBS, enzymatically
dissociated from the culture substrate (Accutase, BD Biosciences), resuspended in
PBS + 2% FBS and analyzed by flow cytometry (BD FACS Verse, BD Biosciences).
The experiment was realized in triplicate with acquisition of 10,000 events in each
sample.

2.6 Production of ROS
CM-H2DCFDA substrate (Thermo Fisher Scientific) (50ng) was added to

cultures of PMA-differentiated macrophages of polarized to MO, M1, and M2
phenotypes. Following a 30min incubation at 37°C in the dark, cells collected by
gentle enzymatic dissociation (Accutase, BD Biosciences), washed in PBS and
resuspended in PBS + 2% FBS. Emission of fluorescence by ROS-converted
substrate was detected using flow cytometry (BD FACS Verse, BD Biosciences). The

experiment was realized in triplicate with the acquisition of 10,000 events/sample.

2.7 Cytokine secretion
Secretion of IL-6 (Interleukin-6), and IL-18 (Interleukin-1B) by PMA-
differentiated macrophages according to the polarizing stimuli was quantified in

culture supernatants sandwich ELISAs, according to the manufacturer’s instructions
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(Peprotech). The results were normalized to the total protein concentration in the

culture supernatant samples. The experiment was performed in triplicate.

2.8 Data Analyses

Data obtained from each experiment were analyzed using GraphPad Prism
6.0 (GraphPad Software Ind., San Diego, CA, USA). The purpose of the analysis was
to compare the outcomes assessed between cell lines (THP-1 vs U937) in the same
experimental conditions and among the polarizing conditions (MO vs M1 vs M2)
within each cell line (THP-1 or U937). The significance level was set at 95% (p<0.05)

in all analyses.

3. Results

3.1 Morphology

THP-1 and U937 cells cluster together PMA-induced differentiation

Neither monocytic cell lines showed morphological changes in comparison to
unstimulated controls at 24 h. There is comparatively more attached THP-1 than
U937 cells at 24 h. After 72 h (24 h of PMA stimulation and 48 h of ‘resting’), cells
were noticeably larger and maintained their pattern of clusters in small colony-like

formations, that were firmly adhered to the culture substrate (Figure 1A).

M-CSF failed to induce differentiation of U937 cells

After 6 days of stimulation with M-CSF (50 and 100 ng/mL), U937 cells failed to
adhere to the culture substrate, as nearly all cells were removed by gentle washing.
This indicates that M-CSF was not effective in differentiating this cell line into
macrophages. Similarly to the observation with the PMA stimulation, there were more
THP-1 cells attached at the end of stimulation, but cell size did not change in

comparison to unstimulated controls (Figure 1B).

3.2 Gene expression

Expression of TNF, IL-6, IL-10, and Arg-1 was differentially regulated by M1 and
M2 stimuli in THP-1 and U937-derived PMA-differentiated macrophages

In general, THP-1-derived macrophages were more responsive to M1 stimulation and

U937-derived macrophages were more responsive to M2 stimulation. TNF was
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induced in M1 conditions only in THP-1-derived macrophages. Moreover, fold change
in IL-6 expression induced by M1 conditions was also greater in THP-1-derived
macrophages. On the other hand, IL-10 expression was induced by M2 stimuli only
U937-derived macrophages, which also had increased regulation of Arg-1 expression
in both M1 and M2 conditions. (Figure 2 A).

3.3 Cytokine secretion

Regulation of IL-18 and IL-6 in M1 and M2 conditions is similar in macrophages from
both THP-1- and U937-derived macrophages

Regulation of IL-6 production was similar in macrophages derived from both cell
lines: M1 conditions greatly increase IL-6 secretion, whereas M2 stimuli decreased
IL-6 production below levels in MO macrophages. Regulation of IL-1 production was
similar (increased in M1, reduced in M2 conditions) for U937-derived macrophages,
whereas in THP-1-derived macrophages secretion of IL-18 in M2 conditions was
much lower than under M1 stimuli, but still greater than in MO conditions, which had
no detectable production of this cytokine. Overall, production of these candidate pro-
inflammatory cytokines was more pronounced in THP-1-derived macrophages.
(Figure 2 B).

3.4 Phagocytosis

THP-1-derived macrophages have greater phagocytic activity

Phagocytosis by THP-1-drived macrophages cells was markedly greater than that of
U937-derived macrophages in all phenotypical conditions. M1 stimuli significantly
reduced phagocytic activity of THP-1-derived macrophages, whereas M2 conditions
had no effect. U937-derived macrophages had the greatest phagocytic activity in MO
conditions, whereas phagocytosis was nearly abrogated in M1 conditions and

significantly decrease by M2 stimuli. (Figure 3 A).

3.5 Production of ROS

THP-1-derived macrophages produce more ROS

The percentage of ROS-producing cells was greater in THP-1-derived macrophages
than in U937-derived macrophages across all phenotypical conditions. In
macrophages derived from both cell lines M1 conditions increased and M2 stimuli

reduced the percentage of ROS-producing cells. (Figure 3 B).
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4.Discussion

Macrophages are terminally differentiated cells and their precise origin is
currently under debate, as they may have an embryonic precursor generating a
population of resident macrophages and differentiate from circulating monocytes of
myeloid origin (Nobs and Kopf, 2021; Sreejit et al., 2020). Established immortalized
monocytic cell lines are frequently used as a source of macrophages, which could
facilitate comparisons among studies using standardized methods because of the
greater homogeneity in cell response.

THP-1 and U937 are two widely used established human monocytic cell lines
considered to be capable of mimicking some responses of primary monocytes and
macrophages (Aldo et al., 2013; Spalinger et al., 2020). This study compares the
responses of THP-1 and U937 cell lines in their ability to differentiate into
macrophages and on common cellular responses of macrophages, including gene
expression, phenotypical polarization, production of ROS and phagocytosis. Overall,
both cell lines can differentiate into macrophages (based on changes in cell size and
attachment to culture substrate) but their responses to M1 and M2 polarizing stimuli
are distinct: THP-1 cells are more responsive to M1 conditions and U937 cells are
shifted towards the M2 phenotype.

Granulocyte—macrophage colony stimulating factor (GM-CSF) and
macrophage colony stimulating factor (M-CSF) are major endogenous growth factors
implicated in macrophage differentiation from monocytes (Jaguin et al., 2013).
Notably, stimulation with M-CSF in concentrations and periods sufficient to induce
differentiation of primary monocytes did not induce macrophage differentiation of
either THP-1 and U937 cells. Aldo et al., also reported on the lack of responsiveness
to M-CSF by THP-1 cells, as it did not increase expression of CD14 (Aldo et al.
2013). This may be associated with expression/functionality of M-CSF receptor by
these cell lines, although there is a report indicating c-fms gene and M-CSFR protein
expression and activation (Tyrosine phosphorylation) in IL-12-stimulated THP-1 and
U937 cells (Ma et al., 2015). Other possibilities include genetic drifting with changes
in phenotype which occurs with widely-distributed cell lines, differences in culture
conditions such as cell density that can affect responsiveness to external stimuli
(Aldo et al., 2013), and accidental contamination with other cell lines. According to

information on  American Type Culture Collection's (ATCC) website
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(https:/lwww.atcc.org/products/crl-1593.2), in 1994 PCR and cytogenetic analyses
showed that a number of stocks of U937 were contaminated with the human myeloid
leukemia cell line K-562, which prompted the temporary discontinuation of its
distribution. In this study, we used recently-acquired stocks of both THP-1 and U937
cells, the latter from a new stock (ATCC CRL-1593.2) that was tested and verified to
be free of second contaminant subpopulations.

Differentiation protocol with PMA was used as recently described (Baxter et
al., 2020) to obtain macrophages in a less-activated state, consistent with an MO
phenotype. Using this protocol, both THP-1 and U937 cells adhered to the culture
substrate after the initial 24 h, but there was no marked difference in cell morphology,
which was clearly noticeable as increased size for both cell lines after 72 h, which is
also reported by Aldo et al. (2013). Importantly, expression of candidate pro-
inflammatory genes in the absence of stimulation was lower than that after M1
polarization, but higher than that observed after M2 stimulation, suggesting that this
differentiation protocol yielded cells that were highly responsive to stimulation in
either direction of the macrophage phenotype spectrum. At the end of the
differentiation protocol, THP-1 cells had a more irregular morphology, which is
associated with pro-inflammatory/M1 macrophages; whereas U937 cells were more
uniformly round, a morphology associated with an M2 phenotypical profile (Tedesco
et al., 2015; Vogel et al., 2014). As M1 and M2 stimuli, we used 100 ng/mL LPS (100
ng/mL) + IFN-y (20 ng/mL) and IL-4 (20 ng/mL) + IL-13 (20 ng/mL), respectively,
which are commonly reported in the literature (Baxter et al., 2020; Rios et al., 2017;
Zhang et al., 2019).

Interestingly, subsequent experiments supported this morphological
association with macrophage phenotype, as THP-1 cells skewed more to an M1
phenotype (increased production of ROS and expression of pro-inflammatory
cytokines), whereas U937 cells were shifted towards the M2 phenotype, with reduced
expression and secretion of pro-inflammatory cytokines, increased expression of IL-
10 and lower production of ROS, which is associated with microbicidal activity,
reported as more pronounced in M1 macrophages (Zhao et al., 2019).

Phagocytic activity in vivo is reported to be more pronounced in M2
macrophages, (Jaggi et al., 2020; Denney et al., 2012; Tierney et al., 2009); and
indeed, under M1 conditions, both THP1- and U937-derived macrophages had a

significant decrease in phagocytosis. However, phagocytosis may be mediated by
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distinct receptors in M1 (FcR, Complement receptors) or M2 (non-opsonin receptors:
mannose receptor, DC-SIGN, integrins) conditions (Kurynina et al., 2018).
Nevertheless, M2 condition did not enhance phagocytosis by macrophages derived
from either monocytic cell line; which is contrary to the findings of Tedesco et al.
(2018), who reported a reduction in phagocytosis by THP-1-derived macrophages
under the same M2 conditions and an increase in phagocytosis associated with the
same M1 conditions. In fact, for U937-derived macrophages M2 stimuli reduced
phagocytosis in comparison to unstimulated (MO) conditions. Notably, the M1-skewed
THP-1-derived macrophages had significantly greater phagocytic activity than U937-
derived macrophages.

Interestingly, Kurynina et al. (2018) reported differences in phagocytitic activity
of THP-1-derived macrophages according to the differentiation stage and influenced
by the phenotype. Contrasts between our results and previous studies using the
same monocytic cell lines are likely to be associated with the differentiation protocol,
including concentrations of PMA, period of treatment and the inclusion of a ‘resting’
period after differentiation. Prasad et al., showed that differentiation of U937
monocytes with 100 ng/mL of PMA induced increased ROS production (Prasad et al.,
2020). Kuno et al., showed that phagocytosis by the U937-derived macrophages was
inversely related with the concentration of PMA used in their differentiation, with
lower phagocytic activity associated with higher concentrations of PMA (Kuno et al.,
2020). Other important details of the protocols, such as time of incubation with latex
beads in phagocytosis assays may account for some contrasting findings.
Collectively, this information highlights the importance of considering the
differentiation and other experimental protocols as important variables that may
significantly affect the functional outcome of the differentiated macrophages.

It is important to acknowledge that M1 pro-inflammatory and M2 anti-
inflammatory M2 phenotypes are extremes in a spectrum that are not absolute or
mutually exclusive, and macrophages assume a phenotype in this spectrum that
usually skews toward either extreme, meaning that the predominant genes
expressed and activity of biological functions conform to the phenotype in one end of
the spectrum, but some characteristics of the opposite end of the phenotype
spectrum may remain (ltaliani and Boraschi, 2014). Similarly, the cytokines
expressed are not unique to each profile and can lead to different responses

depending on concentration, timing of exposure and context (other cues in the
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microenvironment). It has been observed that exposure of M2 macrophages to the
cytokine IL-6, usually considered as pro-inflammatory, may further support this
phenotype instead of skewing macrophages to the M1 phenotype (Ayaub et al.,
2019).

Overall, these of this study indicate that, under the standardized PMA-induced
differentiation conditions, THP-1-derived macrophages are more responsive to pro-
inflammatory (M1) stimuli, whereas U937-derived macrophages are skewed towards
the M2/alternative phenotype. This information is useful in planning studies using
these monocytic cell lines that emphasize a specific pro- or anti-inflammatory

phenotype or a specific biological function of macrophages.

5. Conclusion

Our results show that the both THP-1 and U937 human monocytic cell lines
can differentiate into macrophages and mimic the responses of primary
macrophages. Also under the same standardized PMA differentiation conditions,
macrophages derived from each cell line have distinct biological responses to the
same stimuli, which makes them not ‘interchangeable’ as in vitro model of
macrophage precursor cells. Thus, even under the same differentiation conditions,
the choice of monocytic precursor cell should be based on the biological responses,
goals and biological context of interest.
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Figure 1- Morphology and substrate adhesion of THP-1 and U937 cells in different
differentiation conditions: representative brightfield and fluorescence images of THP-1 and
U937 cells according to the indicated differentiation conditions: (A) PMA stimulation; (B) M-

CSF stimulation. Images shown were obtained from the central portion of the culture well.
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Figure 2- Distinct responsiveness of THP-1- and U937-derived macrophages to M1 and M2-
polarizing conditions: (A) Normalized candidate gene expression determined by RT-gPCR in
resting, M1 and M2 conditions. (a) p<0.05 compared with the THP-1 M1 group. (d) p<0.05
compared with the U937 MO group (B) Secretion of IL-18 and IL-6 by THP-1 and U937-
derived macrophages in resting, M1 and M2 conditions quantified by ELISA. Cytokine
concentrations were normalized to the concentration of total protein in the culture
supernatants. (a) p<0.05 compared with the THP1 M1 group. In (A) and (B) bars represent
average and vertical lines the standard deviation of three independent experiments assessed

in duplicate.
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Figure 3 — Functional differences of THP-1- and U937-derived macrophages: (A) Phagocytic
activity of THP-1-derived macrophages is greater than that of U937-derived macrophages. In
M1 conditions, phagocytosis is markedly reduced in macrophages derived from both cell
lines, and M2 conditions only reduced phagocytosis in U937-derived macrophages. (a)
p<0.05 compared with the THP-1 MO group. (b) p<0.05 compared with the THP-1 M2 group.
The dot-plots show the percentage cells realize phagocytosis. The right gate on y-axis
corresponds to initial phagocytosis and the left gate represents phagocytosis in final stage.
The Dot-plots represented the MO, M1 and M2 phenotype corresponded to THP-1 and U937
line, respectively (B) Production of ROS is also higher in THP-1-derived macrophages and
n macrophages derived from both THP-1 and U937, M1 conditions increase and M2
conditions decrease the percentage of ROS-producing cells. (a p<0.05 compared with the
THP-1 MO group. (b) p<0.05 compared with the U937 M1 group. (c) p<0.05 compared with
the THP-1 M2 group. (d) p<0.05 compared with the U937 M2 group. The Dot-plots
represented the MO, M1 and M2 phenotype corresponded to THP-1 and U937 line,
respectively. In both (A) and (B), bars represent average and vertical lines the standard

deviation of three independent experiments, each acquiring 10,000 events. Representative



33

dot-plots with gates indicating the percentage of phagocytosing (A) or ROS-producing (B)

cells, according to the monocytic precursor cell line and conditions.
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4 CONCLUSAO

M-CSF néo foi capaz de induzir aumento de tamanho celular e adeséo ao
substrato de cultura nas linhagens monociticas THP-1 e U937.

Estimulo com PMA (10 ng/mL) por 24 h, seguido de 48 h de ‘recuperagédo’ em
meio de cultura suplementado sem PMA induziu de forma efetiva a adesao celular
ao substrato e aumento do tamanho celular em ambas as linhagens, THP-1 e U937.

Ha semelhancas e diferencas importantes nas respostas as mesmas
condicdes por macrofagos derivados das linhagens monociticas THP-1 e U937 que
devem ser consideradas na selecdo como modelo de macréfagos in vitro,
dependendo dos objetivos do estudo e do contexto bioldgico:

- macréfagos derivados da linhagem THP-1 tendem a ter maior
responsividade a estimulos M1 e a assumirem um fenétipo relacionado ao perfil pro-
inflamatorio/classico, enquanto macréfagos derivados da linhagem U937 apresentam
maior responsividade a estimulos M2 e desvio fenotipico para o perfil alternativo/de
reparo;

- macrofagos derivados da linhagem monocitica THP-1 apresentam maior
atividade fagocitaria e maior producdo de espécies reativas de oxigénio (ROS) do
que macréfagos derivados da linhagem U937,

- condicbes M1 reduzem a atividade de fagocitose e aumentam a producao de

ROS em macroéfagos derivados de células THP-1 e U937.
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APENDICE A — Material e Método

1 MATERIAL E METODO

1.1 Linhagens Celulares

Foram usadas linhagens celulares monociticas humanas THP-1 obtida da
ECACC (European Collection of Authenticated Cell Cultures, cat# TIB-202) e U937,
adquirida da American Type Culture Collection (ATCC cat# 1593.2) como
precursoras de macrofagos. Ambas linhagens foram mantidas em meio de cultura
RPMI1640 (cat# 11875119, Gibco, Thermo Fisher Scientific, San Jose, CA, USA)
suplementado com 10% (v:v) de Soro Fetal Bovino (FBS) inativado por calor (cat#
12657029, Gibco, ThermoFisher Scientific) e 1% de antibidticos (penicilina e
estreptomicina- P/S 100 U/mL e 100 pg/mL, respectivamente, cat# 15070063, Gibco,
ThermoFisher Scientific). As culturas foram realizadas em incubadora com atmosfera
de ar suplementado com 5% de CO3, a 98% de umidade e temperatura de 37°C.

1.2 Diferenciacdo das linhagens monociticas THP-1 e U937 em macréfagos
com PMA e M-CSF - Avaliacao morfologica e adesdo ao substrato de cultura
1.2.1 Morfologia

As linhagens monociticas U937 e THP-1 foram plaqueadas em camaras de
cultura de 4 pocgos (4-well culture chamber slides, cat# 354104, Corning), na
concentragdo de 7x10%mL (500 uL/poco). Apds 24 horas, 2 pocos de cada linhagem
foram tratados com forbol-miristil-acetato (10 ng/mL) (PMA, cat# P1585, Sigma-
Aldrich Co., Saint Louis, MO, USA) ou com M-CSF (cat# 300-25, Peprotech) nas
concentracbes de 50 e 100 ng/mL. Nos pocos tratados com PMA, a morfologia
celular foi avaliada em microscoépio invertido (campo claro) apos 24 h, momento em
que estas células foram lavadas com PBS e foi acrescentado RPMI1640
suplementado com 10% de FBS inativado por calor e 1% de P/S. Ap6és mais 48 h em
cultura (72 horas do tratamento com PMA), a morfologia celular foi novamente
avaliada em microscopio invertido. Nas células tratadas com M-CSF, a avaliagéo da
morfologia foi feita apenas apos 6 dias em cultura, com substituicdo de 50% do
volume original de meio de cultura e do M-CSF aos 3 dias.
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1.2.2 Citoesqueleto

Apébs a obtencdo das imagens em campo claro em cada periodo (24 e 72 h
para estimulo com PMA, 6 dias para estimulo com M-CSF), as células foram fixadas
por 10 min em formaldeido 4% e permeabilizadas por 15 min em tampao contendo
saponina (BD Cytofix/Cytoperm, BD Biosciences). Para visualizacdo do
citoesqueleto, as células foram incubadas em solucdo de 40 nM de faloidina
conjugada a fluoroforo (Alexa Fluor™ 488 Phalloidin - A12379 — Thermofisher) por
40 minutos ao abrigo da luz em temperatura ambiente. O DNA gendmico foi
marcado por incubacdo das células com DAPI (2 pg/mL) por 5 minutos a
temperatura ambiente. Apds extensa lavagem em PBS, foram obtidas imagens em
microscopio invertido com fluorescéncia (Evos fl, AMG Micro) nas magnificacfes de

100 e 400X em trés campos aleatorios

1.3 Diferenciagdo de Mondcitos em Macréfagos

As linhagens monociticas U937 e THP-1 foram diferenciadas em macrofagos
por meio de tratamento com forbol-miristil-acetato (PMA, cat# P1585, Sigma-Aldrich
Co., Saint Louis, MO, USA). Os mondcitos foram tratados com PMA na
concentracéo de 10 ng/mL por 24 horas, seguido de remocao do meio, lavagem das
células com tampéo fosfato (PBS, pH 7.2, cat# 20012-027, Gibco, ThermoFisher
Scientific) para remocdo de células mortas e ndo aderidas. Em seguida foi
acrescentado RPMI1640 suplementado com 10% de FBS inativado por calor e 1%
de antibidticos. Apos 48h, as células aderidas foram utilizadas para os experimentos
como macréfagos “M0”?°. A diferenciacéo celular foi confirmada pelas altera¢des nas

caracteristicas fenotipicas de aderéncia ao substrato de cultura e morfologia celular.

1.4 Estimulos polarizantes M1/M2

Macrofagos foram estimulados ao final do periodo total de 72 h de
diferenciagcdo. O meio de cultura RPMI1640 suplementado foi removido, as células
lavadas gentilmente com PBS (pH 7.2) e meio RPMI1640 suplementando com 1%

de FBS inativado por calor e 1% de antibidticos foi adicionado as culturas de
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macrofagos. A estimulacdo dos macréfagos foi feita com 100 ng/mL de LPS
(lipopolissacarideos) de E. coli (cat# L6529, Sigma-Aldrich, Merck) e 20 ng/mL IFN-y
(Interferon gama, cat# 300-02, Peprotech) para um perfil M1. Para o perfil M2 foram
utilizados 20 ng/mL de IL-4 (Interleucina-4, cat# 200-04, Peprotech) e 20 ng/mL de
IL-13 (interleucina-13, cat# 200-13, Peprotech,). Os estimulos foram mantidos por
48h. As células foram coletadas para avaliar o perfil fenotipico e expressdo génica e
o0 meio de cultura com as citocinas foi coletado para andlise por ELISA. As células
coletadas neste periodo também foram utilizadas nos experimentos funcionais de

producgéo de ROS e fagocitose.

1.5 Expresséao génica

O RNA total foi purificado de lisados celulares preparados ao final do periodo
de 48h de estimulo polarizante utilizando sistema colunas de afinidade ( cat# DPK-
108LCellco) de acordo com o protocolo do fabricante. A quantificacdo do RNA total
isolado de cada amostra foi realizada em espectrofotdmetro de microvolumes
(NanoVue Plus, GE Healthcare), por meio da avaliagcdo da absorbancia em 260 nm.
A pureza da suspensdo de RNA foi avaliada pela relagdo entre as absorbancias
obtidas em 260 e 280 nm, a qual deveria estar entre 1,8 a 2,0. A sintese do DNA
complementar (cDNA) foi feita utilizando 500 ng de RNA total, utilizando random
hexamers como primers e a enzima sintética transcriptase reversa segundo as
instrucdes do fornecedor dos reagentes (High capacity cDNA reverse transcription
kit, cat# 4368814, Applied Biosystems, ThermoFisher Scientific).

A deteccdo dos genes-alvo de interesse por PCR em tempo real (QPCR) foi
feita utilizando o sistema SYBR Green e as sequéncias de oligonucleotideos
apresentados na Tabela 1, obtidas do banco de primers online da Universidade de
Harvard (https://pga.mgh.harvard.edu/primerbank/). Apds otimizagdo, os primers
foram utilizados na concentracdo final de 600 nM, e as reagOes de amplificacéo
realizadas em volume final de 10 pL (1 pyL de cDNA) utilizando master mix do
sistema SYBR Green (PowerUp SYBR Green, cat# A25779, Applied Biosystems,
ThermoFisher Scientific), segundo as orientacbes do fornecedor do reagente. As
reacoes foram realizadas em termocicladora de gqPCR (StepOne Plus, Applied
Biosystems, ThermoFisher Scientific) nas seguintes condi¢des: 2 minutos a 50 °C, 2

minutos a 95 °C, 45 ciclos com 2 estagios de 3 segundos a 95 °C e 30 segundos a
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60 °C por ciclo. A expressdo dos genes-alvo de interesse foi normalizada usando o
gene constitutivo (ndo alterado pelas condi¢des experimentais) GAPDH, e os dados
apresentados como quantificacao relativa, ACT, calculados utilizando o software da

termocicladora.

Tabela Al- Sequéncia ('S -sense; “AS -anti-sense) dos primers utilizados para

avaliacdo da expressao génica por RT-gPCR.

Gene Transcript Sequence (5-3’)

GAPDH NM_002046.7 S- ACAACTTTGGTATCGTGGAAGG
AS-GCCATCACGCCACAGTTT C

IL10 NM_000572.3 S — GGCACCCAGTCTGAGAACAG
AS — ACTCTGCTGAAGGCATCTCG

TNF NM_000594.4 S — GCTGCACTTTGGAGTGATCG
AS — TCACTCGGGGTTCGAGAAGA

IL6 NM_000600.5 S- CCTGAACCTTCCAAAGATGGC
AS- TTCACCAGGCAAGTCTCCTCA

Argl NM_000045.4 S- GTGGAAACTTGCATGGACAAC

AS- AATCCTGGCACATCGGGAATC

Fonte: Autoria prépria

1.6 Atividade fagocitica

As linhagens celulares U937 e THP-1 foram plaqueadas na concentragéo
1x108/mL em placa de 48 pogos e diferenciadas com PMA como descrito
anteriormente. Apos 72 h, as células receberam o mesmo volume de veiculo PBS
(MO), ou foram estimuladas com LPS + IFN (M1) ou IL-4 + IL-13 (M2). Ao final das
48 horas de estimulo, foram adicionados 8 uL de particulas de latex fluorescentes de
2 um de diametro (Latex beads, cat# L4530, Sigma-Aldrich, Merck) em cada poco,
seguido de incubagéo a 37 C por 30 minutos ao abrigo da luz (condi¢bes baseadas
em otimizacdo experimental - dados ndo apresentados). ApOs a incubacdo, as
células foram dissociadas com solucdo enzimatica (Accutase, cat# A1110501,Gibco,
ThermoFisher Scientific), lavadas com PBS e ressuspendidas em tampéo de
marcacgado de citometria (tampao fosfato — PBS pH 7.2 — suplementado com 2%
vol:vol de FBS inativado por calor). Um pogo de cada linhagem celular n&o tratado
com particulas de latex foi usado como controle negativo e de auto-fluorescéncia, e

a atividade fagocitica foi avaliada por citometria de fluxo (BD FACS Verse, BD
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Biosciences), avaliando o percentual de eventos (células viaveis) apresentando

fluorescéncia no canal FL1 (FITC). O experimento foi realizado em triplicata.

1.7 Producéo de ROS

Células THP-1 e U937 foram semeadas em placas de 12 pocos ha
concentracédo de 5x10°%mL e foram diferenciadas com PMA, seguindo-se o estimulo
para polarizagdo “M0” (controle veiculo), “M1” e “M2” como descrito anteriormente.
Apos as 48 horas do estimulo, 0 meio de cultura foi removido e foi adicionado o
substrato CM-H2DCFDA (cat# C6827, Invitrogen, ThermoFisher Scientific) diluido
em PBS, seguindo-se um periodo de incubacdo de 30 minutos a 37°C ao abrigo da
luz para internalizacdo do substrato. Este composto é oxidado por ROS presente no
meio intracelular e o resultado da reacdo emite fluorescéncia no canal FL1 (FITC)
quando excitado por laser de 488 nm. Apds esta incubacdo, as células foram
dissociadas enzimaticamente, lavadas com PBS e ressuspendidas em tampao de
marcacao de citometria. A presenca de espécies reativa de oxigénio no citoplasma
celular foi avaliada por citometria de fluxo, sendo a intensidade de fluorescéncia
proporcional a extensdo da oxidacdo do substrato, a qual € relacionada a quantidade
de ROS produzida pelas células. Controles negativos de auto-fluorescéncia foram
feitos com células diferenciadas e estimuladas em paralelo, porém incubadas em

PBS sem o substrato CM-H2DCFDA. O experimento foi feito em triplicata.

1.8 Secrecdao de citocinas

A producédo de IL-1p (Interleucina-1B) e IL-6 (Interleucina-6) pelos macréfagos
derivados das linhagens THP-1 e U937 segundo as condi¢cdes de estimulo
experimental foi avaliada no meio de cultura utilizando ensaios ELISA sanduiche e
os dados obtidos em leitora de microplacas UV/Vis com monocromador (Spectramax
L, Molecular Devices), segundo o protocolo do fornecedor dos reagentes (Peprotech
Inc.). Os resultados dos ensaios foram normalizados pela quantidade de proteina
total presente (determinada por ensaio de fluorescéncia) e apresentados em pg/mL

da citocina-alvo por ug de proteina total da amostra.
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1.9 Andlise estatistica

Os dados obtidos de cada experimento foram analisados utilizando o
GraphPad Prism 6.0 (GraphPad Software Ind., San Diego, CA, EUA). O objetivo da
andlise foi comparar os resultados entre macrofagos derivados das duas diferentes
linhagens precursoras (THP-1 e U937), considerando as mesmas condicdes
experimentais (MO, M1 e M2); e também comparar 0s resultados entre cada
condicdo experimental (MO, M1 e M2) em macréfagos derivados de uma mesma
linhagem precursora (THP-1 e U937). O nivel de significancia foi fixado em 95%
(p<0,05) em todas as analises.
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