Ministério da Saide

FIQCRUZ
Fundacao Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
P6s-Graduacao em Biologia Celular e Molecular

PAPEL DOS CORPUSCULOS LIPIDICOS NA RESPOSTA
ANTIBACTERIANA

FILIPE SANTOS PEREIRA DUTRA

R10 DE JANEIRO
2020



Ministério da Salde

FIOCRUZ
Fundacgido Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
Po6s-Graduacdo em Biologia Celular e Molecular

FILIPE SANTOS PEREIRA DUTRA

Papel dos corpusculos lipidicos na resposta antibacteriana

Tese apresentada ao Instituto Oswaldo Cruz como
parte dos requisitos para obtencdo do titulo de
Doutor em Biologia Celular e Molecular.

Orientadora: Profa. Dra. Patricia Torres Bozza

RIO DE JANEIRO
2020



Santos Pereira Dutra, Filipe.

Papel dos corpusculos lipidicos na resposta antibacteriana / Filipe Santos
Pereira Dutra. - Rio de janeiro, 2020.
247 f.

Tese (Doutorado) - Instituto Oswaldo Cruz, Pos-Graduacao em Biologia
Celular e Molecular, 2020.

Orientadora: Patricia Torres Bozza.
Bibliografia: f. 69-92

1. Corpusculos lipidicos. 2. Sepse. 3. antibacterano. 4. LTB4. 5.
inflamacdo. 1. Titulo.

Elaborada pelo Sistema de Geraciao Automatica de Ficha Catalografica da Biblioteca de Manguinhos/ICICT com os dados
fornecidos pelo(a) autor(a).



Ministério da Salde

FIOCRUZ
Fundacgido Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
P6s-Graduacdo em Biologia Celular e Molecular

AUTOR: Filipe Santos Pereira Dutra

PAPEL DOS CORPUSCULOS LIPIDICOS NA RESPOSTA ANTIBACTERIANA

ORIENTADORA: Profa. Dra. Patricia Torres Bozza

Aprovada em: 23 /09 /2020

EXAMINADORES:

Prof. Dr. Flavio Alves Lara — IOC/FIOCRUZ (Presidente)

Prof. Dra. Valéria de Matos Borges — Fiocruz/BA (Membro titular)
Prof. Dr. José Carlos Farias Alves Filho — USP/SP (Membro titular)
Prof. Dr. Heitor Affonso de Paula Neto - UFRJ/RJ (Suplente)

Prof. Dra. Roberta Olmo-Pinheiro — IOC/FIOCRUZ (Suplente e revisora)

Rio de Janeiro, 20 de outubro de 2020



Agradecimentos

Primeiramente, um enorme agradecimento a minha orientadora Dra Patricia
Bozza, pela oportunidade, pela confiancga, pela atengéo e disposic¢ao ao longo de toda essa
etapa académica.

As pesquisadoras Dra Luciana Souza-Moreira e Dra Ana Paula Teixeira
Monteiro, pela ajuda, pela atencdo e ensinamentos indispensaveis sem a qual nao teria
sido possivel a realizagdo desse trabalho.

A futura Dra Ellen Kiarely, minha parceira de bancada, de experimento e de
viagem. Agradeco por toda ajuda indispensavel; pela convivéncia durante as longas
jornadas dos experimentos, pelas conversas e pelo companheirismo dentro e fora do
laboratério.

A Dra Patricia Alves Reis, pelas ideias que iluminaram esse trabalho, pela
sabedoria e truques de magica que sé uma grande pesquisadora poderia ter.

A Dra Livia Teixeira disposicdo e companheirismo durante todos os
experimentos, pela convivéncia, pela conversa, pelo companheirismo dentro e fora do
laboratério (e pelas comilangas).

Aos ICs que se dedicaram a esse projeto, Felipe Ferraro e Taynna Goldara, que
me ensinaram muito como ser um pesquisador melhor.

Aos amigos que adquiri no laboratério de Imunofar: Ester, Tathiany, Tamirinha,
Maria Fernanda, Lohanna, Erica, Milena, Mayara, Isaclaudia, Emilio, Vinicius, Suelen e
Julia.

Aos demais colegas e membros do laboratério de Imunofarmacologia, que me
ajudaram e que foram atenciosos, pois sem ajuda ndo se chega a lugar nenhum.

A todos os colegas e amigos que adquiri ao longo dessa jornada no Instituto
Oswaldo Cruz e nas demais unidades da Fundacdo Oswaldo Cruz.

As secretarias que possibilitaram que tudo desse certo, Julimar, da Secretaria
Academica da BCM, e Rose Branco, do laboratério de Imunofarmacologia.

A minha familia e a todos que acreditaram em mim.

E por fim, mas ndo menos importante ao Human Frontiers of Science Program

e a0 CNPq, sem os quais ndo teria sido possivel a realizagdo desse trabalho.

Muito obrigado!



“A simplicidade é o ultimo grau de sofisticag¢do”

Leonardo da Vinci

\



Ministério da Saade

FIOCRUZ
Fundacao Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
PAPEL DOS CORPUSCULOS LIPIDICOS NA RESPOSTA ANTIBACTERIANA
RESUMO

TESE DE DOUTORADO

Filipe Santos Pereira Dutra

A sepse € uma disfuncdo organica ameacadora a vida, secundaria a resposta desregulada
do organismo a infeccdo. Estudos recentes indicam que a reprogramacao do metabolismo
lipidico é crucial para sobrevivéncia a sepse bacteriana, desempenhando papéis centrais,
tanto no combate a infeccédo sistémica como na manutencao do suporte das funges vitais.
No nivel intracelular, o aumento da biogénese de corpulsculo lipidicos (CLs) foi
demonstrado em pacientes sépticos e em modelos experimentais de sepse. CLs sdo
organelas dindmicas e complexas que fornecem a todas as células eucarioticas substratos
lipidicos. Apesar de diversos patdgenos estimularem a biossintese dessa organela como
parte de suas estratégias de evasdo do sistema imune ou para a obtencao de uma fonte de
energia e nutrientes, muitos detalhes sobre a interacdo patdgeno / CLs ainda sdo
desconhecidos. Resultados recentes vém demonstrando uma outra face desta interacédo
patégeno-hospedeiro, indicando que os CL podem também participar ativamente na
resposta pro-hospedeiro, inclusive apresentando atividade antibacteriana em drosophilas.
No entanto, a participacdo de CLs na atividade antibacteriana ndo foi explorada em
mamiferos. Nosso objetivo neste trabalho foi analisar a participacdo dos CLs na resposta
antibacteriana. Para isso foram realizados experimentos in vitro, em macréfagos
estimulados com E. coli e, experimentos in vivo no modelo de sepse experimental
induzido pela ligacdo cecal e perfuracdo (CLP). Nossos dados mostram que a modulacao
da quantidade dessa organela afeta a capacidade de killing dos macrofagos frente a E.
coli. Além de elevar o nimero de bacterias viaveis intracelulares, a reducdo do acimulo
de CL em macrdfagos é acompanhada pela reducdo da producédo de PGE», lactato e dxido
nitrico. Esses achados in vitro foram corroborados in vivo no modelo de CLP.
Observamos que a inibicdo da biogénese de CLs nos leucdcitos peritoneais resulta no
aumento da carga bacteriana tanto local como sistémica. Diferente do observado in vitro,
nesse modelo nds observamos que a inibicdo da biogenese de CL afetou principalmente
a quantidade dos mediadores inflamatérios do eixo LTB4/IL-6 no inicio da infeccdo.
Além disso, nds observamos que os CLs hepaticos induzidos pela sepse atuam na resposta
antibacteriana autondma das celulas, apresentando uma atividade antibacteriana direta,
principalmente devido ao seu conteudo proteico. Nesse contexto. diferente ao observado
em Drosophila, os CLs ndo compartimentalizam histonas. Em vez disso, observamos a
presenca de catelicidina e HMGB-1 (High mobility group Box-1), duas proteinas
antibacterianas nos CL, juntamente com a viperina, uma proteina antiviral, sugerindo que
essa organela seja central na resposta pro-hospedeiro das células. Em conjunto, nossos
dados destacam que os CLs sdo centrais na resposta imune inata frente a infec¢des por
bactérias extracelulares em mamiferos.

Vi
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Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to
infection. Recent studies indicate that lipid metabolism reprogramming is crucial for the
survival of bacterial sepsis, playing central roles both in systemic infection control and in
the maintenance of support of vital functions. At the intracellular level, the increased lipid
droplet (LDs) biogenesis has been demonstrated in septic patients and experimental
models of sepsis. LDs are dynamic and complex organelles that provide all eukaryotic
cells with lipid substrates. Although several pathogens stimulate the biosynthesis of this
organelle as part of their strategies to evade the immune system or to obtain a source of
energy and nutrients, many details about the pathogen / LDs interaction are still unknown.
Recent results have shown another side of this pathogen-host interaction, indicating that
LD can also participate actively in the pro-host response, including showing antibacterial
activity in drosophilas. However, the participation of LDs in antibacterial activity was not
explored in mammals. Our objective in this work was to analyze the participation of LDs
in the antibacterial response. For that, so many experiments were carried out in vitro, with
macrophages infected with E. coli, as in vivo experiments in the experimental sepsis
model induced by the cecal connection and perforation (CLP). Our data show that
modulation of the amount of this organelle affects the killing capacity of macrophages.
In addition to increasing the number of viable intracellular bacteria, the reduction in LD
accumulation in macrophages is accompanied by a decrease in the synthesis of PGE2,
lactate, and nitric oxide. These in vitro findings have collaborated in vivo on the CLP
model. We observed that the inhibition of LD biogenesis in peritoneal leukocytes results
in increased both local and systemic bacterial load. Unlike in vitro, in this model, we
observed that the inhibition of LD biogenesis mainly affected of inflammatory mediators
of the LTB4 / IL-6 axis at the beginning of the infection. Also, we observed that hepatic
LDs induced by sepsis act on the autonomous antibacterial response of cells, presenting
a direct antibacterial activity, mainly due to their protein content. Different from
Drosophila, mammals LDs do not compartmentalize histones. Instead, we observed the
presence of cathelicidin and HMGB-1 (High mobility group Box-1), two antibacterial
proteins on LD, together with viperine, an antiviral protein, suggesting that this organelle
is central to the autonomous pro-host response of cells. Together, our data highlight that
LDs are also central to the innate immune response to infections by extracelular bacterial
in mammals.
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1. INTRODUCAO

1.1. A sepse

A sepse é um grave problema de satde publica, que se desenvolve a partir de
uma resposta desregulada do hospedeiro a uma infeccdo associada a uma disfuncao
organica aguda (CECCONI et al., 2018). Apesar da sepse poder ser desencadeada por
uma infecgéo causada por qualquer tipo de microorganismo invasor, a grande maioria dos
casos de sepse estdo associadas a infeccBes bacterianas, em especial bactérias Gram-
negativas, sendo os principais agentes etiologicos a Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa e Enterobacter sp. (BARROS; MAIA;
MONTEIRO, 2016; CECCONI et al., 2018; LOBO et al., 2019). A sepse é a principal
causa de morte nas Unidades de Tratamento Intensivo (FLEISCHMANN et al., 2016),
sendo a ela atribuidos cerca de 49 milhdes de casos e 11 milhGes de obitos em todo o
mundo somente no ano 2017 (RUDD et al., 2020). Apesar dos inUmeros avangos nos
ultimos anos no diagndéstico e no tratamento, a sepse continua apresentando uma alta
mortalidade, superior a 25 %, chegando a cerca de 50 % na presenca de choque séptico,
condicdo mais grave na evolucdo da sepse (HOTCHKISS; MONNERET; PAYEN, 2013;
LUHR et al., 2019; VINCENT et al., 2014), principalmente em paises subdesenvolvidos
(RUDD et al., 2020). No Brasil, a taxa de mortalidade de pacientes com sepse foi de 30%
segundo dados do projeto UTlIs Brasileiras (LOBO et al., 2019). O impacto da sepse néo
se restringe a fase aguda da doenca, na fase subsequente a alta hospitalar os sobreviventes
ainda enfrentam uma reducdo da qualidade e da expectativa de vida (QUARTIN et al.,
1997; WESTPHAL et al., 2012; WINTERS et al., 2010)

A definicdo de sepse sofreu constantes alteracdes no decorrer dos anos, segundo
0 Ultimo consenso internacional (Sepse-3) ela passou a ser definida como uma disfuncéo
orgénica ameacadora a vida secundaria a resposta desregulada do organismo & infecgdo
(SINGER et al., 2016). J& o choque séptico passou a ser definido como uma forma
generalizada de faléncia circulatéria aguda ameacadora a vida, associada a utilizagéo
inadequada de oxigénio pelas células (SINGER et al., 2016). Com a mudanca no
entendimento sobre a sepse também houve alteragdo no diagndstico de sepse. Com base
no Sepse-3, o diagnostico clinico da sepse passou a embasar a disfuncdo organica através
da variagdo de dois ou mais pontos no escore Sequential Organ Failure

Assessment (SOFA), e ndo mais na presenca dos critérios da sindrome da resposta



inflamatdria sistémica (SRIS) (MACHADO et al., 2016; SINGER et al., 2016). Com essa
nova defini¢do, a sepse deixou de ser classificada como uma doenga essencialmente
inflamatéria (MACHADO et al.,, 2016; VAN WYNGENE et al., 2018). A
heterogeneidade presente nos pacientes sépticos e critérios muito abrangentes pode
explicar o motivo que diversos ensaios clinicos falharam nos ultimos anos (REINHART
et al., 2012; VAN WYNGENE et al., 2018), inclusive utilizando a proteina C reativa
humana recombinante (Drotrecogin-o)(HECKSHER; LACERDA; MACIEL, 2008). A
compreensdo de que a sepse é um disturbio complexo é reforcada por diversos estudos
que destacam a contribuicdo da coagulacdo, do sistema complemento, da composi¢do
microbiana, da termorregulacdo, do ciclo circadiano e do metabolismo, além da
inflamacéo sistémica, na patofisiologia da sepse (CLAUSHUIS et al., 2016; COHEN et
al., 2015; HEIPERTZ et al., 2018; NOGUEIRA et al., 2007, O’CALLAGHAN et al.,
2012; RANNIKKO et al., 2017; SCHIEBER; AYRES, 2016; SHARMA et al., 2019;
STRNAD et al., 2017; VAN WYNGENE; VANDEWALLE; LIBERT, 2018).

Durante o processo infeccioso diversas adaptacGes fisiologicas sdo feitas no
organismo hospedeiro, tanto para combater o patdgeno como para limitar o dano desse
processo aos tecidos (MCCARVILLE; AYRES, 2018; SCHNEIDER; AYRES, 2008).
Do ponto de vista ecoldgico e fisioldgico a atuacdo do sistema imunoldgico no processo
infeccioso pode ser dividido em dois processos bioldgicos distintos; a resisténcia a
infeccdo, relacionada a capacidade de deteccgdo e eliminacdo dos patdgenos e, a tolerancia
a doenca, que agrupa diversas adaptacdes que promovem a minimizacdo do danos aos
tecidos (SCHNEIDER; AYRES, 2008; SOARES; TEIXEIRA; MOITA, 2017). Uma
resposta adequada a um processo infeccioso é dependente de um delicado equilibrio entre
esses dois processos bioldgicos (SOARES; TEIXEIRA; MOITA, 2017; WANG; LUAN;
MEDZHITOV, 2019; WEIS et al., 2017). A quebra desse delicado equilibrio esta
fortemente associado com a fisiopatologia da sepse e com a faléncia multipla de orgéos
(SOARES; TEIXEIRA; MOITA, 2017; WEIS et al., 2017).

1.2. Inflamacéo e infec¢des bacterianas

Os mecanismos envolvidos no processo de resisténcia do organismo a infeccao
sd0 0s mecanismos imunoldgicos mais bem caracterizados, sendo profundamente

associados com a resposta inflamatéria induzida pela infecgdo. Alteragcbes nesses



processos levam a perda do controle do processo infeccioso, levando ao aumento e a
disseminacéo dos patdgenos no organismo (MCCARVILLE; AYRES, 2018; WANG,;
LUAN; MEDZHITOV, 2019; WEIS et al., 2017). A resposta inflamatdria induzida pela
infeccdo é composta tipicamente por quatro componentes principais: indutores
inflamatdrios, sensores que os detectam, mediadores inflamatdrios induzidos pelos
sensores e tecidos-alvo afetados pelos mediadores inflamatorios. Para cada tipo de reposta
inflamatoria, os componentes podem ser apresentados de multiplas formas e as diferentes
combinagcbes desses elementos irdo desencadear vias inflamatorias distintas
(MEDZHITOV, 2010).

No caso especifico das infecgdes bacterianas, em geral, o desencadeamento da
resposta inflamatéria comeca pela deteccdo de padrdes moleculares associados aos
patdgenos (PAMPS) por receptores do sistema imune inato, expressos nos macrofagos
residentes ou em mondacitos patrulheiros, sendo os receptores semelhantes ao Toll (TLRS)
alguns dos mais estudos. O reconhecimento de patégenos por essa familia de receptores
leva a producdo de citocinas pro-inflamatérias (TNF-a, IL-1B, IL-6) e de quimiocinas
(CCL2/MCP1 e CXCLS8), bem como a sintese de prostaglandinas. Esses mediadores
inflamatdrios coordenam tanto a resposta inflamatoria local como a sistémica aos
produtos microbianos, atuando nos tecidos-alvos e também nos vasos sanguineos locais,
induzindo a vasodilatacdo, o recrutamento e a translocacdo de neutrofilos, além do
extravazamento do plasma para o tecido infectado (JANEWAY; MEDZHITOV, 2002;
MEDZHITQOV, 2008, 2010; PECCHI et al., 2009).

Os neutroéfilos recrutados, assim como os macréfagos residentes e 0os mastocitos
teciduais sdo os grandes responsaveis pela eliminacdo dos patdgenos invasores
(MEDZHITOV, 2010). Os fagdécitos profissionais dispdem de uma ampla gama de
mecanismos microbicidas extremamentes eficientes para eliminagcdo dos agentes
invasores (MURRAY; WYNN, 2011; SOEHNLEIN; LINDBOM, 2010). No sitio da
infeccdo, tanto os neutrofilos como os macréfagos fagocitam 0s microrganismos,
produzem espécies reativas de oxigénio e nitrogénio, e secretam diversos peptideos e
moléculas antimicrobianas, como os peptideos da familia das catelicidinas (MURRAY;
WYNN, 2011; SOEHNLEIN; LINDBOM, 2010; VAN HARTEN et al., 2018). Esse
processo pode ser auxiliado por componentes proteicos do plasma, principalmente
anticorpos, proteinas do sistema complemento e proteinas de fase aguda (MEDZHITOV,
2010).



Ao nivel intracelular, as bactérias fagocitadas sdo eliminadas principalmente pelas
diversas enzimas e proteinas antimicrobianas contidas nos lisossomos ou nos granulos
citoplasmaticos dos fagdcitos, entre elas lipases, proteases, lisozima, hidrolases,
muramidase, mieloperoxidase e proteinas catidnicas (COWLAND; BORREGAARD,
2016; GAJDA; BUGLA-PLOSKONSKA, 2014; O’NEILL; KISHTON; RATHMELL,
2016; SONAWANE et al., 2011). Em conjunto a a¢do dessas proteinas antimicrobianas,
hd a producdo de espécies reativas de oxigénio, como o anion superéxido (O2), o
peroxido de hidrogénio (H202) e o &cido hipocloroso (HOCI), produzidos
respectivamente pela acdo da NADPH-oxidase, superoxido dismutase e mieloperoxidase,
respectivamente (DUPRE-CROCHET; ERARD; NUBE, 2013; JOSEPH et al., 2017). A
producdo destas espécies reativas de oxigénio é desencadeada pela ativacdo do sistema
da NADPH oxidase, que se organiza na membrana dos vacuolos fagocitarios, resultando
em um grande consumo de oxigénio pelos fagocitos (explosao respiratdria), essencial
para o controle da infeccdo (ABDELMAGEED; EL-AWADY; SUDDEK, 2016;
ATASHI; MODARRESSI; PEPPER, 2015; DUPRE-CROCHET; ERARD; NUBE,
2013; GAJDA; BUGLA-PLOSKONSKA, 2014; JANN et al., 2011; KONG et al., 2010;
SONAWANE et al., 2011; XU et al., 2016). Entre as espécies reativas de oxigénio e
nitrogénio, merece destaque o 6xido nitrico (NO), essencial para o controle da infeccdo
bacteriana, tanto como um agente antibacteriano, como um importante mediador pro-
inflamatério (MURRAY; WYNN, 2011; SOEHNLEIN; LINDBOM, 2010).

Dependendo da sua concentracao, os mediadores pro-inflamatérios induzidos no
sitio da infeccdo podem ter efeitos sistémicos, induzindo a producdo de proteinas de fase
aguda, como proteina C reativa e fatores de coagulacdo pelos hepatocitos. Ao nivel
sisttmico, o figado é um o6rgdo central na deteccdo, captura e eliminacdo de patdgenos
que estejam presentes na circula¢do sanguinea (KUBES; JENNE; SNYDER, 2018; YAN;
LI; LI, 2014), e alteracGes nesse orgao reduzem a capacidade do organismo de lidar com
as infecgdes sistémicas (CANABAL; KRAMER, 2008). Por fim, as citocinas
inflamatorias também agem sobre o endotélio cerebral, induzindo a producédo local de
prostaglandinas, incluindo a PGE>, a principal prostaglandina pro-inflamatéria. Por sua
vez, a PGE: induz populacdes especificas de neurdnios do sistema nervoso central a
promover o chamado comportamento doentio (sickness behavior): febre, anorexia,
fadiga, sonoléncia e retraimento social (MEDZHITOV, 2010; PECCHI et al., 2009).



1.3. Imunometabolismo nas infec¢bes bacterianas e na sepse

Para o correto desencadeamento e a manutenc¢éo da resposta inflamatoria essencial
para controle da infeccdo € necessario a realocagdo de recursos metabdlicos (energia e
metabolitos) no hospedeiro (WANG; LUAN; MEDZHITOV, 2019). A interacdo do
processo inflamat6rio com o metabolismo é um fendmeno complexo e multifacetado, que
deve ser precisamente regulado para apoiar as funcgdes bioldgicas tanto no nivel celular,
tecidual e organizacional (WANG; LUAN; MEDZHITOV, 2019). Os efeitos metabolicos
da infeccdo influenciam inumeras vias bioquimicas e diversos mecanismos moleculares
do hospedeiro, dando suporte aos sistemas de defesa utilizados pelo organismo para
controlar ou eliminar os agentes patogénicos (BEISEL, 1975). A alocagdo de recursos
metabdlicos durante a resposta inflamatdria envolve tanto processos biossintéticos que
consomem energia (anabolismo) como aqueles que geram energia (catabolismo)
(WANG; LUAN; MEDZHITOV, 2019). Estudos recentes indicam que alteracdes no
metabolismo durante a infeccdo desempenham papéis centrais tanto no combate a
infeccdo sisttmica como na manutencdo do suporte das funcdes vitais, especialmente
diante da baixa ingestao energética de pacientes em estado grave (ENGLERT e ROGERS,
2016; WANG et al., 2016).

Em resposta a infeccdo bacteriana sistémica, o organismo ativa um estado
hipercatab6lico (WANG et al., 2016), mobilizando suas reservas energéticas, 0 que
culmina em uma reprogramacdo metabdlica de todos os macronutrientes (SAMRA;
SUMMERS; FRAYN, 1996; VAN WYNGENE; VANDEWALLE; LIBERT, 2018).
Essas respostas metabdlicas sistémicas sdo iniciadas e moduladas pela liberacdo de
mediadores enddgenos, hormonios e também por estimulos do sistema nervoso central.
A magnitude dessas alteragdes metabolicas pode ser influenciada pela gravidade e
duracdo da doenga (BEISEL, 1975; VAN WYNGENE; VANDEWALLE; LIBERT,
2018). Apesar de clinicamente os efeitos metabdlicos mais visiveis de uma doenca
infecciosa serem os catabolicos (BEISEL, 1975), os mediadores inflamatdrios induzidas
pela infeccdo tendem a ativar processos anabdlicos nas células do sistema imunolégico,
igualmente importantes para o sucesso dos mecanismos defensivos do hospedeiro
(BEISEL, 1975; WANG; LUAN; MEDZHITOV, 2019).

A reprogramacdo metabolica das células imunes esta intimamente relacionadas
as diferentes funces e atividades que essas células desempenham na homeostase e na
inflamacao, em especial no caso dos macrofagos, células dendriticas e células T (BEISEL,



1975; WANG; LUAN; MEDZHITOV, 2019). Durante processos infecciosos, a ativacao
dos TLRs induz as células T efetoras e os macrofagos a adquirirem metabolismo
glicolitico e anabolico. Em contrapartida, alguns mediadores anti-inflamatorios
promovem programas metabolicos nessas células que ndo sdo suportivos a resposta pro-
inflamatéria (O’NEILL; KISHTON; RATHMELL, 2016). A desregulacdo desses
processos esta subjacente a muitas doencas humanas modernas, como diabetes, obesidade
e na propria sepse (BEISEL, 1975; WANG; LUAN; MEDZHITOV, 2019).

Em diversas andlises sistematicas de alteracdes fisiopatoldgicas induzidas pela
sepse, 0 metabolismo lipidico vem emergindo como um dos mais profundamente
remodelados. Como fruto de um desbalanco energético sistémico, diversas alteraces da
homeostase lipidica acontecem durante a sepse (Figura 1), entre elas: o aumento da
lipdlise no tecido adiposo, a diminuigdo da P-oxidagdo nos tecidos periféricos, a
diminuicdo da cetogénese, dislipidemia, aumento da lipotoxidade, disfuncédo
mitocondrial, esteatose, desregulacdo da sintese de mediadores inflamatérios e aumento
da peroxidagdo lipidica (HENRICH et al., 2013; LEE et al., 2013; LORENTE et al.,
2013; PACHECO et al., 2002, 2007; SAMRA; SUMMERS; FRAYN, 1996; VAN
WYNGENE; VANDEWALLE; LIBERT, 2018; WARE et al., 2011; WEIS et al., 2017).
Resultados recentes, através de abordagens metaboldmicas e protedmicas, apontaram as
alteraces no metabolismo lipidico como a principal adaptacdo de pacientes sépticos e
importantes preditores da mortalidade (LANGLEY et al., 2013; ROGERS et al., 2014;
SHARMA et al., 2019).
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Figura 1: A sepse induz um remodelamento do metabolismo lipidico. Durante a sepse diversas
alteracBes ocorrem no metabolismo lipidico. (Adaptado de VAN WYNGENE et al., 2018). Em virtude da
privacdo energética h4 uma reprogramacdo metabolica sistémica, desencadeada pelo liberacdo de
hormdnios hiperglicemiantes, como o glucagon, glucocorticoides e epinefrina, e diferente da inanicdo, ha
também o aumento dos niveis de insulina durante a sepse. A presenga desses horménios leva a ativacdo das
lipases (HSL e ATGL) nas células do tecido adiposo e a liberagdo de &cidos graxos para corrente sanguinea,
levando a lipimia nos pacientes sépticos. Esse excesso de lipideos circulantes sdo armazenados em diversos
tecidos, na sua forma esterificada (os triglicerideos), levando a esteatose ou degeneracdo gordurosa,
principalmente no figado, rim e coragéo.

Os lipidios sdo a principal fonte de energia em pacientes com infec¢oes, e,
adaptacdes no metabolismo lipidico sdo um requisito crucial para sobrevivéncia a sepse
bacteriana em modelos experimentais (GARRIDO; FIGUEIREDO; SILVA, 2004;
SAMRA; SUMMERS; FRAYN, 1996; WANG et al., 2016). Os lipidios formam a classe
mais diversa das biomoléculas, com papeis chaves na fisiologia dos sistemas vivos, tanto
na homeostase quanto em situagdes patoldgicas. Alem de atuar como componentes
estruturais das membranas celulares, os lipidios sdo fontes de energia e também moléculas
sinalizadoras em processos inflamatorios e infecciosos (PEREIRA-DUTRA et al., 2019;
TENG; ANG; GUAN, 2017; VAN MEER; VOELKER; FEIGENSON, 2008).

No nivel celular, a dislipidemia induzida pela sepse também leva ao acimulo
ectopico de &cidos graxos e triglicerideos atraves do aumento da quantidade de
corpusculos lipidicos (CLs) em tecidos ndo adiposos (LEE et al., 2013; PACHECO et al.,

2002, 2007), quadro clinicamente conhecido como esteatose ou degeneracao gordurosa.



Na célula as organelas centrais na homeostase lipidica, sdo os CLs ou goticulas lipidicas,
(BOZZA et al., 2009; FARESE; WALTHER, 2009).

1.4. Os corpusculos lipidicos

Os CLs sdo organelas complexas e dinamicas derivadas do reticulo
endoplasmatico, formadas por um ndcleo de lipideos neutros (ésteres de colesterol e
triacilglicerdis) envoltos por uma monocamada de fosfolipidios associada a um contetdo
proteico diversificado (FARESE; WALTHER, 2009; MELO et al., 2011a). O tamanho,
a funcdo e constituicdo lipidica e proteica dos CLs sdo dependentes do tipo e do estagio
celular (POL; GROSS; PARTON, 2014; WALTHER; FARESE, 2012; WELTE, 2015).

Apesar do contetdo protéicos dos CLs ser dependente do tipo celular, a montagem
e a biogénese dessas organelas é dependente de proteinas estruturais pertencentes a
familia das perilipinas, um conjunto de 5 proteinas (BRASAEMLE, 2007; ITABE et al.,
2017), sendo as mais conhecidas a Perilipina-2 (Plin2/ADRP) (GAO; SERRERO, 1999;
HUANG et al., 2014; SILVA et al., 2009) e a Perilipina-3 (Plin3/TIP47) (FAN et al.,
2013; PLOEN et al., 2013). Além disso, as diferentes perilipinas vém sendo associadas
com as diferentes fungGes dos CLs nos diferentes tipos celulares (ITABE et al., 2017).

Nas Ultimas décadas os CLs deixaram de ser vistos apenas como um depdsito
inerte de lipidios e passaram a ser caracterizados como uma plataforma celular envolvida
em diversos processos celulares. Alem disso, CLs sdo estruturas centrais na homeostase
lipidica e energética, na biossintese das membranas celulares, na prote¢do da
lipotoxicidade e na sinalizagcdo celular (FUJIMOTO; OHSAKI, 2006; FUJIMOTO;
PARTON, 2011; OLZMANN; CARVALHO, 2019; SAKA; VALDIVIA, 2012;
VIKTOROVA et al., 2018; WELTE, 2015; WILFLING et al., 2013). Além disso,
diversas evidéncias vém demonstrando que os CLs sd0 importantes sitios de
compartimentalizacgdo tanto de vias de sinalizagdo como do metabolismo, principalmente
as do metabolismo lipidico (DUCHARME; BICKEL, 2008) e da sintese de eicosanoides
(BOZZA et al., 1998, 2011).



1.5. Biogénese de CLs nos leucocitos

Apesar dos CLs serem virtualmente presentes em todos os tipos de celulares, o
aumento no tamanho e no nimero de CLs nas células envolvidas em processos
infecciosos e inflamat6rios ocorrem com tanta frequéncia que os CLs vém sendo
considerados marcadores estruturais da inflamacdo (ROINGEARD; MELO, 2017). A
biogénese de CLs nos leucdcitos € um processo rapido e altamente regulado, cujos
mecanismos e vias de sinalizagdo mobilizadas dependem do agente infeccioso e do tipo
celular envolvido (BOZZA; MAGALHAES; WELLER, 2009).

Embora os mecanismos moleculares que governam a biogénese dos CLs durante
a inflamacdo e infec¢do ainda sejam incompletos, sabemos que € um processo complexo
envolvendo multiplos mecanismos, como 0 aumento da captacdo lipidica, inibicdo da
lipolise, sintese de novo de lipideos, diminui¢ao da B-oxidacdo, remodelamento lipidico
e/ou autofagia (BOSCH; PARTON; POL, 2020; MELO et al., 2011a). Além disso, foi
demonstrado que esse fendmeno depende ndo apenas da interacdo direta entre o patdgeno
e as células hospedeiras, mas também dos mecanismos indiretos de amplificag&o de sinal
por meio tanto de componentes do agente patogénico e / ou citocinas e quimiocinas
geradas pelo hospedeiro (D " AVILA et al., 2008; MATTOS et al., 2010, 2011a, 2011b;
PACHECO et al., 2002, 2007; PEYRON et al., 2008).

Principalmente nas células da imunidade inata, a biogénese dos CLs pode ser
desencadeada pelo reconhecimento dos padrbes moleculares associados a patdgenos
(PAMPS) pelos receptores de reconhecimento de padrdes (PRRs) (VALLOCHI et al.,
2018). Entre os PRRs destaca-se a familia de receptores TLRs, uma familia de onze
proteinas em humanos, cuja ativacdo esta associada a modulagédo de centenas de genes
inflamatorios e a ativacéo dos leucocitos (AKIRA; TAKEDA, 2004). Apo6s a estimulagéo
por ligantes ou agonistas, a sinalizacdo via TLRs promove profundas alteracbes no
metabolismo celular, como o0 aumento da glicélise, diminuicdo da B-oxidacdo e aumento
da esterificacdo dos acidos graxos na forma de triglicerideos nos CLs (FEINGOLD et al.,
2010, 2012; HUANG et al., 2014). Além disso, a ativacdo da sinalizagdo dos TLRs induz
0 aumento da expressdo de varias enzimas envolvidas na sintese de triglicerideos e / ou
ésteres de colesterol, como acido graxo sintase (FASN), diacilglicerol O-aciltransferase
(DGAT-1 e DGAT-2) e acil-CoA: colesterol O-aciltransferases (ACAT1 e ACAT2) (HU;
BINNS; REESE, 2017; HUANG et al., 2014; NICOLAOU et al., 2012). Quando a sintese
lipidica de novo é inibida, a biogénese de CLs a jusante da ativacdo do TLRs é gravemente



comprometida (D’AVILA et al., 2011; MATTOS et al., 2011b). A participacdo da
sinalizacéo por TLRs na biogénese de CLs vem sendo reportada em diversas infeccoes,
principalmente nas de origem bacteriana (PEREIRA-DUTRA et al., 2019).

As vias a jusante a ativacdo dos TLRs envolvidas na biogénese dos CLs ainda
envolvem a ativacdo de diversos fatores de transcri¢éo e receptores nucleares, incluindo
reguladores mestres do metabolismo lipidico, como receptores ativados por proliferador
de peroxissoma (PPARs), receptor hepatico X (LXR), proteina de ligacdo e elemento
regulador de esterol ( SREBPS) e fatores induzidos por hipoxia (HIF) (ALMEIDA et al.,
2009, 2014; CAO et al., 2007; CASTRILLO et al., 2003; KNIGHT et al., 2018; MCRAE
et al., 2016; MEI et al., 2009; SYED; SIDDIQUI, 2011; SZATMARI et al., 2007,
SZELES; TOROCSIK; NAGY, 2007). Membros da subfamilia de PPARs, LXR e
SREBPs sdo importantes sensores do ambiente lipidico intracelular e modulam a
expressao de genes-chaves no metabolismo lipidico, como os envolvidos na captacdo de
acidos graxos, sintese lipidica, as enzimas lipoliticas e a biogénese dos CL (PAWLAK;
LEFEBVRE; STAELS, 2015; SZATMARI et al., 2007).

Durante o processo infeccioso, a biogénese dos CLs ndo depende exclusivamente
da interacdo direta entre patogenos e a célula hospedeira, mas também por mecanismos
indiretos de amplificacdo da resposta inflamatéria (D’AVILA et al., 2011). Além disso,
existe uma grande intercessao entre a resposta inflamatoria e a biologia dos CLs. Varias
das moléculas produzidas durante a resposta inflamatoria atuam de maneira paracrina,
induzindo a formacdo dos CLs, incluindo mediadores lipidicos, citocinas e quimiocinas
(BOZZA et al., 2009).

1.6. Corpusculos lipidicos na inflamacéo e infeccéo

Os eicosanoides sdo importantes mediadores inflamatorios lipidicos derivados da
oxigenacdo enzimatica do acido araquiddnico pelas vias da ciclooxigenase (COX) e
lipoxigenase (LOX). Os eicosanoides atuam em diversos processos celulares, desde a
homeostase tecidual ao processo inflamatério (BANNENBERG et al., 2007;
HAMILTON et al., 2018). Diversos estudos vem demostrando que a orquestracao de
cada mediador lipidico por seu tempo, duragdo e magnitude é essencial para a homeostase
e protecdo contra infeccdes (BANNENBERG et al., 2007; HAMILTON; et al., 2018).

Nesse contexto, a compartimentalizacdo de maquinaria de sintese dos eicosandides € um
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componente crucial na regulacdo da sintese e no delineamento de agdes funcionais
intracelulares e extracelulares dos eicosandides (BANDEIRA-MELO et al., 2017
WELLER, 2016).

Diversas evidéncias vém demonstrando que os CLs sdo um dos principais locais
de sintese de eicosanoides, principalmente durante processos inflamatorios e infecciosos
(BOZZA et al., 2009; MELO et al., 2011a). A atuagdo dos CLs como plataforma de
sintese de eicosandides foi evidenciada primeiramente pela compartimentalizacdo de toda
a maquinaria enzimatica para a sintese no proteoma associado a essa organela, incluindo
a fosfolipase A2 (PLA2), as principais quinases ativadoras envolvidas na via de
mobilizacdo do acido araquidénico (ERK1 / 2, p85 e p38) e as principais enzimas
formadoras de eicosanoides (COX-1, COX-2, 5-LOX, 15-LOX, proteina de ativacao de
5-LO, PGE-sintase e LTC4-sintase) (BOZZA et al., 1997; MAGALHAES et al., 2018;
SILVA et al., 2009; YU et al., 1998). A presenca de todos esses componentes possibilita
que os CLs sejam capazes de rapida mobilizacdo do acido araquidbnico para produzir
prostaglandinas e leucotrienos (MELO et al., 2006; WELLER, 2016).

A atuacdo dos CLs como local de sintese de eicosandides ja foi demonstrada
experimentalmente para o leucotrieno Cs (LTCs) (BANDEIRA-MELO et al., 2001;
SILVAetal., 2009), leucotrieno B4 (LTB4) (PACHECO et al., 2007; SILVA et al., 2009),
prostaglandina E> (PGE2) (D’AVILA et al., 2006, 2011), prostaglandina D, (PGD3)
(LUNA-GOMES et al., 2011) e eoxina Cs4 (EXCs) (MAGALHAES et al., 2018). Além
disso, dados de eicosanémica sugerem ainda que os CLs sejam locais de sintese da
lipoxina B4 (LXB4) (KNIGHT et al., 2018) e da prostaglandina F2a (PGF20) (ARAUJO-
SANTOS et al., 2014; KNIGHT et al., 2018).

Como plataforma para a sintese de mediadores lipidicos, os CLs desempenham
um papel importante na sobrevivéncia de patdgenos e na resposta efetiva do hospedeiro
a infeccdo, principalmente através do equilibrio entre a producdo de PGE.> e LTB4
(BOZZA et al., 2011; PETERS-GOLDEN et al., 2005). Em geral, a participacdo de CLs
como local de sintese de PGE tem sido associada a indugdo de um fenotipo anti-
inflamatorio em macréfagos, favorecendo a inibigdo da atividade de killing, aléem da
regulacdo negativa de citocinas do tipo Thl e aumentando a produgdo de IL-10,
favorecendo a proliferacdo e disseminacdo de diversos patdégenos (ALMEIDA et al.,
2009; D’AVILA et al., 2008; MATTOS et al., 2011a; TOLEDO et al., 2016). Em
contraste, a sintese de LTBa4, um mediador pro-inflamatério, também foi relatada nos CLs
durante a resposta fortemente pré-inflamatéria (PACHECO et al., 2007). A geragdo de
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LTB4 durante a infec¢do contribui para o killing de parasitas (SEREZANI et al., 2006;
TAVARES et al.,, 2016) e no controle da infecgdo bacteriana (LI et al., 2015),
principalmente através da recrutamento e a ativagdo de células efetoras (PETERS-
GOLDEN et al., 2005).

Os CLs também estdo envolvidos no ciclo de infeccdo, patogénese, sobrevivéncia
e multiplicacdo de diversos patdgenos, que estimulam a biossintese dessa organela. Essa
relacdo oportunista de estimulo da biossintese pode ser tanto para a obtengédo de uma fonte
de energia ou como parte dos mecanismos de evasdo do sistema imune, principalmente
através da usurpacdo dessa organela como uma plataforma de sintese de eicosandides
(FARESE; WALTHER, 2009; SAKA; VALDIVIA, 2012). Essa relacdo patdgeno-
hospedeiro envolvendo os CLs ja foi constatada para diferentes organismos pelo nosso
grupo de pesquisa, a exemplo do Mycobacterium leprae (MATTOS et al., 20114, 2011b),
Microbacterium bovis BCG (D’AVILA et al., 2008), virus da dengue (CARVALHO et
al., 2012; MARTINS et al., 2012; SAMSA et al., 2009), Toxoplasma gondii (GOMES et
al., 2014; MOTA et al., 2014) e Tripanosoma cruzi (D’AVILA et al., 2011).

Em contrapartida, estudos recentes vém desmonstrando uma forte associacao dos
CLs com a eficiéncia das respostas mediadas pelos interferons. Os CLs participam tanto
como uma plataforma integradora das vias de sinalizagdo quanto na efetividade da
resposta mediada pelos interferons (MONSON et al., 2020, 2018; SAKA; VALDIVIA,
2012; SEO; YANEVA; CRESSWELL, 2011). Nesse contexto, proteinas chaves na
inibicdo da infeccdo viral (viperina) (HINSON; CRESSWELL, 2009) e na resposta
antiparasitaria (IRGM) (HALDAR et al., 2013) se acumulam nos CLs ap0s estimulagdo

com interferon (Figura 2).
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Figura 2: Corpusculo lipidicos sdo centrais na resposta inflamatéria tanto pro-patégeno como na
resposta protetiva ao hospdeiro. Cl sdo estruturas centrais na resposta inflamatoria, sendo local de sintese
tanto de protaglandina E2 via cicloxigenase 2, e/ou de leucotrieno B4 (LTB,) via 5-lipoxigenase, dois
mediadores centrais tanto na reposta pro-hospedeiro como na sobrevivéncia dos patégenos. Entre as
fungdes dos CL associadas a sobrevivéncia dos patdgenos estdo a usurpacdo dessa organela como uma
plafatorma de replicagdo e de montagem das particulas virais, e utilizagdo dessa organela como fonte de
energia por protozodrios e bactérias patogénicas intracelulares. Por outro lado, o remodelamento proteico
dessa organela principalmente devido a a¢do das vias de interfone, levam a presenca de proteinas antivirais
(viperina) e antiparasitérias (Irgm-3), sedo que esta esta associada também com a apresentacéo antigénica
via complexo de imunocompartibilidade | (MHC-I). Além disso a presenca de histonas nos CL foi
fortemente associada a atividade antibcateriana dessa organela.

1.7. Os CL na infeccdo bacteriana

Ao longo da evolucdo patdgeno-hospedeiro, bactérias patogénicas adquiriram um
eficiente conjunto de adaptaces que dao suporte aos eventos cruciais na infeccdo,
incluindo sobrevivéncia bacteriana, replicacdo e evasdo da resposta imunolégica do
hospedeiro (COLONNE; WINCHELL; VOTH, 2016; TENG; ANG; GUAN, 2017). Para
que a infeccdo e a replicacdo bacteriana ser bem-sucedidas, varias bactérias patogénicas
desenvolveram diversos mecanismos que subvertem diversas fungdes celulares, incluindo
0 metabolismo do hospedeiro (COLONNE; WINCHELL; VOTH, 2016; SAMANTA et
al., 2017; TENG; ANG; GUAN, 2017). Alteracdes na homeostase lipidica e a inducéo da
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biogénese dos CLs nas células do hospedeiro sdo fendmenos recorrentes apos a infeccao
bacteriana, tanto em modelos experimentais como em humanos (BOZZA et al., 2009;
BOZZA; MAGALHAES:; WELLER, 2009; PACHECO et al., 2002; ROINGEARD;
MELO, 2017).

A subversdo dos CLs por bactérias patogénicas para completar seu proprio ciclo
de vida tem sido relatada para vérias bactérias intracelulares, como M. tuberculosis
(PEYRON et al., 2008; RUSSELL et al., 2009), M. bovis (D’AVILA et al., 2006), M.
leprae (MATTOS et al., 2011b) Chlamydia trachomatis (COCCHIARO et al., 2008) e
C. pneumoniae (CAO et al., 2007). A inibicdo do metabolismo lipidico e a interferéncia
na homeostase dos CLs afetam a sobrevivéncia e/ou a replicacdo dessas bactérias dentro
da célula hospedeira (DANIEL et al., 2011; KUMAR; COCCHIARO; VALDIVIA,
2006; MATTOS et al., 2010). Assim como observado para outras classes de patogenos,
0 acumulo de CLs durante a infeccdo bacteriana geralmente estd associado a um
mecanismo para obter um recurso energético do hospedeiro, bem como a uma estratégia
de escape do sistema imunoldgico através da geragdo de eicosandides (BOZZA et al.,
2011; GOMES et al., 2014; MELO et al., 2011a; ROINGEARD; MELO, 2017) (Figura
3).

Embora os CLs geralmente sejam frequentemente associados a uma resposta anti-
inflamatoria, véarios estudos vém demonstrando a presenca de CLs também em ambientes
pré-inflamatorios (NICOLAOU; GOODALL,; ERRIDGE, 2012; PACHECO et al., 2002;
QADRI, 2004). Na sepse, alteracdes no metabolismo lipidico sdo frequentemente
observadas na forma de acimulo de CLs em varios tipos de células in vivo e in vitro,
inclusive em leucocitos de pacientes sépticos (PACHECO et al., 2002). O acumulo de
colesterol éster nos macréfagos, provavelmente nos CLs, foi observado tanto para
bactérias Gram-negativas (Acinetobacter baumannii, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, P. diminuta, and Proteus vulgaris) como
bactérias Gram-positivas (Staphylococcus aureus, S. epidermidis, and Streptococcus
salivarius). E esse acumulo de lipideos é um processo altamente regulado, envolvendo
principalmente TLR-2, TLR-4 e TLR-5, sendo acompanhado pela secre¢éo da IL-6, uma
citocina pro-inflamatéria (NICOLAOU; GOODALL; ERRIDGE, 2012).

Recentemente KNIGHT e colaboradores (2018) propuseram que a formacéao de
CLs em macrdfagos ndo seria simplesmente um processo induzido pelo M. tuberculosis,
mas seria resultado de uma reprogramacdo glicolitica dependente da sinalizacdo por
interferon-y (IFN-y) e pelo fator induzido por hipdxia 1- a (HIF1-a) nos macrofagos
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murinos. Além disso, neste mesmo trabalho, os CLs induzidos por IFN-y atuavam como
uma plataforma importante para a produgdo de uma ampla-gama de eicosanoides,
especialmente LXB4 e PGE>, mediadores protetivos ao hospedeiro (KNIGHT et al.,
2018). No entanto, a presenca de IFN-y sozinha néo foi suficiente para induzir o acimulo
de CLs, exigindo um segundo sinal via TLR2 (KNIGHT et al., 2018), que ndo exclui o
M. tuberculosis como possivel indutor dessa biogénese. Curiosamente, neste modelo, M.
tuberculosis foi capaz de adquirir lipidios no hospedeiro na auséncia de CLs, mas ndo na
presenga dos CLs induzidos por IFN-y (KNIGHT et al., 2018). Embora pareca
contraditério com a literatura atual, a inducdo dos CLs como resposta do hospedeiro ndo
pode ser subestimada, o que nos leva a sugerir que a indugdo dos CLs possa ter sido uma
resposta inicialmente protetora para o hospedeiro, mas que ao longo da evolucdo
patdgeno-hospedeiro alguns patdgenos podem ter usurpado essa resposta.

Ainda neste contexto, uma importante mudanca de paradigma na interacao
bactéria/CLs foi a participacdo dos CLs na atividade antibacteriana reportado por
ANAND e colaboradores (2012). Ensaios in vitro a partir de CLs purificados de embrides
de Drosophila melanogaster apresentavam atividade antibacteriana in vitro contra S.
epidermidis e E. coli. Neste mesmo trabalho foi constatado que esta resposta
antimicrobiana era devido ao conteudo proteico dessa organela (principalmente devido a
acdo das histonas) e ndo devido aos lipidios (ANAND et al., 2012). Apesar de ser uma
proteina catidnica canonicamente envolvida na formacao e manutencédo de nucleossomos
(SILK et al., 2017), as histonas sdo citotoxicas in vitro e in vivo quando localizadas no
ambiente extracelular ou quando em excesso no citoplasma, além disso, apresentam uma
forte capacidade de matar bactérias (CHEN et al., 2014; PATAT et al., 2004; SILK et al.,
2017). A compartimentalizacdo de histonas em CLs foi detectada pela primeira vez
durante a oogénese de D. melanogaster (CERMELLI et al., 2006) e envolve a
participacdo da proteina Jabba, que interage fisicamente com histonas através de uma
interacdo eletrostatica fraca (LI et al., 2012). Embrides de drosophilas mutantes para a
proteina Jabba apresentam uma drastica redugdo nos estoques de histonas e uma maior
sucetibilidade a infeccdo bacteriana (ANAND et al., 2012). Além disso, em camundongos
expostos ao LPS foi visualizado o aumento da presenca da histona H1 nos CL hepaticos,
sugerindo que esse aumento pode estar envolvido em algum tipo de resposta
antimicrobiana (ANAND et al., 2012). Entretanto 0 mecanismo e natureza da interacdo
de CLs com as histonas em mamiferos € desconhecido, pois ndo ha nenhuma proteina

homdloga a jabba de D. melanogaster.
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Figura 3: Participacdo dos corpusculos lipidicos nas infecgdes bacterianas. A biogénese de CLs é um
processo altamente regulado, envolvendo diversos receptores da imunidade inata, incluindo TLRs, que
reconhecem bactérias ou partes de bactérias, além de citocinas. A ativacdo dos receptores dessas moléculas
se inicia ap6s uma complexa cascata de sinalizacdo que culmina na ativacao de fatores de transcrigdo que
induzem direta ou indiretamente a ativacdo de varios genes lipogénicos. Algumas bactérias recrutam os
CLs para as proximidades dos endossomos, tendo acesso ao contetido dos CLs, que servem como uma fonte
nutricional para a sobrevivéncia e proliferacdo de bactérias patogénicas. Além disso, os CLs também sao
atores importantes na imunidade inata. A interacdo patogeno-hospedeiro leva a biossintese e secrecdo de
mediadores inflamatdrios como a prostaglandina E, (PGE;) através das vias da ciclo-oxigenase (COX-2)
derivada do acido araquidénico (AA). A PGE; pode inibir potencialmente a resposta Thl, favorecendo a
proliferacdo de patogenos. Por outro lado, os CL também participam na imunidade inata, armazenando
proteinas antibacterianas, como as histonas. Além disso, os LDs também sdo um local para a producéo de
leucotrieno B4 (LTB4), um mediador pro-inflamatorio derivado do AA, associada a eliminagéo do patégeno
(Fonte: PEREIRA-DUTRA et al., 2019).
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2. JUSTIFICATIVA E HIPOTESE

Apesar dos CLs serem subvertidos durante a infeccdo por alguns patdgenos
intracelulares, a presenca dessa organela em uma vasta gama de processos inflamatorios
pode ser um indicio da existéncia de uma outra face dessa interacdo patégeno-hospedeiro.
A exemplo do que acontece em Drosophila, nossa hipdtese nesse trabalho é que os CLs
também participam dos processos de resisténcia a algumas infeccdes bacterianas, tanto
através do acumulo de proteinas antibacterianas em seu proteoma, como local de sintese
de LTB4 (Figure 4). O presente trabalho justifica-se pela auséncia de informagé&o sobre o
papel dessa organela em diversas infeccdes bacterianas, principalmente nas desencadas
por bactérias extracelulares. Em um contexto em que é cada vez mais comum a
resisténcia bacteriana aos antibiéticos, a melhor compreensdo de mecanismos de defesa
do hospeiro pode fornecer novas estratégias para o controle das infeccGes bacterianas.
Uma vez que todas as células virtualmente possuem CLs, a participacdo dessa organela

na resposta imune pode torna-la um promissor alvo para futuras intervencdes terapéuticas.

&
S

e

!

LTB-4

Figure 4: Hipotese do papel protetor dos corpusculos lipidicos durante a infeccdo. Em contrapatida a
subversdo dos CL pelas bactérias intracelulares como fonte de energia e como uma imunoplataforma de
supressdo da resposta imune do tipo Th1l através da producdo de PGE;,, nossa hipotese nesse trabalho é que
os CL possuem atividade antibacteriana, principalmente através da presenca de histonas em seu proteoma.
Além disso como local de sintese de LTB4, ao CL também podem atuar como um importante regulador da
resposta imune inata frente a infec¢Bes bacterianas.
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2. OBJETIVOS

2.1. Objetivo geral

O objetivo geral do presente estudo é avaliar a participagdo dos corpusculos

lipidicos nos mecanismos de resisténcia a infeccéo bacteriana.

2.2. Objetivos especificos:

e Caracterizar a participacdo dos CLs na resposta antibacteriana e inflamatoria in vitro

durante a infec¢do a E. coli em macrdfagos

e Caracterizar o papel dos CLs na resposta antibacteriana e inflamatéria durante a sepse

experimental.

e Caracterizacdo dos CLs como uma plataforma auténoma na resposta antibacteriana.
e Identificacdo de proteinas antibacteriana e pré-hospedeiro nos CLs de macréfagos e

no figado.
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3. METODOLOGIA

3.1. Animais

Nesse trabalho foram utilizados camundongos C57BL/6 machos com 6-8
semanas de idade, pesando entre 20 e 30g, fornecidos pelo Instituto de Ciéncias e
Tecnologia em Biomodelos (ICTB/Fiocruz). Durante os experimentos, os animais foram
mantidos no Centro de Experimentacdo Animal do Pavilhdo Hélio e Peggy Pereira (HPP)
do Instituto Oswaldo Cruz (IOC/Fiocruz). Os animais foram mantidos em temperatura
constante (25°C), com ciclo de 12 h claro/escuro e livre acesso de dgua e comida. Os
protocolos utilizados neste estudo foram aprovados pelo Comité de ética no uso de
animais de laboratério da Fundacdo Oswaldo Cruz (CEUA / FIOCRUZ), sob licenca
nimero CEUA- L025/15.

3.2. Diferenciacdo dos macrofagos a partir de medula 6ssea murina

Os macrdfagos derivados da medula 6ssea (BMDM) foram obtidos através da
diferenciacéo de células isoladas do fémur e da tibia de C57/BL6 foram cultivadas por 7
dias em meio RPMI-1640 suplementado com 18 % (v/v) sobrenadante L929, 20% (v/v)
soro fetal bovino inativado pelo calor, 1% (v/v) de L-glutamina e 1% (v/v) de penicilina-
estreptomicina, conforme descrito anteriormente por ASSUNGCAO e colaboradores,
(2017). Ap6s 7 dias de diferenciacdo, os sobrenadantes foram descartados e o0s
macrofagos ja diferenciados foram removidos das placas por lavagem com PBS gelado
(27 mM KCI, 20 mM KH2POa, 137 mM NaCl, 100 mM NaHPOg4, pH 7,4), contados e
plagueados em placas de 24 pogos (1 x 10° células/pogo) ou placas de 12 pogos (5 x 10°
células/ poco). O meio utilizado para plagueamento foi RPMI 1640 suplementado com
10% (v/v) de SFB e 1% de L-glutamina. As células plaqueadas foram mantidas em

repouso na estufa por 24 horas antes do inicio da infeccéo.
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3.3.Pré-tratamentos in vitro

Para avaliar o papel dos CLs na resposta antibacteriana, macrofagos foram pré-
tratados com 40uM de &cido oléico (Sigma, EUA), adicionados a cultura 16h antes da
infecgdo. J& o tratamento com a droga A922500 foi adicionado a cultura 30 min antes da
infeccdo, permanecendo por todo o tempo do experimento.

3.4. Cultura da Escherichia coli

Nos experimentos in vitro utilizou-se uma cepa de Escherichia coli patogénica
(ATCC 25922), pertencentes ao nivel 2 de biosseguranca, oriundas da Colecdo de
Enteropatdgenos Bacterianos do Instituto Oswaldo Cruz. Mantidas sob congelamento em
-80°C. Para infeccdo utilizou-se bactérias na fase estacionaria, obtidas a partir de pré-
indculos cultivados no meio de cultura Luria Bertani (LB; Kasvi, Brasil) liquido, e
incubado a 37°C por 16h com agitacdo constante. No dia seguinte, as bactérias foram
purificadas e realiza-se a leitura por espectrofotometria na Densidade Optica em 600 nm
(ODeé0o).

3.5. Infeccdo por Escherichia coli (Ensaio de protecdo a gentamicina)

Para avaliar a internalizacdo e sobrevivéncia intracelular da E. coli foi realizado o
ensaio de protecdo com gentamicina com base no método descrito por LISSNER e
colaboradores (1983), com algumas modifica¢cbes. No dia da infec¢cdo removeu-se o0
sobrenadante das placas previamente plagueadas com macrdfagos, e as celulas foram
infectadas com E. coli em um MOI (multiplicidade de infecgéo) de 100, e incubados por
1h a 37°C e 5% de CO.. Uma hora apds a infeccdo a 37°C, o meio de cultura foi
descartado e as células foram lavadas com PBS com 100 pg / mL de gentamicina trés
vezes. Adicionou-se RPMI suplementado com 100 pg / mL de gentamicina em cada pogo
para matar as bactérias extracelulares e a incubacdo foi continuada por mais 1 h. Apos a
incubacgéo, os meios foram removidos novamente e um meio fresco sem gentamicina foi
adicionado pelo restante do tempo do experimento. Para enumeracdo bacteriana, nos
momentos indicados, as células foram lavadas trés vezes com PBS e lisadas com solucéo

de saponina a 5%. As unidades formadoras de col6nias (UFC) foram contadas através da
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diluicdo apropriada em placas de agar triptona de soja (TSA; Kasvi, Brasil). Todos os

experimentos foram realizados em triplicata.

3.6. Marcacéao de CLs e microscopia confocal

Para a quantificacio dos CLs, as ceélulas foram fixadas com 4% de
paraformaldeido e os CLs foram corados com 0,3% de Oil Red O (diluido em isopropanol
60%) por 2 min em temperatura ambiente, como descrito anteriormente (MELO et al.,
2011b). Os nucleos das células foram marcados com DAPI (ThermoFisher Scientific,
EUA), e como meio de montagem foi utilizado o meio Fluoromount G (ThermoFisher
Scientific, EUA) para a microscopia confocal. As imagens foram capturadas pelo
microscopio FluoView FV10i da OLYMPUS, da plataforma de microscopia do INCA.
Os CLs foram quantificados a partir de um minimo de 100 células de 5 campos diferentes

pelo software ImageJ (https://imagej.nih.gov/ij/index.html).

3.7. Dosagem de lactato

Para dosagem de lactato no sobrenadante das culturas utilizou-se o lactato
enzimatico (Labtest, Brasil), conforme as instru¢cbes do fabricante. Brevemente, as
amostras foram diluidas em &gua destilada (10X), e em placas de 96 pocos pipetou-se 2
ul das diluices dos sobrenadantes, seguido por 200 uL da reacdo de trabalho do kit. Ap6s
incubacdo de 5 min a 37°C, a leitura no espectrofotémetro foi realizada a 550 nm. Como
curva-padréo utilizou-se uma solucdo de lactato (Labtest, Brasil) na concentragéo inicial
de 60 mg/dL.

3.8. Dosagem de 6xido nitrico

Para a dosagem do 6xido nitrico (NO) nos sobrenadantes de cultura e no
sobrenadante dos lavados peritoneais foi utilizada a reagdo colorimétrica de Griess, que
consiste na deteccdo de nitrito (NO2"), produto estavel da oxidagdo do NO. Em placa de
96 pogos, pipetou-se 25uL dos sobrenadantes, seguido do mesmo volume do reagente de
Griess (composto 1:1 de sulfanilamida 1% diluida em H3POs 2,5% e de N-1-

naphtylethtylenodiamina, também diluido em solucéo de H3PO4 a 2,5%). Apos incubacao
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de 10 minutos ao abrigo da luz, a leitura no espectrofotémetro foi realizada a 450 nm.
Como curva-padrao utilizou-se uma solugéo de nitrito de sddio (NaNOz) na concentragdo
inicial de 200uM, diluido em meio de cultura fresco.

3.9. Mensuracao dos mediadores inflamatorios lipidicos no sobrenadante celular

Para a determinacgdo das concentracdes de mediadores lipideos prostaglandina
E> (PGE2) e leucotrieno B4 (LTB4) nos sobrenadantes de cultura foi utilizado kits de
ensaio imunoenzimatio (EIA), utilizando-se kits comerciais (Cayman, EUA), conforme

as orientacdes do fabricante.

3.10. Dosagem de citocinas

A determinacdo das concentrac6es de IL-1f, IL-6, IL-10, MCP-1/CCL2 e TNF-
a no sobrenadante da cultura celular foram realizados por meio de ELISA, utilizando-se
kits comerciais (BD biosciences), conforme as orientagdes do fabricante. As
concentragfes de IL-1B, IL-6, IL-10, IL-12p70, TNF-a, MCP-1, KC, IFN-y no
sobrenadante dos lavados peritoneais foram quantificados através da técnica de Luminex
utilizando-se kits comerciais (BD biosciences). Todas as analises foram realizadas na
subunidade Luminex-RPTO3C da Rede de Plataformas PDTIS (FIOCRUZ/RJ).

3.11. Determinacgéo da atividade da enzima lactato desidrogenase (LDH)

Para a determinagéo da atividade da enzima lactato desidrogenase (LDH) no
sobrenadante da cultura celular foi utilizado o ensaio de citotoxicidade ndo-radioativo
CytoTox 96 (Promega, EUA), conforme as orientagdes do fabricante. Os resultados
foram expressos em atividade relativa, a partir do percentual em relagdo

a atividade de células lisadas com 0,1% de Triton X-100.
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3.12. Modelo de Sepse experimental (CLP)

Para a inducdo da sepse experimental, utilizarmos o modelo de ligagdo e
perfuracdo do ceco (CLP) para induzir uma peritonite polimicrobiana grave, conforme
descrito por REIS e colaboradores (2017). Para induzir a sepse polimicrobiana,
camundongos C57BL/6 foram anestesiados intraperitonealmente com 112,5 mg/kg de
ketamina (Cristalia, Brasil) e 10 mg/kg de xilazina (Syntec, Brasil). Ap0s anestesiados, a
cavidade abdominal foi aberta, o ceco foi exposto e ligado com linha de algodéo (4.0),
abaixo da juncéo ileocecal. Em seguida, o ceco foi perfurado 4 vezes com uma agulha de
21G, e uma pequena quantidade de material fecal foi extravasada antes da recolocacao do
ceco na cavidade abdominal (grupo CLP). O abddmen foi suturado com agulha de nylon
(3.0), e ap6s o procedimento cirdrgico, os animais receberam 1,0 mL de solucédo salina
(0,9% NacCl) por via subcutanea para reposicao volémica. Como controle foram utilizados
animais falsos operados (grupo Sham), submetidos a cirurgia, com a exposicao do ceco,
mas sem a ligacdo e a perfuracdo. Apds o procedimento cirlrgico, 0s animais também
receberam 1,0 mL de solucgdo salina. Nos experimentos de sobrevida, ap6s 6h e 24h da
cirurgia, todos animais foram tratados intraperitonealmente com antibiético Meropenem
(75 mg/kg; Merck, EUA), e acondicionados em caixas apropriadas para a observacao

diéria.

3.13. Tratamento com inibidor da DGAT-1

Parte dos animais dos grupos CLP e Sham foram pré-tratados com A922500
(Sigma, EUA), um inibidor da diacilglicerol aciltransferase-1 (DGAT-1). Para isso a
molécula foi dissolvida em DMSO e armazenada a -20°C. No dia dos experimentos a
solucéo estoque foi diluida em solucdo salina. Uma hora antes da cirurgia, os animais
foram pré-tratados com A922500 (3 mg/kg, via intragastrica) ou solucdo salina mais
0,05% de DMSO (via intragastrica) (Figura 5A). Nos experimentos de 24h, os animais
receberam uma segunda administracdo do inibidor 6h apds a cirurgia (Figura 5B). Por
fim, nos experimentos de analise de sobrevida o inibidor A922500 também foi
administrada 6h e 24h apds a cirurgia, concomitantemente a administracdo do antibiotico
(Figura 5C). A concentracdo do inibidor e forma de administracdo do A922500 foi
escolhida em funcdo do estudos prévios que validaram a molécula (KING et al., 2009,
2010).
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Figura 5: Esquemas representativos dos tratamentos com A922500 durante a sepse, nos experimentos
de sobrevida e escore clinico

3.14. Avaliacdo do escore clinico de gravidade da sepse

Entre 6h e até 48h apos a cirurgia foi avaliado a progressao da sepse através de
um escore derivado do protocolo SHIRPA (SmithKline Beecham, Harwell, Imperial
College and Royal London Hospital Phenotype Assessment) (ROGERS et al., 1997), com
as adaptacdes de REIS e colaboradores (2017). Foram avaliados tanto parametros fisicos
como comportamentais indicadores de gravidade. Nesse trabalho foram avaliadas as
seguintes variaveis: piloerecdo, abdémen contraido, alteragdes de locomocdo, frequéncia
respiratdria, lacrimagdo, fechamento de palpebras, forca ao agarrar, tdnus corporal,
temperatura corporal, o interesse pelo ambiente, perda da atividade motora e alteragdes
nas fezes. Para cada alteracdo dos parametros foi acumulado 1 ponto no escore total. Para
a confirmacéo do quadro séptico foi considerado um escore acima de 4 pontos. Os animais
controles (grupo Sham) também foram submetidos a avaliacdo clinica dos mesmos
parametros ja citados, de modo a confirmar a auséncia de interferéncias externas no

experimento.
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3.15. Coletas das amostras

Ap0s 6h e 24h da inducgdo de sepse, os animais foram eutanasiados por meio de
uma dose letal do anestésico inalatorio Isofurano (5%), e foi feita a coleta das amostras

bioldgicas:

Puncéo ocular para obtencéo de sangue

O sangue foi coletado por via ocular, com o auxilio de uma pinca, e alocado em
microtubos. Apds a coagulacao, o sangue foi centrifugado a 2500 rpm por 10min a 4°C,

o0 soro foi coletado e armazenado a -80°C para as analises posteriores.

Lavado peritoneal

Apds a coleta do sangue, as cavidades peritoneais foram abertas e lavadas com
3 mL de PBS estéril no fluxo laminar. A suspenséo celular foi diluida 40X em solugéo de
Turk (2% CH2COOH, 0,1% de cristal violeta) e quantificada em cameras de Neubauer.
Aliquotas contendo 1 x 10* células foram citocentrifugadas a 500 x g por 5 min para a
confeccdo dos citoesfregacos. As laminas contendo os citoesfregacos foram fixadas em
4% de paraformaldeido por 16h a 4°C, para posterior contagem total e diferencial de
células, e coloragdo e quantificagdo dos corpusculos lipidicos. O restante do lavado
peritoneal foi entdo centrifugado a 500 x g por 10min a 4°C, e as fragdes dos

sobrenadantes foram coletadas e armazenadas a -80°C para posterior analises.

Coleta do Figado

Em seguida a obtencédo do lavado peritoneal, os animais foram perfundidos com
solucdo de salina (0,9% NaCl). Apos perfusdo, o figado foi coletado e a vesicula biliar
descartada. Os l6bulos menores foram imediatamente fixados em solucdo de 4 % de
paraformadeido, para analises histologicas. E os lobulos maiores foram imediatamente

congelados em gelo seco e armazenados a -80°C para futuras analises bioquimicas.
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3.16. Quantificacdo da carga bacteriana

A quantificacdo do nimero de unidades formadoras de col6nias bacterianas foi
realizada da diluicdo do lavado peritoneal em PBS, e 100 puL dos lavados foram
plaqueados em placa de Agar Triptona de Soja (TSA, Kasvi, Brasil) e incubadas na estufa
a 37°C por 16 h para posterior contagem manual de unidades formadoras de coldnias
(UFC). Para a quantificacdo da carga bacteriana no sangue, 20 uL de soro foram
plaqueados em em placa de Agar Triptona de Soja (TSA, Kasvi, Brasil) e incubadas na
estufa a 37°C por 16 h para posterior contagem manual de unidades formadoras de
colénias (UFC).

3.17.  Anélises dos parametros celulares (leucometria) e quantificacdo dos CLs

As suspensdes de células do lavado peritoneal foram citocentrifugadas (400 x
9/5 min) em lamina de vidro e fixadas em paraformaldeido a 4%, durante 20 minutos.
Para coloragdo das células, as células foram coradas com 0,3% de Oil Red O (ORO,
diluido em isopropanol 60%) por 2 min em temperatura ambiente. Apds isso, as células
foram lavadas 1 vez em isopopanol e 3 vezes em agua e mergulhadas, e entdo coradas
com Hematoxilina de Meyer (Merck, Alemanha) durante 4 minutos. As ldaminas foram
montadas utilizando meio de montagem Fluoroumont G. Apos a coloragdo com ORO,
foram quantificados o nimero de CLs de 50 células consecutivas no microscopio
Olympus BX 41, utilizando objetiva de 100x. Para a analise diferencial de leucdcitos
foram contadas 100 células consecutivas por citocesfregaco em microscopio de luz, com
objetiva (aumento de 100x) de imersdo em oleo. A quantidade de cada tipo celular foi

calculada a partir da porcentagem encontrada com relagdo ao numero total de células.

3.18. Avaliagdo dos triglicerideos e colesterol no sangue

As concentrages de triglicerideos totais e de colesterol total foram determinados
a partir do soro dos animais, utilizando os kits Triglicérides Liquiform (Labtest, Brasil) e
de Colesterol Liquiform (Labtest, Brasil), respectivamente, conforme as instrugdes do
fabricante.
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3.19. Dosagem de 8-Isoprostano e LTB4 no lavado peritoneal

As concentragdes de 8-1soprostano e LTB4 foram determinados diretamente dos
sobrenadantes dos lavados peritoneais utilizando-se kits comerciais (Cayman, EUA),

conforme especificado pelo fabricante.

3.20. Contagem total e diferencial do sangue

Aliguotas de sangue total foram diluidas 40X em solucdo de Turk (2%
CH>COOH, 0,1% de cristal violeta) e o numero total de leucdcitos foi quantificado em
cameras de Neubauer. A analise diferencial de leucocitos foi realizada a partir de
esfregacos sanguineos corados pelo método Pandtico Rapido (Laborclin, Brasil). Foram
contadas 100 células consecutivas por esfregaco em microscopio de luz, com objetiva
(aumento de 100x) de imersdo em bleo. A quantidade de cada tipo celular foi calculada a

partir da porcentagem encontrada com relagcdo ao nimero total de células.

3.21. Analise histologica do figado

Para a andlise histoldgica, os I6bulos menores do figado de animais controle e
sépticos foram fixados em paraformaldeido 3,7% a 4°C por 24h. Apds a fixacdo, foi
realizado processamento histologico através de desidratacdo em série alcodlica crescente
de etanol, passando por alcool 80%, 85%, 90%, 95% e etanol absoluto. Posteriormente,
as amostras foram diafanizadas em xilol, seguida pela impregnacdo e inclusdo em
parafina a 56 °C. Os blocos foram cortados em micrétomo a espessura de 5 pm e as
laminas foram coradas com hematoxilina e eosina para analise morfoldgica. Os cortes
histoldgicos foram fotografados em microscépio Olympus BX41, no aumento de 200

VEeZes.

3.22. Cromatografia em camada fina (TLC)

Para a anélise da composicao lipidica, 5 mg de tecido foram maceradas em 500
pL de agua destiladas. A extracao dos lipideos hepaticos foi feita pelo metodo de Bligh-

Dyer e analisadas por TLC em placas de silica gel 60 (Merck) aplicando 1 mg de tecido
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hepéatico, de acordo com HORWITZ; PERLMAN (1987). Para identificar lipidios
neutros, as placas foram desenvolvidas em hexano-éter etilico-acido acético (60: 40: 1,
em volume) até a frente do solvente atingir a linha superior. Os lipidios neutros foram
identificados por comparacdo com os lipidios padréo (1 mg / ml): colesterol (CE), éster
de colesterol (C), acido graxo (FA), monoacilglicerol (MAG), diacilglicerol (DAG),
triacilglicerol (TAG), obtido da Sigma (EUA). Para visualizacdo dos lipidios, as placas
de TLC foram coradas por pulverizagcdo com reagente de Charring (3% de CuSO4 e 8%
de H3PO4 (v / v) e aquecidas a 110 ° C por 10 min. Cada mancha lipidica foi identificada
por comparacdo com um padrdo lipidico (Sigma-Aldrich, EUA) executado em paralelo.
Os niveis de triglicerideos e colesterol éster foram quantificados atraves de densitometria
a partir de imagens digitais das placas de silica, utilizando o programa ImageJ.

3.23. Determinacéo das substancias reativas ao acido tiobarbitarico (TBARS)

As espécies reativas de acido tiobarbitdrico (TBARS), um indice de peroxidacao
lipidica, foram determinadas de acordo com o método descrito por Buege and Aust (1978)
com algumas modificacbes. O &cido tricloroacético e acido tiobarbitarico foram
adicionados as amostras, os quais foram incubados durante 25 min a 100°C. A curva de
calibracéo foi realizada utilizando 1,1,3,3-tetrametoxipropano. A absorbancia foi lida a
535 nm e os resultados foram expressos como nmol de TBARS / mg de proteina. A
determinacdo proteica foi realizada pelo método de Bradford (Bio-Rad Laboratories,

EUA), conforme as orientacdes do fabricante e utilizando albumina bovina como padréo.

3.24. Determinacao total de grupos tiolicos

O conteudo total de tiol foi determinado pelo método de DTNB (&cido 5,5 '-
ditiobis-2-nitrobenzdico), descrito por Aksenov and Markesbery (2001) com algumas
modificagfes. A quantidade de TNB formada foi determinada a 412 nm. Os resultados
foram expressos como nmol de TNB / mg de proteina. A determinacédo proteica foi
realizada pelo método de Bradford (Bio-Rad Laboratories, EUA), conforme as

orientacOes do fabricante e utilizando albumina bovina como padréo.
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3.25. Determinacdo da atividade da Mieloperoxidase

Para esta andlise, o figado dos animais foi pesado, e 50 mg de tecido hepético
foi macerada em 100 pL de solugdo de homogeneizagdo (PBS-EDTA 5 uM + Brometo
de cetildimetilaménio 0,5% (HTAB). Ap6s a homogeneizacdo, as amostras foram
centrifugadas a 4°C por 4000 rpm durante 15 min. O sobrenadante das amostras foi
recolhido e novamente centrifugado a 4°C por 1200 rpm durante 15 min. Em placas de
96 pogos de fundo curvo, 50 uL do sobrenadante de cada amostra foi adicionado a 50 pulL
da solugdo de homogeneizagdo e 50 pL de solugdo de o-dianisidina (0,68 mg/mL), e
incubados a 37°C protegido da luz. Apds 30 min, foram adicionados 50 pL de perdoxido
de hidrogénio (H202 0,006%) por poco e incubou-se por mais 10 min a 37°C. Para a
leitura no espectrofotometro, 200 puL da reacdo foram transferidos para uma placa de
fundo chato, e a leitura foi realizada a 460 nm. O célculo foi realizado a partir do valor

da absorvancia/peso das amostras hepaticas.

3.26. Isolamento de corpusculo lipidicos por fracionamento celular

Purificacdo de corpusculo lipidicos de macrofagos

Apos a diferenciacio, 1 x10® macréfagos murinos foram plaqueados em garrafas
de cultura de 175cm? na desidade de 25 x 10 células/placa, em RPMI 1640
suplementado com 10% (v/v) de SFB e 1% de L-glutamina. No dia seguinte ao
plagueamento, os macrofagos foram estimulados com 500ng/mL de LPS sorotipo
0111:B4 (Sigma-Aldrich, EUA) e 10ng/mL de interferon y murino recombinante
(Peprotech, EUA). Apds 24h de estimulo, as células foram ressuspensas com PBS gelado
e com o auxilio do cell scraper. As células foram centrifugadas a 500xg por 10 min a
4°C, e ressuspendidas no tampéo de TEE-KCI (25 mM Tris/HCI, 100 mM KCI, 1 mM
EDTA e 5 mM EGTA, pH 7,4), suplementado com inibidores de proteases
(Complete™ protease inhibitor cocktail, Roche) e fosfatases (PhosSTOP™, Merk). A
suspensdo celular foi cavitada em nitrogénio (700 psi), por 15 min no gelo. Apos a lise,
as células foram centrifugadas a 500 xg por 10 minutos a 4 ° C. O sobrenadante pés-
nacleo (SPN) foi utilizado para a analise de Western blot ou purificacdo dos CLs. Para
purificar os CLs, ap06s a mistura de 3 mL do SPN com 3 mL de sacarose 1,08 M, um
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gradiente descontinuo de sacarose foi preparado por camadas de 2 mL de solucgdes de
sacarose a 0,27 M e 0,135 M, e uma camada adicional de 2 mL de Top solution (Tris-
HCI 25 mM, pH 7,5, EDTA 1 mM e EGTA 5 mM). Apos centrifugacdo a 150.000 xg por
1 hora a4 ° C (rotor SW-41Ti, Beckman Coulter), a fracdo de CLs no topo do gradiente
foi recuperada. As proteinas dos CLs foram precipitadas adicionando 10 volumes de
acetona gelada e mantidas durante a noite a -20 ° C. As amostras foram centrifugadas a
4300 xg durante 1 hora a 4 ° C, o sobrenadante foi removido e o sedimento foi seco ao
ar. O sedimento resultante utilizado para analise por Western blot foi ressuspensa em Tris
0,1 mM pH 8,0, sonicada e a concentracdo de proteinas foi quantificada pelo kit de
quantificacdo de proteinas Bradford (Bio-Rad Laboratories, EUA), conforme as

orientacOes do fabricante e utilizando albumina bovina como padréo.

Purificacdo de corpusculo lipidico hepatico

Apds a perfusdo hepéatica com solucdo salina (NaCl 0,9% e EDTA 0,1%), o
figado foi colocado em uma placa de Petri, picado com bisturi e transferido para um
macerador de tecidos do tipo Dounce juntamente com 3 volumes (1 g / 3 ml) de tampéo
de homogeneizacao (Tris-HCI 25 mM, pH 7,5, KCI 100 mM, EDTA 1 mM e EGTA 5
mM), suplementado com inibidores de proteases (Complete™ protease inhibitor cocktail,
Roche) e fosfatases (PhosSTOP™, Merk). Apos a maceragio, o homogenato de figado foi
centrifugado a 500 xg por 10 minutos a4 ° C. O sobrenadante pds-nicleo (SPN) resultante
foi coletado e utilizado para Western blot ou purificagdo de CLs. Para purificar os CLs,

foi seguido 0 mesmo protocolo descrito acima.

3.27. Ensaio de antividade antibacteriana in vitro

Ensaios de formacdo de colonias foram realizados para avaliar a capacidade
antibacteriana dos CLs. Para isso, E. coli cresceram exponencialmente no caldo Luria-
Bertani (LB) a 37 ° C até atingir ODsoo = 1. Ap0s, as bactérias foram entdo centrifugadas,
lavadas, ressuspendidas com 10 mM (pH 7,4) suplementado com 0,01 volume (1% v/ v)
de meio LB em microtubos. Alicotas de 100 pL da suspenséo bacteriana foram incubados
com 25-100 pg de proteina CL por 16h a 37 °© C em agitacdo. Em alguns experimentos,
100 pL CLs intactos obtidos do gradiente de sacarose foram usadas no ensaio. Apos a
incubacdo, as amostras foram diluidas em 6 ou 8 dilui¢des seriadas (1/10) consecutivas
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com Tris-HCI 10 mM (pH7.4) e plaqueadas em triplicado em placas de agar LB. As
bactérias viavéis foram quantificadas em UFC / mL em placas ap6s incubacdo por 16h a
37°C.

3.28.  Western blotting

Para as analises de Western blotting nesse trabalho foram utilizadas
principalmente extratos proteicos obtidos apos a ressuspensdo das proteinas oriundas dos
gradientes de sacarose. Os extratos foram desnaturados a 100°C por 5min na presenca de
tampé&o de amostra 4x (Tris-HCI 187,5 mM pH 6,8, SDS 6%, glicerol 30 % (Invitrogen),
- mercaptoetanol 10 %(Sigma) e de azul de bromofenol 0,03%). As amostras foram
submetidas a eletroforese (em gel de acrilamida 12%) no sistema SDS-PAGE com a
aplicacdo de 100 V por 4 h, e entdo transferidas para membrana de nitrocelulose (GE
Healthcare) utilizando tampé&o de transferéncia (Tris 25 mM, glicina 192 mM pH 8 e 20
% de metanol). A transferéncia foi realizada a 15 V por 40 minutos em sistema semi-seco
(Trans-Blot Semi Dry, GE). Apds as transferéncias as membranas foram incubadas com
solucdo blogueadora de leite a 5 % em TBS/T (Tris-HCI 5 mM pH 7,4, NaCl 15 mM e
0,1% Tween 20). Posteriormente, as membranas foram incubadas com os anticorpos
primarios (Tabela 1) por 16h a 4°C. Apo6s incubacdo, as membranas foram lavadas 3 x
com TBS-T, e entdo incubadas com anticorpos segundarios apropriados conjugados com
peroxidase (HRP) por 1h a temperatura ambiente. Para a revelacdo, as membranas foram
expostas a mistura dos reagentes ativadores de peroxidase (Luminol, Super Signal West
Pico Chemiluminescent Substrate, Pierce) em temperatura embiente por cerca de 5 min.
A quimioluminescéncia foi detectada por exposicao a filme radiografico (GE Healthcare)
em um cassete para exposicdo apropriado. Apds a exposicao, os filmes foram revelados

e fixados.
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Tabela 1: Lista de anticorpos utilizados nesse trabalho

Anticorpo Marca Catalogo Diluicao
anti-H2A Santa Cruz sc-10807 1/1000
anti-H2B Santa Cruz sc10808 1/1000

anti-catelicidina Abcan ab180760 1/500
anti-viperina Cell signalling 13996S 1/1000
anti-HMGB-1 Proteintech 10829-1-AP 1/500
anti-ADRP/Plin2 Proteintech 15294-1-AP 1/2000

3.29. Analise estatistica

Os dados dos experimentos in vivo foram expressos como mediana * interquatil,

enquanto que os dos experimentos in vitro como media £ desvio padrdo. Para avaliagdo

estatistica das curvas de sobrevida foi utilizado o teste de Log-rank (Mantel-Cox), ja para

as demais andlises estatisticas foi utilizado o Teste t de Student ou ANOVA one-way

seguido pelo teste post-hoc de Tukey, conforme o indicado. Foi consierado como

estatisticamente significativo de p< 0,05.
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4. RESULTADOS

4.1. Modulac¢do da quantidade de CLs afeta a capacidade de killing de macrofagos

A biogénese de CLs é um fenbmeno altamente regulado, envolvendo a
participacdo de TLRs, sendo um fendmeno recorrente em diversas infec¢des bacterianas,
tanto in vitro como in vivo (BOZZA; MAGALHAES; WELLER, 2009); entretanto, o
papel dessa organela, principalmente durante a infeccéo por bactérias extracelulares ainda
ndo foi esclarecido. Para investigar o papel do CLs na resposta antibacteriana conduzimos
experimentos in vitro com macrdéfagos murinos e avaliarmos se a modulag¢do do acumulo
de CLs afetaria a capacidade de macrofagos de eliminar a E. coli, uma bactéria
extracelular.

Nossa primeira estratégia experimental foi estimular a biogénese de CLs através
do pré-tratamento dos macrofagos derivados da medula com 40 uM de acido oléico (AO)
por 16h antes da infeccdo. Observamos que essa estratégia elevou significativamente a
quantidade de CLs nos macr6fagos tanto na primeira hora pos-infeccdo como em 24h
(Figura 6A-B). Além disso, essa estratégia tambem levou a uma diminuicdo da carga
bacteriana intracelular nos macrofagos pré-tratados com acido oleico em comparacdo aos
macrofagos expostos ao veiculo em ambos os tempos analisados (Figura 6C).

Se 0 aumento da quantidade de CLs diminui a carga bacteriana, nosso préximo
passo foi avaliar se a inibicdo da biogénese de CLs teria um impacto inverso sobre a carga
bacteriana. Para isso, utilizamos um inibidor da enzima DGAT-1 (A922550), responsavel
pela Ultima etapa da sintese de triglicerideos. Apesar do tratamento com A922500 inibir
de forma parcial a biogénese de CLs em 24h (Figura 6D-E), o tratamento levou ao
aumento significativo da carga bacteriana intracelular em 24h (Figura 6F). Esse conjunto

de dados sugere a participacdo dos CLs na atividade antibacteriana.
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Figura 6: Modulagdo da biogénese de CLs afeta a capacidade de killing dos macro6fagos. Macréfagos
BMDM com ou sem pré-tratamento com (A-C) 40 uM de &cido oleico (AO) or (E-F) 5 uM de A922500
foram infectadas com E. coli (MOI de 100). (A) Imagens representativas de 24h poés-infecgdo de
macrdfagos intectados com E. coli com ou sem pré-tratamento com acido oleico. CL foi marcado com ORO
(vermelho) e o nicleo foi marcado por DAPI (azul). Barra de escala: 10 um. (B) Quantificagdo dos CLs
nos macréfagos 1h e 24h pos-infeccdo por E. coli. (n=3) (C) Cinética de internalizacdo (n=3) e
sobrevivéncia (n=6) da E. coli dentro dos macrofagos. (D) Imagens representativas de 24h pés-infeccdo de
macrofagos intectados com E. coli com ou sem pre-tratamento com A922500. CLs foram marcados com
ORO (vermelho) e o nicleo foi marcado por DAPI (azul). (E) Quantificacdo dos CLs nos macréfagos 1h e
24h pé-infeccao por E. coli. (n=3) (F) Cinética de internalizacdo e sobrevivéncia da E. coli dentro dos
macrdfagos (n=3). Cada ponto representa a média de um experimento independente. A andlise estatistica
foi feita usando o teste ANOVA One-way seguida do pos-teste de Turkey. * significa p < 0,05.

34



4.2. CLs interagem com bactérias internalizadas

Nosso proximo passo foi avaliar se durante a infeccdo por E. coli haveria
interacdo dos CLs com as bactérias. Através microscopia confocal observamos que de
fato havia interacdo bactéria/CLs e, em uma frequéncia relativamente comum nessas
células, sendo que parte dos CLs ficam nas proximidades das bactérias (Figura 7A-B).
Quando analisamos os macrofagos tratados com &cido oléico, nas mesmas condices,
observamos que houve aumento dessa interacdo e do niumero de CLs nas proximidades
das bactérias (Figura 7B).

NOs nos perguntamos se essa interacdo bactéria/CLs poderia indicar que os CLs
teriam propriedades antibacterianas. Para testar essa hipotese, tentamos mimetizar a
interacdo CLs e bactérias in vitro. NOs crescemos E. coli até a fase estacionaria. Em
paralelo, purificamos os CLs de macrdfagos estimulados com LPS e interferon- y (IFN-
y), um classico indutor de CLs. Em virtude das limitagdes impostas pelo modelo em
relacdo a quantidade de amostra, escolnemos o método de Ensaio de morte bacteriana por
placas (BPKA), conforme o desenho experimental na Figura 7C. Apds 16h de incubacao
a 37°C, as amostras foram diluidas e plagueadas e no dia seguinte as col6nias contadas.
Apesar de observarmos que os CLs purificados de macréfagos estimulados com
LPS+INF apresentaram uma reducdo no numero de bactérias viaveis em relacdo ao
controle negativo (Figura 7D-F), ndo observamos diferencas significativas quanto aos
CL purificados das células expostas ao veiculo (que apresentam uma baixa quantidade
CL) em relagdo a amostras tratadas com LPS+IFN (que apresentam uma grande
quantidade de CLs) (Figura 7D-F).
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Figura 7: Bactérias interagem com CLs em macréfagos. Os macrdfagos BMM foram infectados durante
1 h com E. coli (MOI 5). (A) Imagem representativa da interagdo bactéria/CLs. Apés 24h as células foram
fixadas e coradas com Oil Red O para detectar CLs (vermelho) e DAPI (azul) para marcar o DNA. (B)
Percentuais de bactérias nas proximidades e distantes dos CLs (n=100 bactérias) em macréfagos com e sem
pré-tratamento com &cido oleico (AO). (n=3) (C) Desenho experimental do ensaio de morte bacteriana em
placa. (D) Imagens representativas do ensaio de morte celular em placa. (E-F) Quantificacdo do nimero
UFC no ensaio de morte celular em placa (n=9/grupo). (F) Quantidade de bactérias viaveis nas amostras
em relacdo ao controle negativo (Tampdo salino) (N=6/grupo). Cada ponto representa um experimento
independente. A analise estatistica foi feita usando o teste ANOVA One-way seguida do poés-teste de
Turkey. * significa p < 0,05 e ** significa p < 0,01. CL de Meg: corpusculos lipidicos purificados de
macrofagos controle (veiculo) ou estimulados com LPS+IFN. Controle negativo: Bacterias + tampédo
salino.
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4.3. Inibicdo do acumulo de CLs afeta a resposta inflamatdria dos macréfagos

Como a participacdo dos CLs no processo inflamatdrio é algo recorrente na
literatura, n6s avaliamos o papel dos CLs na ativacdo dos macrofagos. Como estratégia
experimental nos utilizamos o inibidor A922500 e avaliamos pardmetros relacionados a
ativagdo e inflamagdo dos macrdfagos. Primeiramente nos avaliamos dois marcadores
metabolicos classicos de ativacdo pré-inflamatoria de macréfagos, a producédo de 6xido
nitrico (NO) e de lactato. Assim como o esperado, a infeccdo por E. coli estimulou a
producdo de dxido nitrico (NO) (Figura 8A) e ao aumento dos niveis de lactato (Figura
8B), e de forma expressiva a inibicdo do acumulo de CLs foi acompanhada pela
diminuicdo desses marcadores, indicando que a modulacdo do metabolismo lipidico
também modula outras vias metabdlicas além da sintese e oxidacdo de acidos graxos.

Nosso proximo passo foi avaliar a producdo de mediadores inflamatorios e a
atuacdo dos CLs como uma plataforma de sintese desses mediadores. Para isso foi
analisado se a infec¢do por E. coli induziria a producgéo de leucotrieno Bs (LTBg4) e de
prostaglantina E» (PGEz). Observamos que a infeccdo por E. coli induziu apenas a
producdo de PGE> (Figura 8C-D) e, o tratamento com A922500 provavelmente inibiu de
forma parcial a producgéo desse mediador.

Por fim, fizemos um experimento piloto para verificar se os CLs poderiam
também modular outros mediadores inflamatdrios. Para isso nds avaliamos a producao
de IL-1B (Figura 8E), IL-6 (Figura 8F), IL-10 (Figura 8G), MCP1/CCL2 (Figura 8H)
e TNF-a (Figura 81). Nossos dados preliminares indicam que a infecgdo por E. coli
induziu a produgdo principalmente de citocinas pro-inflamatdrias, e que a inibi¢do do
acumulo de CLs parece afetar a producdo de MCP-1/CCL2, TNF-a e IL-1p (Figura 8).
No6s também avaliamos se essa modulacdo imunometabdlica também impactaria na
sobrevivéncia celular. N6s observamos que a infecgdo por E. coli elevou os niveis da
enzima lactato desidrogenasse no sobrenadante da cultura. E o tratamento com inibidor
da DGAT-1 elevou ainda mais os niveis desse marcador (Figura 8J), que pode estar

relacionado com o provavel aumento de IL-1p nas células tratadas.
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Figura 8: CLs sdo uma plataforma imunometabdlica central na resposta pro-inflamatdria de
macrdéfagos. Macréfagos BMDM com ou sem pré-tratamento com 5 uM de A922500 foram estimuladas
com E. coli (MOI de 100). (A) Concentracao de éxido nitrico no sobrenadante celular apés 24h da infeccéo,
determinado pelo método de Griess. (n=3) (B) Nivéis de lactato no sobrenadante celular ap6s 24h da
infecgdo, determinado pelo método de lactato enzimatico. (n=3) (C) Concentracdo de LTB, (n=3) e (D)
PGE; (n=2) no sobrenadante celular ap6s 24h da infeccdo, determinados pelo método de ensaio imuno
enzimatico (EIA). (E-1) Determinagdo da concentracdo de citocinas e quimiocinas no sobrenadante celular
apos 24h da infecgdo, determinado pelo método de ELISA (n=1). (J) Atividade enzimatica da enzima
Lactato desidrogenase (LDH) no sobrenadante celular apds 24h da infeccdo (n=3). Cada ponto representa
a média de um experimento independente. A analise estatistica foi feita usando o teste ANOVA One-way
seguida do pds-teste de Turkey.* significa p < 0,05 em relagdo ao controle ndo infectado (NI), e # significa
p < 0,05 em relagdo ao grupo infectado com E.coli mais veiculo.
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4.4. A inibicdo da biogénese de CLs afeta a carga bacteriana in vivo.

Com base nos nossos resultados in vitro, nos perguntamos se os CLs também
participariam da resposta antibacteriana in vivo. Como modelo experimental nds
utilizamos o modelo de ligagdo cecal com perfuragdo (CLP), e avaliamos o impacto da
inibicdo da biogénese de CLs na carga bacteriana nos tempos de 6h e 24h. Assim como
esperado, a sepse induziu o0 aumento da biogénese de CLs nos leucdcitos peritoniais nas
primeiras 6h pds-cirurgia, e o tratamento com o inibidor A92500 aboliu essa biogénese
(Figura 9A-B). Diferente dos experimentos in vitro, durante a sepse observamos um
grande aumento da producédo de LTBg4, e 0 tratamento com inibidor reverteu esse aumento
(Figura 9C). Apesar de dados anteriores no nosso grupo reportarem a associacao entre
CLs e isoprostano (Anexo 4), no tempo inicial da sepse nédo foi visto uma correlacao entre
esses dois fendmenos (Figura 9D). Como o tratamento com A922500 impactou de forma
expressiva a producdo de LTBs4, nos avaliamos se isso teria impacto na migracdo de
neutrofilos para o sitio da infeccdo. Diferente ao esperado, nesse tempo nds nao
observamos um aumento significativo de nimero de neutréfilos no peritdnio dos animais
CLP em relagdo ao grupo Sham (Figura 9E) e, consequentemente, nenhuma diferenca
foi observada entre o grupo CLP e CLP tratado com A922500. Resultado similar foi
observado para os leucécitos mononucleados (Figura 9F).

Por fim, nos avaliamos se a inibicdo da biogénese de CLs pelo tratamento com
A922500 levou ao aumento da carga bacteriana no sitio de infeccdo. Nossos resultados
mostram que a inibicdo da biossintese de CLs foi acompanhada por um aumento
significativo na carga bacteriana ja nas primeiras 6h apos a sepse (Figura 9G-H). Este
conjunto de resultados colaboram com a nossa hipotese que 0s CLs nos leucdcitos estejam

envolvidos no processo de resisténcia a infecgéo bacteriana.
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Figura 9: Inibicdo da biogénese de CLs nos leucdcitos peritoneais aumenta a carga bacteriana
durante as primeiras horas da sepse. Camundongos C57BI/6 foram pretratados com A922500 (3mg/kg,
i.g.) ou veiculo. Apds 1h, os animais foram submetidos & CLP e eutanasiados apds 6h da cirurgia. (A)
Imagens representativas dos leucdcitos peritoneais apos 6h da inducdo da sepse, corados com hematoxilina
de Meyer (nlcleos) e ORO (CLs). Barra de escala: 10 um. (B) Quantificagdo do nimero de CLs por células,
a partir da contagem de CLs em 50 leucécitos peritoneais consecutivos (sham=5, CLP=7,
CLP+A922500=7). (C) Concentra¢do de LTB4 e (D) 8-isoprostano no sobrenadante do lavado peritoneal
apos 6h da cirurgia, determinados pelo método de ensaio imuno enzimatico (EIA) (sham=5, CLP=10,
CLP+A922500=10). Leucometria dos leucécilos (E) polimorfonucleares (PMN) e (F) mononucleados
presentes no lavado peritoneal apés 6h da cirurgia. (sham=5, CLP=7, CLP+A922500=7) (G) Imagens
representativas da carga bacteriana presente no lavado peritoneal no tempo de 6h pés-cirurgia. (H)
Quantificacdo das unidades formadoras de coldnia (CFU) no peritdnio apdés 6h da inducdo da sepse
(sham=10, CLP=14, CLP+A922500=14). Cada ponto representa um animal. A analise estatistica foi feita
usando o teste ANOVA One-way seguida do pés-teste de Turkey.* significa p < 0,05 e ** significa p<0,01.
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4.5. O tratamento com A922500 eleva a bacteremia nos animais sépticos, mas nao
interfere na dislipidemia.

Com base nos resultados anteriores, n0s nos perguntamos se o tratamento com
A922500 também teria impacto sistémico, favorecendo a disseminacédo da infeccdo. Para
isso nos analisamos a carga bacteriana presente no sangue dos animais. Apesar da carga
bacteriana no sangue ser baixa no tempo de 6h nos animais sépticos, o tratamento com
A922500 apresentou um aumento significativo na bacteremia, de cerca de duas vezes em
comparagdo aos animais sépticos controle (Figura 10A-B). Como houve um aumento da
bacteremia nos animais tratados com A922500, n6s avaliamos se haveria uma diferencga
na quantidade e na composicdo dos leucdcitos circulantes nesses animais. Noés
observamos que em ambos 0s grupos CLP houve uma diminuicdo do ndmero de
neutrofilos (Figura 10C) e ndo foi observada nenhuma alteragdo no nimero de mondcitos
circulantes (Figura 10D). Esses dados corroboram com o resultado anterior de que o
tratamento com A922500 ndo intefere na migragéo celular.

NoOs avaliamos se o tratamento com o inibidor da DGAT-1 também afetaria a
dislipidemia associada a sepse. Observamos, conforme € bem documentado na literatura,
aumento dos niveis de triglicerideos circulantes nos animais sépticos. O tratamento com
A922500 ndo interferiu nesse processo (Figura 10E). Em relagdo a concentracdo de
colesterol total no sangue, nenhuma diferenca significativa foi observada entre 0s grupos
(Figura 10F).
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Figura 10: Animais sépticos tratados com A922500 apresentam uma elevagdo da bacteremia, mas
esse fenbmeno ndo esta associado a migracgdo celular e nem a dislipidemia. Camundongos C57BI/6
foram pretratados com A922500 (3mg/kg, i.g.) ou veiculo. Apds 1h, os animais foram submetidos a CLP e
eutanasiados apds 6h da cirurgia (A) Imagens representativas da carga bacteriana presente no soro no tempo
de 6h pos-cirurgia. (B) Quantificacdo das unidades formadoras de colénia (CFU) no soro ap6s 6h da
inducdo da sepse. (sham=5, CLP=14, CLP+A922500=14) (C-D) Leucometria dos leucdcilos (C)
polimorfonucleares (PMN) e (D) mononucleados presentes no sangue ap6s 6h da cirurgia. (sham=4,
CLP=10, CLP+A922500=10) (E-F) Determinacdo bioquimica dos niveis de (E) triglicerideos totais
(sham=8, CLP=14, CLP+A922500=14) e (F) colesterol total (sham=7, CLP=8, CLP+A922500=8) no soro
de animais sépticos tratdos e ndo tratados com A922500. Cada ponto representa um animal. A analise
estatistica foi feita usando o teste ANOVA One-way seguida do p6s-teste de Turkey.* significap < 0,05 e
** significa p<0,01.
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4.6. O metabolismo lipidico hepéatico ndo esta envolvido na disseminacdo da
infecgdo no inicio da sepse.

Na sepse muitas vezes sdo observados o acumulo de CLs em diversas células e
tecidos, como macrdéfagos, neutréfilos, além do figado, tanto em modelos experimentais
como em amostras de pacientes sépticos (GAROFALO et al., 2019; PACHECO et al.,
2007). No nivel sistémico, o figado é o principal orgdo na resposta sistémica a infeccao.
Apesar de ser bem caracterizado o acuimulo de CLs em diversos 6rgdos, o papel dessa
organela em resposta a infeccdo ainda ndo € conhecido. Para avaliar se a maior
disseminacdo da infeccéo estaria relacionada a modulacdo da quantidade de CLs hepatico
pelo tratamento com A922500, avaliamos a esteatose por duas técnicas diferentes.
Diferente ao reportado em tempos mais tardios, n6s ndo observamos nas histologias o
aumento da esteatose hepatica nos animais sépticos no tempo de 6h apdés cirurgia (Figure
11A). Para confirmar essa analise, extraimos os lipidios neutros presentes no figado e
fizemos uma cromatografia em camada delgada, e ndo observamos diferencas
significativas na quantidade de lipideos neutros entre o grupo controle (sham) e o grupo
CLP (Figure 11B-D). Além disso, nenhuma diferenca significativa foi observada em
nenhum dos lipideos neutros analisados entre os grupos CLP e os CLP tratados com o
inibidor (Figure 11B-D).

Dados recentes do nosso grupo (Anexo 4) mostraram que 0 tratamento com
A922500 foi capaz de inibir o estresse oxidativo no figado no tempo de 48h. Para avaliar
se no nosso modelo a modulacdo do estresse oxidativo no figado estaria relacionado a
maior disseminacdo da infeccdo, nos avaliamos as concentragdes de malonaldeido
hepatico (MDA, um marcador de estresse oxidativo lipidico) e de sulfidrilas (um
marcador do estresse oxidativo ao nivel de proteina). Diferente ao que vem sendo
reportado para tempos tardios da sepse, no tempo de 6h ndo foi observado aumento do
estresse oxidativo nos animais septicos (Figure 11E-F). O tratamento com A922500 néo
mudou esse fendmeno. Por fim, avaliamos ainda a atividade da mieloperoxidase, um
marcador de infiltracdo de neutréfilos aos tecidos. Observamos que apesar da sepse
induzir ao aumento significativo dessa enzima no figado, ndo foi observado diferencas
significativas em relacdo grupo tratado com A922500 (Figure 11G). Apesar de
negativos, esse conjunto de resultados reforca que a disseminacgédo da infeccdo nédo esta

relacionada a modulagéo sistémica da resposta a infeccao.
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Figure 11: Tratamento com A922500 ndo interfere no metabolismo lipidico hepatico nos tempos
iniciais da sepse. Camundongos C57BI/6 foram pré-tratados com A922500 (3mg/kg, i.g.) ou veiculo. Apos
1h, os animais foram submetidos a CLP e eutanasiados ap6s 6h da cirurgia (A) Cortes histologicos de figado
corado por Hematoxilina-Eosina. (B) Imagem representativa de cromatografia em camada delgada
evidenciando lipidios neutros do figado dos animais séticos e controle. CE: colesterol ester, C: colesterol,
TG: triglicerideos, DG: diacilglicerideos (C-D) Densiometria da quantidade hepética de (C) triglicerideos
e de (D) colesterol ester (n=6). (E) Avaliacdo da quantidade de malonaldeido (MDA) através da
determinacdo dos niveis de substancias reativas ao acido tiobarbitirico (TBARS) no figado de animais
sépticos tratados e ndo tratados com A922500. (Sham=5, CLP=10, CLP+A922500=10) (F) Contetdo
tidlico total no figado de animais sépticos tratados e ndo tratados com A922500 (Sham=5, CLP=10,
CLP+A922500=10) (G) Avaliacdo da atividade de mieloperoxidase hepatico no figado de animais sépticos
tratados e ndo tratados com A922500 (Sham=5, CLP=7, CLP+A922500=7). Cada ponto representa uma
amostra. A andlise estatistica foi feita usando o teste ANOVA One-way seguida do pos-teste de Turkey.*
significa p < 0,05 e ** significa p < 0,01.
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4.7. O papel protetor do CLs frente a infecgdo bacteriana perdura no tempo 24h apés
acirurgia.

Nosso proximo passo foi avaliar se a participagdo dos CLs na resposta
antibacteriana seria um fenémeno transitério ou se continuaria ao longo do tempo da
infecgdo. Para isso, n6s avaliamos se o tratamento conseguiria inibir o acimulo de de CLs
no tempo de 24h. Assim como vem sendo reportado pelo nosso grupo, observamos que a
sepse induziu um acumulo expressivo de CLs nesse tempo analisado, e o tratamento com
A922500 foi capaz de inibir significativamente esse fendmeno (Figura 12A-B). Além
disso, observamos que a sepse induziu a migracdo de neutrdfilos para a cavidade
peritoneal, e o tratamento com A922500 ndo impactou a migracao de neutrofilos para o
sitio da infeccdo (Figura 12C). Assim como observado no tempo de 6h, ndo houve
alteracdo na quantidade de macréfagos no lavado peritoneal entre os grupos analisados
(Figura 12D).

Por fim, investigamos se a participacdo dos CLs no processo de resisténcia
continuaria no tempo de 24h. Nossos dados preliminares mostram que o papel protetor
dos CLs parece perdurar também em tempos mais tardios. Observamos que a carga
bacteriana nos animais tratados com A922500 foi maior do que a dos animais sépticos
ndo tratados (Figura 12E-F).
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Figura 12: Inibicao da biogénese de CLs nos leucocitos peritoneais aumenta a carga bacteriana no
peritdneo dos animais sépticos. Camundongos C57BI/6 foram pretratados com A922500 (3mg/kg, i.9.)
ou veiculo. Apés 1h, os animais foram submetidos a CLP. No tempo de 6h ap6s a cirurgia 0s animais
receberam uma segunda dose do tratamento com A922600, e foram eutanasiados apds 24h da cirurgia (A)
Imagens representativas dos leucécitos peritoneais apds 24h da indugéo da sepse, corados com hematoxilina
de Meyer (nlcleos) e ORO (CLs). Barra de escala: 10 pm. (B) Quantificagdo do nimero de CLs por células,
a partir da contagem de CLs em 50 leucécitos peritoneais consecutivos. Leucometria dos leucdcilos (C)
polimorfonucleares (PMN) e (D) mononucleados presentes no lavado peritoneal apds 24h da cirurgia. (E)
Imagens representativas da carga bacteriana presente no lavado peritoneal no tempo de 24h pds-cirurgia.
(F) Quantificacdo das unidades formadoras de col6nia (CFU) no peritonio ap6s 24h da indugdo da sepse.
Cada ponto representa um animal. A analise estatistica foi feita usando o teste ANOVA One-way seguida
do pos-teste de Turkey.* significa p < 0,05. (Shamzan=5, CLP24n=4, CLP+A92250024,=6)
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4.8. O papel imunometabolico dos CLs proeminente durante a sepse

Para melhor compreender a participacdo dos CLs nos mecanismos de resisténcia
a infeccdo, nos avaliamos a influéncia da inibi¢do da biogénese dos CLs no processo
inflamatdrio. Para isso avaliamos a secre¢do de oito citocinas e quimiocinas, tanto pro-
inflamatdrias quanto antiinflamatorias, presentes no lavado peritoneal dos animais
sépticos. NOs observamos que em ambos os tempos analisados houve um intenso
processo inflamat6rio, com aumento de praticamente todas as citonas/quimiocinas
analisadas, sendo que em 24h o processo inflamatério no geral foi mais exacerbado
(Figura 13).

Em uma anélise mais cuidadosa, nds observamos que no tempo de 6h apos a
inducdo da sepse houve um aumento significativo nos niveis de praticamente todas as
citocinas analisadas, com excecdo da IL-12 (Figura 13A). Nds observamos que a
inibicdo da biossintese de CLs foi acompanhada pela inibicdo significativa dos niveis de
IL-6 (Figura 13B) ) e KC (Figura 13C), e por uma perturbacdo nos niveis dos IFN-y
(Figura 13D) e MCP-1/CCL2 (Figura 13E), apesar dos niveis dessas Ultimas ndo serem
significativas em relacédo ao grupo CLP.

Ja em 24h, a inibicdo do acimulo de CLs teve menos impacto no acimulo dos
mediadores inflamatorios na peritdneo, apesar da resposta inflamatoria ser mais intensa
nesse tempo. Nesse tempo sO foi observado que a inibicdo do acumulo de CLs foi
acompanhada da reducdo significativa dos niveis de MCP-1/CCL2 (Figura 13D). E, em
nenhum dos tempos analisados foi visto uma relacéo entre o acimulo de CLs com o0s
niveis de IL-1p (Figura 13F), IL-10 (Figura 13G) e TNF-o (Figura 13H), indicando
que o papel dos CLs na resposta inflamatdria é especifico e coordenado.

Por fim, avaliarmos o papel dos CLs na producdo de o0xido nitrico (NO) no lavado
peritoneal. Apesar de ndo ter sido possivel detectar NO no tempo de 6h, a inibicdo do
acumulo de CLs foi acompanhada pela diminuigdo da producdo NO no tempo de 24h
(Figura 131), indicando que os CLs afetam uma das vias mais classicas relacionadas a

atividade antibacteriana dos leucocitos.
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Figura 13: O papel imunometabdlico na inflamacdo induzida pela sepse é proeminente durante.
Camundongos C57BI/6 foram pretratados com A922500 (3mg/kg, i.g.) ou veiculo. Apés 1h, os animais
foram submetidos a CLP. Os grupos de 24h receberam uma segunda dose do tratamento com A922600 ou
veiculo (A-H) Determinacdo das concentragdes de citocinas e quimiocinas no sobrenadante lavado
peritoneal apds 6h e 24h ap0s a inducdo da sepse. Todas as citocinas analisadas foram quantificadas através
da técnica de Luminex. (1) Concentragdo de 6xido nitrico no sobrenadante do lavado peritoneal ap6s 6h e
24h da inducdo da sepse, determinado pelo método de Griess. Cada ponto representa um animal
analisado. A anélise estatistica foi feita usando o teste ANOVA One-way seguida do pés-teste de Turkey.*
significa p < 0,05 em relacdo ao controle ndo infectado (NI), e # significa p < 0,05 em relacdo ao grupo
CLP mais veiculo. (Shamgn=5, CLPg, =6, CLP+A9225006n =7, Shamz4n=5, CLP24n=4, CLP+A92250024,=6)
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4.9. Inibicdo da enzima DGAT-1 ndo interfere na sobrevivéncia e nem na gravidade
da sepse

Por fim, nés verificamos se o tratamento com A922500 influenciaria na
sobrevida e na gravidade da sepse além do controle da carga bacteriana. Para isso, todos
0s animais receberam 1h antes da cirurgia uma dose via intragastrica do inibidor ou do
veiculo, com reforco em 6h e 24h. Para essas analises os animais foram tratados com
antibidtico, nos tempos de 6h e 24h apds a cirurgia. Observamos que em 6h ap0s cirurgia
ndo houve mortalidade em nenhum dos grupos. Ja em 24h, observamos uma mortalidade
de 50% no grupo CLP e de 70% no grupo CLP tratado com A922500. Em 48h, a
mortalidade subiu em ambos grupos, atingindo 80% no grupo CLP e 90% no grupo CLP
tratado com A922500. Néo foram observadas diferencas estatisticas entre os grupos CLP.
O grupo de animais sham e sham tratado com A922500 ndo apresentaram mortalidade,
apresentando 100% de sobrevivéncia ao longo de todo experimento (Figura 14A).

Concomitantemente, nds avaliamos se o tratamento com o inibidor seria capaz
de modificar a gravidade da sepse. Para isso foi realizado a avaliacdo do escore clinico
nos camundongos de todos os grupos ao longo do tempo, através dos parametros
caracteristicos do quadro infeccioso. Nas primeiras 6h ja observamos a caracterizacao do
quadro séptico nos camundongos CLP, que se agravou em 24h, atingindo escore acima
de 9, compativel com o choque séptico, que se manteve até 48h (Figura 14B). E assim
como na mortalidade, ndo foi observado diferencas significativas entre os grupos CLP e
CLP tratado com A922500 em nenhum dos tempos analisados. Além disso, 0s grupos
Sham e Sham tratado com A922500 apresentaram escore zero durante todo periodo

analisado.
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Figura 14: Tratamento do A22500 n&o interfere nem na sobrevivéncia e nem na gravidade da sepse.
Camundongos C57BI/6 foram pretratados com A922500 (3mg/kg, i.g.) ou veiculo. Apés 1h, os animais
foram submetidos a CLP. No tempo de 6h e 24h ap6s a cirurgia os animais receberam uma segunda e
terceira dose do tratamento com A922600 ou inibidor, conjuntamente com a antibioticoterapia (Meropenen,
10mg/kg, via subcuténea). Os animais foram acompanhados por 48h. (A) Avaliacéo da curva de sobrevida
dos animais submetidos a sepse, tratados e nao tratados com A922500 (N=10) (B) Avaliacdo do escore de
gravidade da sepse nos submetidos a sepse, tratados e ndo tratados com A922500. N=10.
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4.10. CLs de macrofagos murinos ndo compartimentalizam histonas

A primeira descri¢cdo da atividade antibacteriana dos CLs foi no trabalho de
ANAND e colaboradores (2012). Nesse trabalho foi visto que nos embrides de
Drosophila melanogaster, a principal proteina responsavel pela atividade antibacteriana
eram as histonas. Além disso nesse mesmo trabalho foi reportada a presenca de histona
nos CLs hepaticos induzidos por injecdo de LPS em camundongos C57BL/6 como um
indicio de que o mesmo mecanismo antibacteriano aconteceria em mamiferos. Como
nossos dados preliminares indicavam que os CLs poderiam ter uma atividade
antibacteriana, nos investigamos se havia a presenca das histonas nessa organela.

Para investigar essa possibilidade, nosso primeiro desenho experimental foi
avaliar se durante a biogénese de CLs também haveria 0 aumento da expressdo das
histonas H2A e H2B nos lisados totais de macrdéfagos estimulados com LPS e INFy.
Diferente do esperado, nds ndo observarmos nenhuma alteracdo na expressdo nem da
H2A (Figura 15A) e nem da H2B (Figura 15B). Como ndo houve diferenca na
expressdo das histonas, investigamos se haveria uma reorganizacdo dessas proteinas do
ndcleo para os CLs. Para isso nds utilizamos dois modelos cléssicos de indugdo de CLs,
tratamento com LPS e IFNy e com acido oléico. E mesmo através da imunofluorescéncia
confoncal ndo foi possivel a identificacdo da histona H2A em outros compartimentos
celulares, a néo ser a nuclear (Figura 15C-D).

Como as histonas estdo majoritariamente no ndcleo das células passamos a nos
perguntar se esta presenca macica nao poderia estar mascarando a presenca das histonas
em outros compartimentos celulares, dificultando a identificacdo das histonas nos CLs.
Para contornar essa limitacéo, nos purificamos CLs de 100 milhdes de macrofagos através
do fracionamento celular por gradiente de sacarose. Por western blot, também néo foi
possivel a identificacdo da presenca de Histonas na Fracdo F1, onde se localizam os CLs
(Figura 15E).

Por fim, nossa ultima abordagem experimental foi fazer a transfeccao da Histona
H1 fusionada a GFP em uma linhagem de macro6fagos, com posterior estimulagdo dessas
células com LPS + IFNy. Novamente nos ndo identificamos a presenga de histonas nos
CLs dos macrofagos (Figura 15F).
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Figura 15: Histonas néo se localizam no CLs de macroéfagos. Expressdo da histona (A) H2A e (B) H2B
em macréfagos BMDM estimulados com LPS (500 ng/mL) mais IFNy (10 ng/mL) por 24h. Imagens de
microscopia confocal de macréfagos BMM estimulados com (C) 40 uM de &cido oleico 24h ou (D) com
E. coli (MOI 1: 5) por 1 h. As células foram fixadas e coradas com Bodipy 493/503 para detectar corpos
lipidicos (verde), anti-H2A (rosa) e DAPI (azul). (E) Expressdo da histona H2A e ADRP em CLs isolados
por gradiente de sacarose de macrofagos ativados. (F) Macréfagos iBMM transfectados com histona H1
fusionada a GFP em macréfagos controle e estimulados com LPS + IFNy apds 24h.
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4.11. CLs hepaticos induzidos pela sepse apresentam atividade antibacteriana

A esteatose na sepse € um fendmeno bem documentado em diversos tipos
celulares e tecidos, tanto em modelos experimentais como em amostras de pacientes
(GAROFALDO et al., 2019; PACHECO et al., 2007). Porém, a fungdo dessa organela
nesses sitios ainda é desconhecida. Como prova de conceito de que os CLs de qualquer
célula ou tecido podem ter um papel protetor frente a infeccdo, purificamos os CLS
hepéticos induzidos pela sepse apds 24h da cirurgia, através de gradiente de sacarose
(Figura 16A). Por microscopia de fluorescéncia, observamos que a sepse induziu néo s6
um aumento da quantidade de CLs, mas também alteracdes no tamanho dessa organela
(Figura 16B). Esses achados iniciais foram corroborados pela quantificacdo dos
triglicerideos e de proteinas presentes na fracdo F1 do gradiente (Figura 16C-D). Além
disso, quando analisamos a razdo triglicerideos/proteinas observamos que os CLS
induzidos pela sepse eram mais proteicos do que aqueles presentes nos animais controle
(Figura 16E).

Como prova de conceito de que os CLs induzidos pela sepse poderiam ter
atividade antibacteriana, n6s mimetizamos a interacdo bactéria/CLs novamente, mas
agora com os CLs do figado (Figura 16F). Observamos que os CLs hepaticos induzidos
pela sepse apresentaram atividade antibacteriana, evidenciado pela diminuicdo
significativa do nimero de bactérias vidveis crescidas nas placas de agar LB (Figura
16G-H). Ao mesmo tempo, esse fendbmeno nédo foi observado para os CLs purificados
dos animais Sham (Figura 16G-H).

Nosso proximo passo foi analisar, se assim como acontece em Drosophila, essa
atividade antibacteriana estaria relacionada ao conteddo protéico dessa organela. Para
iSs0 nds precipitamos as proteinas presentes na fracdo F1 do gradiente com acetona, e as
ressuspendemos em Tris 0,1M, realizamos novamente o ensaio de morte bacteriana em
placa, mas em vez de CLs intactos, n6s colocamos 100 pg de proteinas derivadas do CLs
(Figura 161). Assim como observado para 0s CLs intactos, as proteinas derivados dos
CLs dos animais sépticos apresentaram atividade antibacteriana significativa em relagéo
ao controle negativo, mas também em relacdo ao animais Sham (Figura 16J-K). Esse
conjunto de resultados demonstra pela primeira vez que os CLs participam de forma direta
da resposta antibacteriana.
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Figura 16: Corpusculo lipidico hepatico induzido pela sepse possuem atividade antibacteriana. CLs foram
purificados do figado de animais sépticos apds 24h da cirurgia. (A) Esquema representativo do gradiente de sacarose.
(B) Microscopia de fluorescéncia dos CLs purificados do figado de animais sham e CLP. Os CLs foram marcados com
bodipy. (C) Quantificacdo da quantidade de triglicerideos (n=25/grupo) e de (D) proteinas (n=12/grupo) presentes na
fracdo F1 dos gradientes. (E) Razdo triglicerideos/proteinas presente nas fragdes F1 dos gradientes (n=3). (F) Desenho
experimental da atividade antibacteriana dos CLs intactos. Para esse ensaio foram aplicados 100 uL da frac&o de CLs
intactos a partir da F1 do gradiente de sacarose (G) Fotos representativas do ensaio de morte célular em placa (BPKA).
(n=3) (H) Quantificacdo do numero de UFC do ensaio BPKA (n=3). (I) Desenho experimental da atividade
antibacteriana das proteinas de CLs. Para esse ensaio foram aplicados 100 pg de proteinas de CLs (J) Fotos
representativas do ensaio de morte célular em placa (BPKA). (n=3) (H) Quantificagdo do numero de UFC do ensaio

BPKA (n=3). Cada ponto representa um animal analisado. A analise estatistica foi feita usando o teste ANOVA One-
way seguida do pds-teste de Turkey.* significa p < 0,05
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4.12. A atividade antibacteriana das proteinas de CLs é dependente da dose e do
tempo

Para confirmar a atividade do contetido proteico de CLs induzidos pela sepse, n6s
repetimos o ensaio de morte bacteriana em placa (Figura 17A), mas dessa vez nds
trocamos a E. coli por uma outra bactéria extracelular, a K. pneumoniae. Em frente a essa
nova bactéria, a propriedade antibacteriana dos CLs foi ainda mais proeminente do que a
vista nas mesmas condicdes frente a E. coli (Figura 17B-C).

Por fim, n6s avaliamos se essa nova propriedade dos CLs seria dose e
temporalmente dependente. Para responder a essa pergunta nds testamos duas
concentracdes das proteinas de CLs (25ug e 100ug). Observamos que na maior
concentracdo de proteinas a atividade antibacteriana foi mais proemimente do que na
menor concentracdo (Figura 17D-E), indicando que a propriedade antibacteriana das
proteinas dos CLs é dose dependente. Em relacdo a propriedade temporalmente
dependente, avaliamos se 0os CLs hepaticos induzidos pela sepse em 48h continuariam
apresentando antividade antibacteriana, e observamos que ndo, os CLs de 48h néo
apresentaram nenhuma atividade antibacteriana (Figura 17D-E), e isso corrobora com
resultados dos leucdcitos. Em ambos os casos, a atividade antibacteriana é aguda (6h e
24h).
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Figura 17: Proteinas de CLs possuem atividade antibacteriana e esta atividade parecer ser
quantidade dependente. Proteinas de CLs foram precipitadas a partir da fragdo F1 do gradiente de sacarose
e ressuspendidas em Tris 10 mM pH 8,0 (A) Desenho experimental dos experimentos. (B) Nesse ensaio
foram utilizados 100ug proteinas de CLs induzidos pela sepse contra K. pneumoniae. (n=3) (C)
Quantificacdo do nimero de UFC do ensaio BPKA contra K. pneumoniae. (D) Fotos representativas do
ensaio de morte célular em placa (BPKA) com diferentes quantidades de proteinas de CLs induzidos pela
sepse de 24h ou 48h contra E. coli. (E) Quantificacdo do nimero de UFC do ensaio BPKA. Cada ponto
representa um experimento diferente. A andlise estatistica foi feita usando o teste ANOVA One-way
seguida do pos-teste de Turkey.* significa p < 0,05 em relagdo com Tampdo, # diferenca em relagéo a 25ug
de proteinas.
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4.13. CLs compartimentalizam proteinas pré-hospedeiro

Como nossos dados e dos nossos colaboradores ndo confirmaram a presenca de
histonas nos CLs, comecamos a pesquisar novos possiveis alvos que fossem responsaveis
pela atividade antibacteriana dos CLs. Nesse contexto, a partir de colaboracao
multicéntrica cujo objetivo era caracterizar a atividade antibacteriana dos CLs, o grupo
liderado pelo professor Albert Pol identificou no proteoma dos CLs hepatico de
camundongos estimulados com LPS a compartimentalizacdo de importantes vias
relacionadas a resposta imune inata, inclusive com a presenca de proteinas com atividades
antibacterianas (Anexo 2). Nesse trabalho foi constatado que os CLs funcionam como um
elemento central na resposta pré-hospedeiro, integrando a resposta imune inata com 0
metabolismo. Com base nesses novos alvos, realizamos ensaios de western blot para
novas proteinas candidatas pela acdo antibacteriana dos CLs (Figura 18). NOs
identificamos na fracdo F1 dos animais CLP a presenca das proteinas HMGB-1, uma
proteina semelhante a histona, e a Catelicidina (CAMP), duas proteinas cuja atividade
antibacteriana ja foi demostrado, além da Viperina, uma proteina antiviral, juntamente
com a Plin2, a principal proteina estrutural dos CLs (Figura 18B). Além disso essas
proteinas ndo foram observadas na fragdo F1 dos animais Sham, o que reforca que elas
podem ser as responsaveis pela atividade antibacteriana e pré-hospedeiro vista nos
resultados anteriores.

A presenca dessas proteinas ndo so indica que os CLs compartimentalizam duas
proteinas comprovadamente com atividade antibacteriana, a CAMP e a HMGB-1, mas
também que a resposta as diferentes respostas pro-hospedeiro séo interconectadas, o que

é evidenciada pela presenca da Viperina nos CL induzidos pela sepse.
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Figura 18: Proteinas pro-hospedeiro de compartimentalizam nos CLs induzidos pela sepse. (A)
Esquema representativo do gradiente de sacarose. (B) Westhern blot dos gradientes de sacarose oriundos
das amostras de figado de animais sham e CLs evidenciado a presenca de proteinas com atividade anti-
patogenos nos CLs dos animais sépticos (F1), juntamente na fracdo com a proteina estrutural dos CLs
(Plin2). CAMP: Catelicidina; HMGB-1: high-mobility group protein 1; Perilipina 2: Plin2. (n=2)
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5. DISCUSSAO

Nas Gltimas duas décadas diversos trabalhos reportaram a participacdo dos CLs
na patogéneses de diferentes agentes infecciosos, incluindo virus (CARVALHO et al.,
2012; MIYANARI et al., 2007; SAMSA et al., 2009), bactérias (D’ AVILA et al., 2006,
2008; KUMAR; COCCHIARO; VALDIVIA, 2006; MATTOS et al., 2011b;
NEYROLLES et al., 2006), fungos (SORGI et al., 2009) e protozoarios (ARAUJO-
SANTOS et al., 2014; D’AVILA et al., 2011; GOMES et al., 2014; MELO et al., 2003;
MOTA et al., 2014). A partir desse conjunto de dados foi demostrado que os CLs sdo
centrais na relacdo patdgeno/hospedeiro, seja como uma fonte de energia para patégenos
intracelulares e/ou como parte de uma estratégia de escape do sistema imunolégico. Em
contrapartida, descobertas recentes vém demonstrando que ha um outro lado dessa
interacdo patdgeno-hospedeiro, onde os CLs também podem agir em favor do hospedeiro
e contra os patdgenos intracelulares (ANAND et al., 2012; HINSON; CRESSWELL,
2009). Essas novas propriedades dos CLs estavam relacionadas principalmente a
mudancas na composicéo das proteinas associada a estas organelas (BOUGNERES et al.,
2009; HELBIG et al., 2005; HINSON; CRESSWELL, 2009).

Nossos dados mostram que os CLs participam do controle da infec¢éo bacteriana,
tanto in vitro como in vivo. N6s observamos que a modulacdo do acimulo dessa organela
afeta a capacidade de killing dos macréfagos e resulta no descontrole da carga bacteriana
na sepse. Além disso, demonstramos que CLs sdo organelas centrais no metabolismo
celular e na resposta inflamatdria dos macrofagos durante infecgbes bacterianas, tanto
como local de sintese de eicosandides como um modulador da secrecdo de citocinas
inflamatdrias. Além disso, a partir da analise dos CLs hepaticos induzidos pela sepse
demonstramos que os CLs apresentam atividade antibacteriana direta, sendo uma
importante plataforma de compartimentalizagdo de proteinas pro-hospedeiro. Em
conjunto, nossos dados mostram que os CLs séo centrais na resposta imune inata frente a
infeccdes bacterianas.

Apesar dos CLs estarem presentes durante a infecgdo de uma ampla gama de
bactérias (LIBBING et al., 2019), pouco se sabe sobre o papel dessa organela na infeccao
por bactérias extracelulares, a exemplo da E. coli, ou por patégenos intracelulares ndo
obrigatorios, como a Salmonella typhimirium. Especificamente em infec¢des bacterianas,

0 que se sabe sobre o papel dos CLs nesse fendmeno € principalmente a partir de dados
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derivados do estudo de patégenos intracelulares altamente especializados, como M.
tuberculosis, M. leprae, M. bovis e C. trachomatis, que adquiriram a capacidade de
modular o metabolismo da célula hospedeira e a sintese de eicosanoides (CAO et al.,
2007; D’AVILA et al., 2006; DANIEL et al., 2011; MATTOS et al., 2011b) Nas
infeccdes por micobacteérias, os CLs atuam como local de sintese de PGE>, associado a
diminuigdo das citocinas do tipo Thl e elevacdo de IL-10 (ALMEIDA et al., 2009;
D’AVILA et al., 2008; MATTOS et al., 2011a). Porém, a presenca dessa organela em
contextos pro-inflamatdrios durante a infeccdo por diversas bactérias (NICOLAOU;
GOODALL; ERRIDGE, 2012; PACHECO et al., 2002; QADRI, 2004) é um forte indicio
de que essa organela poderia ter um outro papel nesse processo.

Embora parega contraditério com a literatura atual, a indugdo dos CLs como
resposta do hospedeiro ndo pode ser subestimada, da mesma forma que a prépria
producdo de PGE> pode ser tanto pro-inflamatoria como antiinflamatoria dependente do
agente patogénico, do local e do estagio da infecgdo, além da quantidade desse mediador
no sitio da infeccdo (AGARD; ASAKRAH; MORICI, 2013; KALINSKI, 2012;
NAKANISHI; ROSENBERG, 2013; PECCHI et al., 2009; SHEPPE et al., 2018). A
participacdo da PGE, como um dos indutores da reprogramacdo glicolitica e da resposta
pro-inflamatoria em macrofagos foi observado durante a infecgdo por S. typhimurium
(SHEPPE et al., 2018). E, no contexto inflamatdrio, a propria producdo de lactato ja foi
reportada como indutor da sintese de PGE2 (WEI et al., 2015), esta por sua vez ja foi
associada com a inibi¢do da B-oxidagdo, levando ao acimulo de CLs (HENKEL et al.,
2012). Além disso, a PGE2 em macrdfagos é um importante regulador da 6xido nitrico-
sintase induzida (iNOS), podendo ser tanto ativador como repressor, dependendo da dose
(MILANO et al., 1995). De forma interessante, nds vimos que ao bloguear a biossintese
de CLs nos macrofagos, hé alteragdo ndo apenas da sintese de PGE> e de lactato, mas
também da diminuicdo da producdo de NO e de MCP-1/CCL2, dois mediadores
essenciais para o clearance bacteriano na sepse (GOMES et al., 2013). Em conjunto,
esses dados mostram que a atividade antibacteriana dos macréfagos é modulada pela
presenca dos CLs, sugerindo que essa organela seja central na reprogramacao
imunometabdlica dos macréfagos.

Esse novo papel dos CLs como uma imunoplataforma central na resposta
antibacteriana também acontece in vivo, durante a sepse. A atuacdo dos CLs como local
de sintese de LTB4 durante a sepse ja tinha sido previamente reportado pelo nosso grupo
de pesquisa (PACHECO et al., 2007), porém o papel dos CLs na resposta antibacteriana
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ainda era desconhecido. Além de um potente quimioatraente de leucocitos, o LTB4 induz
a ativacdo celular, amplificacdo das func¢Ges antimicrobianas e da resposta inflamatdria
(LI etal., 2015). E, assim como o esperado, o blogueio da biossintese de CLs resultou na
diminuicdo da sintese de LTB4 de forma expressiva nos leucocitos peritoneais. Além
disso, quando analisada a resposta inflamatoria afetada pelo bloqueio da biossintese de
CLs, observa-se uma modulagéo principalmente das citocinas do eixo LTBa4/IL-6. Nesse
contexto, o LTB4 induz a transcricdo e a sintese da IL-6 (ROLA-PLESZCZYNSKI;
STANKOVA, 1992). Por sua vez, a IL-6 reforca junto com o LTB4 a producao de MCP-
1/CCL2 (BISWAS et al., 1998; HUANG et al., 2004), e existe uma grande intersecao
entre esses mediadores inflamatorios (NIWA et al., 2016; PACHECO et al., 2007). Nesse
processo, LTB4 induz ainda a sintese iNOS e a producgdo de NO (SANTOS et al., 2013;
TALVANI et al., 2002). Vale ressaltar que o papel protetor do LTB4 durante infeccdes
parasitarias é fotemente dependente da acdo do NO (SANTOS et al., 2013; TALVANI et
al., 2002). Na sepse, o papel do NO junto com MCP-1 é essencial para o clearance
bacteriano.

Entretanto, o papel protetor dos CLs ndo se estente a todas as infecgdes
bacterianas. Apesar da Salmonella e a E. coli serem enterobactérias filogeneticamente
proximas (MORAN et al., 2005), nds ndo observamos um papel protetor dos CL durante
a infeccdo pela Salmonella enterica sorovar Thyphimurium (Kiarely el al., unp — Anexo
3). Diferente ao observado na infec¢do pela E. coli e durante a sepse, o uso do inibidor da
DGAT-1 ndo interferiu na resposta inflamatoria dos macréfagos infectados pela
Salmonella. E, de forma supreendente, a inibicdo do acimulo de CLs durante a infec¢do
por Salmonella ndo foi acompanhada pela reducdo dos niveis de PGE». Curiosamente, a
resposta dos macréfagos foi pré-inflamatoria tanto para a E. coli como para a Salmonella,
diferente do que foi observado para M. leprae e M. bovis, onde os CLs como local de
sintese de PGE:> estava associado a diminuicdo das citocinas do tipo Thl e elevacdo de
IL-10 (ALMEIDA et al., 2009; D’AVILA et al., 2008; MATTOS et al., 2011a). Esses
resultados indicam que apesar de ser fendtipo comum a uma grande varias infecgdes
bacterianas, o papel desempenhado pelos CLs é fortemente dependente do agente
infeccioso.

E a auséncia do papel protetor e imunoregulador dos CL durante a infeccéo pela
Salmonella thyphimurium provavelmente esta relacionado ao processo de inducdo da
biogénese dessa organela. Nesse caso, nds observamos que a indugdo dos CL é um
mecanismo dependente da viabilidade da bacteria e da atividade do sistema de secrecdo
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do tipo 3 (T3SS), um dos principais fatores de patogenicidade da Salmonella (Anexo 3).
E esses resultados reforcam o processo descrito por NAWABI e colaboradores (2008),
no qual a proteina efetora SseJ secretada pelo T3SS € essencial para a formagéo dos CLs
induzida pela Salmonella nas células HeL.a e em macrofagos RAW. Além disso, a atuacao
de proteinas efetoras secretadas pelo T3SS na modulacdo do metabolismo lipidico da
célula hospedeiro ja foi reportada durante a infeccdo por Chlamydia trachomatis (DAI;
LI, 2014; KUMAR; COCCHIARO; VALDIVIA, 2006) e Pseudomonas aeruginosa
(FELICIANO et al., 2008). A acdo de fatores de patogenicidade como indutores da
biogénese de CL, principalmente nas infec¢bes por patdgenos intracelulares, pode
explicar o papel pro-patdgenos dos CLs nesses modelos. E justamente auséncia dos
fatores de patogenicidade pode explicar por que durante a infec¢do por Mycobacterium
smegmatis, uma bactéria ndo patogénica, ndo ha a biogénese de CL (D’AVILA et al.,
2006).

Ainda nesse contexto patégeno-hospedeiro, a propria resposta do hospedeiro
também pode estar associada com as diferentes respostas associadas aos CLs. A
biogénese de CLs esta fortemente associada ao reconhecimento dos PAMPSs pelos TLRs
em leucécitos (NICOLAOU; GOODALL; ERRIDGE, 2012; PACHECO et al., 2002),
porém para cada patdégeno ha o envolvimento de TLRs diferentes (MATTOS et al.,
2011b; NICOLAOU; GOODALL,; ERRIDGE, 2012). Apesar dessa sinalizacdo induzir a
um mesmo fendtipo, em resposta a sinais pro-inflamatorios gerados por diferentes TLRs
o lipidoma dos macréfagos é remodelado de maneira diferente, com alteracdes
significativas nas principais classes de lipideos (glicerolipideo, glicerofosfolipideo,
esfingolipideo, colesterol e acidos graxos) (HSIEH et al., 2020). Como a ativagdo por
diferentes estimulos pro-inflamatorios € um processo especifico e resulta na aquisicao de
lipidomas distintos nos macrofagos (HSIEH et al., 2020), podemos extrapolar a alteraces
na funcdo dos CLs, que pode estar intimamente relacionada com a mudanca na
composicdo dessa organela. Nesse contexto, a sinalizacdo por interferon parece
desempenhar um papel central nesse processo, pois modula tanto 0 metabolimo lipidico
(BLANC et al., 2011; YORK et al., 2015), assim como a composicao protéica dos CLs
(BOUGNERES et al., 2009; HELBIG et al., 2005; HINSON; CRESSWELL, 2009).

Apesar do papel imunomodulador dos CLs estar fortemente associado a
processos inflamatorios, o papel protetor dessa organela na resposta pro-hospedeiro
comegou a ser caracterizada primeiro pelo armazenamento de proteinas protetoras na

superficie dessa organela, participando principalmente de um sistema autbnomo de
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protecdo das células. A presenca de viperina (HINSON; CRESSWELL, 2009) e IRGM-
1(HALDAR et al., 2013) em resposta a uma infeccdo viral e parasitaria, respectivamente,
foram os primeiros relatos dos CLs tendo participagdo direta na resposta pro-hospedeiro.
Tanto a viperina (FITZGERALD, 2011) como a IRGM-1 (HALDAR et al., 2013) séo
proteinas reguladas pelas vias de interferon em resposta a infeccdo. Apesar do mecanismo
protetor pela qual essas proteinas atuam nao ser completamente elucidado, a presenca da
viperina nos CLs vem sendo associada como sendo uma tatica local de inibicdo da
replicacdo local, provavelmente perturbando a formacdo do complexo de replicacéo viral
ou montagem das particulas virais (NASR et al., 2012; WANG; HINSON;
CRESSWELL, 2007). Ja as IRGM sao pequenas GTPases induziveis por interferon
(BOUGNERES et al., 2009; HALDAR et al., 2013) e fazem parte de um complexo
sistema celular de reconhecimento do hospedeiro de suas proprias estruturas. Irgm3 se
acumula em organelas "proprias”, incluindo CLs, mas ndo no vacuolo parasitéfago da
bactéria C. trachomatis ou do protozoario Toxoplasma gondii (HALDAR et al., 2013).

Diferente a que foi reportado para viperina e para IRGM, a confirmagéo dos CLs
como uma plaforma protetora contra a infeccdo bacteriana foi observada em embrides de
Drosophila. Ensaios in vitro publicados por ANAND e colaboradores (2012) mostram
que CLs purificados de embrides de Drosophila melanogaster possuem atividade
antibacteriana in vitro contra S. epidermidis e E. coli. Neste mesmo trabalho foi
constatado que esta resposta antimicrobiana era devido ao contetdo protéico dessa
organela (principalmente devido a acdo das histonas) e ndo devido aos lipidios. Nesse
mesmo trabalho foi reportado que camundongos expostos ao LPS obteve um aumento da
presenca da histona H1 nos CLs, sugerindo que esse aumento pode estar envolvido em
algum tipo de resposta antimicrobiana (ANAND et al., 2012). Além disso, nas analises
protebmicas de CLs de macréfagos (WANG; GERSTEIN; SNYDER, 2009), células 3
produtoras de insulina (LARSSON et al., 2012), e oriundos do musculo esquelético
(ZHANG et al., 2011) mostravam a presenca de histonas. Como alvo mais provavel de
se caracterizar essa nova funcdo dos CLs, nds fomos analisar a presenca de histonas nessa
organela. Entretanto, apesar das diferentes abordagens experimentais empregadas, ndo
conseguimos validar a presenca das histonas nos CLs.

A auséncia de histonas nos CLs poderia representar que a a¢do antibacteriana
direta dos CLs poderia ndo acontecer nos mamiferos, ou que ela aconteceria de outra
forma. Nesse contexto, como prova de conceito de que qualquer CLs induzido pela
infeccdo poderia ter uma resposta protetiva, escolhemos um sitio central na resposta a
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infeccdo, mas que ao mesmo tempo nos fornecesse material bidlogico suficiente para
caracterizar esse fendmeno. Nesse contexto, o figado € um o6rgdo central tanto no
metabolismo como no resposta imunologica sisttmica (KUBES; JENNE; SNYDER,
2018; YAN; LI; LI, 2014). Apesar de ser classificado como um glandula anexa do sistema
digestivo, o figado é um tecido imunoldgico fundamental para detectar, capturar e
eliminar bactérias, virus e macromoléculas que entram no corpo atraves do intestino pela
veia porta e/ou que estejam circulando no sangue (KUBES; JENNE; SNYDER, 2018;
YAN; LI; LI, 2014). Além disso, o figado possui a maior quantidade e diversidade de
células fagociticas do corpo, sendo uma importante barreira contra a infec¢des sistémicas
(KUBES; JENNE; SNYDER, 2018). Alteracdes hepaticas reduzem a capacidade do
organismo de lidar com infec¢cbes (ANTUNES et al., 2020), e aumentam as taxas de
mortalidade decorrentes da sepse (YAN; LI; LI, 2014). A esteatose hepatica € um achado
comum no figado post-mortem de pacientes sépticos (superior a 70%), sendo que a
maioria destes apresentavam uma degeneracdo gordurosa de moderada a grave que se
localizava principalmente associada com a inflamacao do sistema porta/lébular hepéatico
(GAROFALO et al., 2019).

Se no inicio da sepse o0 acumulo de CLs foi observado apenas nos leucécitos
peritoneiais, no tempo 24h apds cirurgia nds observamos que a sepse nao s6 induziu o
acumulo de CLs no figado, como induziu alteragcbes na composicdo dessa organela,
evidenciada pela alteracdo no tamanho dos CLs como na razao triglicerideos/proteinas.
Dentro da prova de conceito de que qualquer CLs induzido por uma infeccdo pode ter
uma resposta protetora, nés mimetizamos a interacdo bacteria/CLs e observamos que de
fato CLs apresentavam uma atividade antibacteriana. E assim como foi reportado para
Drosophila, a atividade antibacteriana era mais pronunciada no contetdo protéico dessa
organela, mas ndo devido a presenca de histonas.

Apos a confirmacéo dessa atividade antibacteriano direta das proteinas dos CLs,
comecgarmos a procura das proteinas responsaveis por esse fendmeno. A partir dos dados
protedmicos realizados pelo grupo do professor Albert Pol (Anexo 2), observamos que
0s CLs possuiam em sua composicdo a presenga de um peptideo antibacteriano classico,
a catelicidina. E essa proteina foi confirmada nos CLs hepéticos induzidos pela sepse.
Diferente da maior parte dos peptideos antibacterianos, a catelicidina também é um
importante agente imunomodulador e central na ativacdo dos leucdcitos (VAN HARTEN
et al., 2018). Além disso, semelhante as histonas, a catelicidina também é uma proteina

catiénica, indicando que os CLs podem carrear essas proteinas ao fagossomo da mesma
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forma descrita em drosophila. Nesse contexto, ja foi demostrado que a catelicina apesar
de ser um peptideo antibacteriano secretado, possui um importante papel no killing
intracelular da M. tuberculosis, se acumulando no fagossomo contendo o patdgeno
(SONAWANE et al., 2011). E justamente esse processo pode estar acontecendo durante
a infeccdo por E. coli, onde foi visualizada uma frequente interacdo bactéria/CLs.
Entrentando, vale ressaltar nessa interagdo CLs/fagossomo ainda pode estar relacionada
com a maturagéo dos fagossomos, conforme foi reportado com van Manen et al. (VAN
MANEN et al., 2005). Nesse trabalho foi reportado que durante a associacéo transitoria
entre CLs e o fagossomo hé a liberacdo do acido araquiddnico do CLs para o fagossomo,
que facilitaria a maturacdo do fagossomo (VAN MANEN et al., 2005). Ainda nesse
trabalho foi sugerido que nesse processo 0s CLs poderiam contribuir para a eliminagéo
dos patogenos (VAN MANEN et al., 2005).

De forma surpreendente, além da presenca da catelicina nos CLs nos também
identificamos a presenca de diversas proteinas protetoras nessa organela nas analises
protedmicas, incluindo a viperina e a trés GTPases induzidas pela resposta imune. Além
disso, nessas analises ainda foi demostrado que havia a clusterizacdo de diversas proteinas
protetoras do hospedeiro junto com PLIN2, uma das principais proteinas estruturais dos
CLs (Bosh et al. in press). E no nosso modelo noés validamos a presenca da Viperina nos
CLs, e também a presenca de HMGB-1, uma proteina semelhante a histona, que alguns
estudos também reportaram como tendo atividade antibacteriana (CHEN et al., 2014) A
presenca dessa ampla rede de protecdo indica que os achados iniciais da Viperina e da
IRGM-1 nos CLs durante infeccbes virais e parasitarias, respectivamente, na verdade
fazem parte de um mecanismo mais amplo de protecdo autbnoma das celulas. E essa
integracdo dessas estratégias pode estar intimamente relacionada a diversos resultados
recentes que vem mostrando que atuacdo dessas proteinas € mais ampla e com
sobreposicOes. Por exemplo, a viperina foi recentemente reportada como essencial no
controle da infeccéo intracelular pela bacteria Shigella fexneri (HELBIG et al., 2019); as
pequenas GTPases e vias induzidas por interferon sdo um mecanismo importante na
resisténcia contra a bactéria C. muridarum e contra infecgdes virais (GIEBEL et al., 2019;
PETKOVA; VIRET; FAURE, 2012); e a propria catelicidina é essencial no killing
intracelular do parasito Leishmania (CRAUWELS et al., 2019). Essa sobreposi¢cdo da
funcdo dessas proteinas reforca que essa estratégia pro-hospedeiro seja “pluri-patdogenos”
de protecdo autbnoma das células, o que faz sentido uma vez que o figado é susceptivel
a infeccdo por uma ampla gama de patdgenos intracelulares, como HCV, Listeria
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monocytogenes e Salmonella sp (KUBES; JENNE; SNYDER, 2018). Além disso, vale
ressaltar que tanto a viperina (SEO; CRESSWELL, 2013) como a catelicidina (HOANG-
YEN TRAN et al., 2016) ja foram reportadas como tendo um importante papel modulador
do metabolismo lipidico, o que reforca o interconec¢do dos papéis metabdlicos e
imunolodgicos dos CLs. Além disso, 0 mecanismo de entrega dessas proteinas parece ser
através da interacdo direta bactéria/ CL no inico da infeccdo, porém esse processo nao
acontece durante a infeccdo com a Salmonella (Anexo 2 e 3). Corrobolando com essa
hipbtese, o papel protetor do CL induzidos pelo &cido oleico esta fortemente associado a
presenca de CAMP nos CL, pois ao silenciar essa proteina essa atividade é abolida
(Anexo 2).

Assim como reportado para outros mecanismos essenciais para a resisténcia a
infecgdo, principalmente no caso do LTB4 (LI et al., 2015) e proteinas do sistema
complemento (CHARCHAFLIEH et al., 2012), a atuacdo dos CLs como um amplificador
do processo inflamatdrio parece ter papéis duplos na sepse. Se por um lado o papel
protetor dos CLs no inicio da sepse € mais proeminente, a atuacdo dessa organela na
amplificacdo do dano tecidual é mais sobressalente nos tempos mais tardios (TEIXEIRA
el al, unp - Anexo 4). E justamente esse papel dual dos CLs pode explicar por que ndo
observamos diferencas nem na gravidade nem na sobrevivéncia nos animais sépticos
tratados com A922500. E assim como h& uma forte correlacdo entre CL e a sintese de
NO, a partir do tempo de 24h ap06s a cirurgia, nos observamos uma crescente correlacao
entre estressez oxidativo e o acumulo de CL, tanto nos macréfagos como no figado.
Diferente ao observado no tempo de 6h, nos tempos de 24h e 48h ap6s a cirurgia ha
grande aumento de 8-isoprostano, um marcador do estressez oxidativo. E fortes indicios
do nosso grupo apontam que os CLs sejam um dos principais locais de acimulo e/ou de
sintese de lipideos oxidados nas células. E justamente essa interseccdo dos CL com 0
estressez oxidativo, junto ao papel de amplificador do processo inflamatério, parecem
contribuir para a disfuncdo hepatica na sepse (Anexo 4). O papel deletério dos CL tanto
como amplificador do estressez oxidativo (KWON et al., 2017; LEE et al., 2013; LIU et
al., 2015) e do processo inflamatério (MARSCHALLINGER et al., 2020) levando a
disfuncdo celular e orgénica ja foi observada em outros modelos, principalmente
envolvendo o sistema nervoso central.

Curiosamente, no tempo mais tardio da sepse, n6s ndo observamos o papel
protetor dos CL, apesar da quantidade CL ser superior ao observado nos tempos mais
iniciais, o que sugere que o papel deletério dos CL n&o est4 associado com a presenca das
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proteinas antibacterianas nessa organela. Além disso, o papel deletério dos CL nos tempos
mais tardios pode estar relacionado com a dindmica dessa organela com as mitocondrias.
No inicio do processo inflamatorio nés observamos que hd a desacoplacdo das
mitocondrias dos CLs, envolvendo principalmente a regulacdo da expressdo da Plin2 e
Plin5 (Anexo 2). Como resultado desse processo ha a diminui¢do da B-oxidacdo e da
fosfolizacdo oxidativa. Além de central no controle do imunometabolismo, essa
desaclopacdo dos CL das mitocOndrias parece ser importante na preservacdo das
estruturas celulares, principalmente das mitocondrias, pois aquelas em contato com CL
apresentam uma maior presenca de alteracdes estruturais durante a sepse. Entretanto,
como o papel antibacteriano dos CL se correlaciona com disfun¢do mitocondrial ainda
carece de mais invstigagoes.

Com base no que foi aqui demostrado nesse estudo, os CLs sdo elementos
centrais na resposta imunometabdlica contra infeccdes bacterianas. Com base nesses
resultados nds propomos a atuacéo dos CLs em ao menos trés niveis na resposta imune
inata frente a infeccBes bacterianas, como local de acimulo de proteinas antibacterianas,
como um regulador do metabolismo das células imunes e como amplificador da resposta
inflamatdria, principalmente através da sintese de mediadores inflamatdrios. Uma melhor
caracterizacdo desse novo mecanismo da resposta imune inata pode fornecer novas

ferramentas para o desenvolvimento de estratégias anti-infecciosas e antiinflamatorias.
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6. CONCLUSOES

Nesse trabalho n6s demostrarmos que os CLs participam do controle da infec¢éo
bacteriana, tanto in vitro como in vivo. Nossos dados mostram que a modulacdo da
quantidade dos CLs em leucécitos afeta a capacidade de killing dos macréfagos e leva ao
descontrole da infecgdo bacteriana na sepse. Além disso, nossos dados ainda mostram
que os CLs sdo organelas centrais na modulacdo do metabolismo celular, e atuam como
uma imunoplataforma importante na resposta inflamatdria, principalmente como local de
sintese de eicosanoides tanto in vitro como in vivo. Além disso, nds apresentamos nesse
trabalho que os CLs podem ter ainda uma atividade antibacteriana, principalmente devido
ao seu conteudo protéico. Nesse sentido diferente ao observado em Drosophila, durante
a infeccdo sistémica ha compartimentalizacdo ndo s de proteinas antibacterianas, mas
também de proteinas antivirais e antiparasitarias, fazendo com que essa organela seja uma

importante protecdo autbnoma das células frente as infecgdes intracelulares.

carga
bacteriana

.. A922500

Figure 19: CLs participam da resposta antibacteriana. Nossos dados indicam que os CLs atuam na
resposta imune inata em ao menos trés niveis: como modulador do metabolismo celular e como
amplificador do processo inflamatorio nos leucdcitos durante a sepse, principalmente através da modulagdo
do eixo LTB-4/IL-6, incluindo MCP1 e éxido nitrico, sendo esseciais para o controle da carga bacteriana.
Além disso, os CL atuam como uma plataforma autbnoma na resisténcia a infecgdo intracelular nos
hepatécitos, através da compartimentalizacdo de importantes proteinas pré-hospedeiro, como a HMGB-1 e
catelicidina, duas proteinas antibacterianas, e a viperina, uma proteina antiviral.
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1 | INTRODUCTION
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Abstract

Increased accumulation of cytoplasmic lipid droplets (LDs) in host nonadipose cells is commonly
observed in response to numerous infectious diseases, including bacterial, parasite, and fungal
infections. LDs are lipid-enriched, dynamic organelles composed of a core of neutral lipids sur-
rounded by a monolayer of phospholipids associated with a diverse array of proteins that are
cell and stimulus regulated. Far beyond being simply a deposit of neutral lipids, LDs have come
to be seen as an essential platform for various cellular processes, including metabolic regulation,
cell signaling, and the immune response. LD participation in the immune response occurs as sites
for compartmentalization of several immunometabolic signaling pathways, production of inflam-
matory lipid mediators, and regulation of antigen presentation. Infection-driven LD biogenesis is
a complexly regulated process that involves innate immune receptors, transcriptional and post-
transcriptional regulation, increased lipid uptake, and new lipid synthesis. Accumulating evidence
demonstrates that intracellular pathogens are able to exploit LDs as an energy source, a repli-
cation site, and/or a mechanism of immune response evasion. Nevertheless, LDs can also act in
favor of the host as part of the immune and inflammatory response to pathogens. Here, we review
recent findings that explored the new roles of LDs in the context of host-pathogen interactions.

KEYWORDS

metabolism, lipid droplets, infection, inflammation

brane biosynthesis, cell signaling, and handling of hydrophobic vita-

Lipids are a major and most diverse class of biomolecules, which play
an important role in both the physiology and pathophysiology of living
systems. In addition to acting as structural components of cell mem-
branes, lipids are also energy sources as well as signaling molecules
during infection and inflammation.2~# In the cell, the main lipid storage
sites are lipid droplets (LDs) or lipid bodies, a ubiquitous organelle that
can be found in virtually all types of cells from prokaryotes to multicel-
lular eukaryotes.>¢

In recent decades, LDs have gone from being perceived as only a
source of energy storage to being described as complex and dynamic

organelles centrally involved in energy and lipid homeostasis, mem-

Abbreviations: BCG, bacillus Calmette—Guérin; DENV, dengue virus; FA, fatty acids; HCV,
hepatitis C virus; Lam, lipoarabinomannan; LD, lipid droplet; NS, nonstructural; PAF,
platelet-activating factor; PAMP, pathogen-associated molecular pattern; PRR, pattern
recognition receptor; PV, parasitophorous vacuole; TAG, triacylglycerol.
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min and cell protection to lipotoxicity.”~13 Structurally, LDs are endo-
plasmic reticulum (ER)-derived organelles composed of a core of neu-
tral lipids (triacylglycerol, diacylglycerol, and cholesterol ester) sur-
rounded by a monolayer of phospholipids associated with a diverse
composition of proteins.141>

The size, number, function, and composition of LDs differ consid-
erably among different cell types and even in individual cells in a
population.>1316 The LD proteome has been reported as dynamic and
complex in several cell types and stimulatory conditions.1”~1? Accumu-
lating data demonstrate not only the protein diversity but also the com-
partmentalization of signaling and metabolic pathways on LDs, mainly
lipid metabolism?2° and eicosanoid synthesis.?122

Furthermore, LDs are also involved in inflammatory and infec-
tious diseases.23 The participation of LDs in infectious disease patho-
genesis has been reported for all classes of pathogens, such as

viruses, 2425 bacteria, 2627 fungi,28 and protozoa,23° suggesting that
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LDs participate in the innate and adaptative host immune response to
infection. Host LDs may also be exploit as part of the adaptation of
pathogens to escape the immune system and as an energy source for
intracellular pathogens.31-33 Here, we review the complex relationship
between host LDs and pathogens, highlighting the multiple roles of LDs
in pathogen survival and proliferation, as well as in the host’s protec-

tive response, in the context of host-pathogen interactions.

2 | LD BIOGENESIS IN CELLS OF THE
IMMUNE RESPONSE

Although LDs are almost absent in resting leukocytes and other cells of
the immune response, increases in the size and number of LDs in cells
involved in infectious and inflammatory processes occur so often that
LDs have been considered structural markers of inflammation.®1% LD
biogenesis is a rapid and highly regulated process whose mechanisms
and mobilized signaling pathways are dependent on the infectious
agent and cell type involved. Of note, LD biogenesis involves multiple
steps and de novo LD formation occurs mostly in the ER where the
enzymes involved in neutral lipid synthesis are localized provid-
ing triacylglicerols and sterol esters for LD formation.3* Proposed
biogenesis models suggest that LDs bud from the outer leaflet of
the ER. However, it is still debatable whether at least part of newly
formed LDs remains associated with the ER and/or contain remnant
ER-derived membranes.3435

Although the molecular mechanisms that govern LD biogenesis
during inflammation and infection are still incompletely understood,
it occurs as a multimediated process that involves increased lipid
uptake, lipolysis inhibition, and new lipid synthesis. Moreover, it has
been demonstrated that this phenomenon depends not only on the
direct interaction between the pathogen and host cells but also on
the indirect mechanisms of a bystander amplification-induced system
through bacterial components and/or host-generated cytokines
and chemokines.26:27:36-40

Pioneer work by Pacheco et al.3¢ demonstrates that LDs biogen-
esis in leukocytes can be triggered by the recognition of pathogen-
associated molecular pattern (PAMP) by specific receptors of the
innate immunity (PRRs, pattern recognition receptors).3¢ Among PRRs
described, the TLR family stands out as a well-established molecular
pathway for LD biogenesis induction by infectious agents (Table 1).

LPS-induced LD formation in leukocytes was demonstrated to occur
through a mechanism largely dependent on TLR4 in cooperation with
CD14.3¢ Bacterial infection with Chlamydia pneumoniae is also capa-
ble of inducing foam cell formation*! in a pathway dependent on TLR2
and TLR4, but not TLR3, as well as the mobilization of the adapter
molecules Myeloid differentiation primary response 88 (MyD88)
and TIR-domain-containing adapter-inducing IFN-g (TRIF).4243 TLRs,
mainly TLR2, are essential receptors involved in the recognition of
distinct mycobacterial products.** Signaling through TLR2 proved to
be essential to trigger LD formation in macrophages during purified
bacterial wall component lipoarabinomannan stimuli or Mycobacterium

bovis*>4¢ and Mycobacterium leprae infection;38 in this last case, the

deletion of TLRé6, which is reported to heterodimerize with TLR2, also
impaired LD formation not only in macrophages but also in Schwann
cells.26 Although stimulation of TLR2 is essential, it is not sufficient
to induce LD biogenesis because zymosan and Pam3Cys, potent ago-
nists of TLR2, and the nonpathogenic bacterium Mycobacterium smeg-
matis fail to induce these organelles; therefore, other cofactors must
be involved.454¢

The participation of the TLR in the LD biogenesis is not restricted to
bacteria. Fungal infection with Histoplasma capsulatum, the causative
agent of pulmonary histoplasmosis, has been described to induce an
increase in leukocyte LD numbers in a dose- and time-dependent man-
ner, and the TLR2, CD18, and Dectin-1 pathways have been shown
to be essential for this mechanism.28 Similarly, during macrophage
infection by the parasitic protozoan T. cruzi, the dependence on TLR2
signaling, but not TLR4, for LD biogenesis has been demonstrated.*”
However, the identification of another receptor or downstream signal-
ing pathway involved in the biogenesis of LDs during T. cruzi infection
remains unknown.

Furthermore, signaling through intracellular PRRs also has been
shown to be involved in LD biogenesis. During infection by hepatitis
C virus (HCV), activation of NLRP3, a member of the NOD-like recep-
tor (NLR) family responsible for triggering inflammasome activation,
was associated with changes in lipid homeostasis observed in infected
cells.#8-30 The HCV-activated NLRP3 inflammasome causes the acti-
vation of SREBPs that up-regulate lipogenic genes, and these alter-
ations result in the intracellular accumulation of LDs.#® Since HCV
has absolute reliance on host lipids in the various stages of the viral
life cycle, LD formation proved to be crucial for liver disease patho-
genesis associated with chronic HCV>152 (Fig. 2). On the other hand,
NLRP3-deficient macrophages infected with C. pneumoniae present a
significant increase in LD number, probably because activation of the
NLRP3 inflammasome is closely associated with capture or use of LDs
in chlamydial inclusions in infected BMMs, which is in agreement with
the fact that NLRP3 activation favors the growth of C. pneumonia.>®

Downstream pathways involved in LD biogenesis were shown
to involve the activation of transcription factors including mas-
ter regulators of lipid metabolism and nuclear receptors, such as
peroxisome proliferator-activated receptors (PPARs), liver X recep-
tor (LXR), SREBPs, and HIF.#245485154-59 Members of subfamily
of PPARs, LXR, and SREBPs sense the intracellular lipid environ-
ment and modulate expression of key genes in fatty acid uptake,
lipid synthesis, lipolytic enzymes, and LD biogenesis.>#¢0 Of note,
NFxB was shown to counter-regulate LD biogenesis because its
inhibition lead to enhanced TLR2-triggered LD formation.>” The
activation of TLR signaling induce the increasing of expressions of
several enzymes involved in the synthesis of triglycerides and/or
cholesterol ester, such as fatty acid synthase (FASN), diacylglycerol-
O-acyltransferase (DGAT-1 and DGAT-2), and acyl-CoA:cholesterol
O-acyltransferases (ACAT1 and ACAT?2).61-63 When de novo lipid syn-
thesis is blocked, the biogenesis of LD downstream of TLR activation is
severely impaired.3747

Also favoring lipid accumulation, TLR activation has reported

the increase in the expression of several receptors involved in
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TABLE 1 Receptors of innate immunity involved in inducing LD biogenesis by different pathogens

A

LS

TLR2 TRL4 TRL5 TRL6 TRL9 Dectin-1 NLR3 References
Bacterias
A. baumannii L] ° 63
C. pneumoniae ° 41-43
E. coli ° 63
K. pneumoniae ° 63
M. bovis BCG ° 45,46
M. leprae ° ° 26,38
M. tuberculosis ° 40-113
P. aeruginosa ° 63
P.diminuta ° ° 63
P. vulgaris o 63
S. aureus o 63
S. epidermidis o 63
S. salivarisus 63
Bacterial derivates
CpG DNA ° 63
Flagellin ° 63
LIPS ° 36
LAM o 45-46
_— .
:@:' . Virus
- ‘%) HCV .
s 48-50
jﬁ,:/‘ ° Fungus
/_.?'_ :JZ, H. capsulatum ° ° ° 58
» N
Parasites
" ® f T. cruzi o 47
S.mansoni 100

increased lipid uptake and transport,>7:61:6264 as well as the decrease
in expression of lipolytic enzymes, mainly adipose triglyceride lipase
(ATGL).612 The increase in the lipid content in the cells is accompanied
by the increase in the expression of LD structural proteins, mainly adi-
pose differentiation-related protein/Perilipin-2 (ADRP/Plin2)¢265:66
and tail-interacting protein of 47 kD/Perilipin-3 (TIP47/Plin3).67:68
Moreover, these structural proteins are essential to LDs assembly
and biogenesis.®?

Among these regulators, PPARs have been the most explored
during the infectious process. PPAR can directly impact LD forma-
tion by modulating ADRP/Plin2 expression, a protein intrinsically
associated with LD surfaces with major functions in lipid home-
ostasis in nonadipocyte cells.6>7071 The Plin2 gene has a response
element for PPARs, and its expression is positively regulated by their
agonists.”2 Additionally, PPARs regulate proteins involved in trigger-
ing de novo lipogenesis, including fatty acid synthase, and gene regula-
tory factors LXR and SREBPs®0 (Fig. 1).

PPARs are expressed by leukocytes, including T cells, B cells, den-
dritic cells, and macrophages®*73 and are highly expressed in foam
cells within atherosclerotic lesions.” Studies have demonstrated that
the expression and function of the nuclear receptor are regulated by
bacterial components®>7>7¢ and are associated with LD biogenesis.
Almeida and colleagues demonstrated that experimental infection by
M. bovis BCG is able to up-regulate the expression and/or activation of
PPARy and induce lipid-laden macrophages, a phenotype that is abro-
gated when infected cells are pretreated with GW9662, a selective
antagonist of PPARy.>2 All of these mechanisms are under the con-
trol of TLR2 signaling because BCG-induced PPARy expression, LD
formation, and TNF-a generation were drastically inhibited in TLR-2-
deficient mice.527¢ However, activation of the TLR2 pathway is not
sufficient to induce PPARy expression because stimulation with the
nonpathogenic bacterium M. smegmatis may activate TLR2-dependent
TNF-a production without an increase in PPARy expression.>27¢ This

finding raises the possibility of the participation of other cofactors
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FIGURE 1 Theroles of lipid droplets (LDs) at bacterial infections. LD biogenesis is a higher regulated process, involving several receptors of
innate immunity, including TLR, which recognize bacteria or parts of bacteria. Moreover, several cytokines and lipid mediator molecules induced
the LDs accumulations, such as MCP-1/CCL2, hydroxyeicosatetraenoic acid (5-HETE), platelet-activating factor (PAF), and PAF-like molecules.
Activation of the receptors of these molecules started a complex signaling cascade that culminates in the activation of peroxisome proliferator-
activated receptor y (PPAR-y) or NF-x B, which directly or indirectly induce the activation of several lipogenic genes (SRBPS, LXR/FXR, HIF-1, fatty
acid synthase) and structural proteins of LDs, such as PLIN2/ADRP. After the induction, bacteria recruit the LDs to the vicinities of the bacteria-
containing endosomes. The interaction of LDs with bacteria-containing phagosomes leads to the release of LDs contents, such as cholesterol and
triacylglycerol, which serve as a nutritional source for pathogen bacteria survival and proliferation. In addition, LDs are also important players in
innate immunity. Host-pathogen interaction leads to the biosynthesis and secretion of inflammatory mediators such as prostaglandin E, (PGE,)
through arachidonic acid (AA)-derived cyclooxygenase (COX-2) pathways. PGE, may potentially inhibit Th1 response, thus favoring pathogen pro-
liferation. In contrast to LDs recruitment mechanisms to the pathogen benefit, innate immunity actors, such as histones in Drosophila, are localized
at the LD surface and may act as antibacterial proteins. Besides, LDs are also a site for production of leukotriene B4 (LTB,), a pro-inflammatory
eicosanoids AA-derivated lipoxygenase (5-LOX) pathways, associated with the pathogen’s elimination

in this signaling; indeed, BCG-induced PPARy expression and LD for-
mation are largely dependent on CD36 activation in association with
CD11b/CD18 and CD14 compartmentalized on lipid rafts.>”

During the infectious process, the observation that LD biogene-
sis can be triggered in relatively short timeframes and occurs both
in cells carrying the infectious agent and likewise in uninfected cells
demonstrates that this phenomenon does not depend exclusively on
direct interaction between pathogens and the host cell, but indirect
mechanisms may amplify this response.#’ In fact, several molecules
produced during the inflammatory response act in a paracrine man-
ner, inducing LD formation, including lipid mediators, cytokines,

and chemokines.

Platelet-activating factor (PAF) and PAF-like molecules are inflam-
matory phospholipids recognized by a single G protein-coupled PAF
receptor’’ and play an important role in LD biogenesis in leukocytes
such as neutrophils’8 and eosinophils.2%7? Blocking the PAF receptor
with an antagonist or inactivation of ligands recognized by the PAF
receptor by administration of phospholipase PAF acetylhydrolase sig-
nificantly inhibits LD formation induced by oxLDL, LPS, or sepsis.80-81
Studies with pharmacological inhibition and genetically deficient mice
show that the downstream pathway behind rapid PAF-induced LD for-
mation in PMNs depends on 5-lipoxygenase (5-LO) activity to form
5(S)-hydroxyeicosatetraenoic acid, as well as subsequent stimulation

of protein kinase C and phospholipase C;”8 PAF-induced LD biogenesis
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requires new protein synthesis, may be amplified by PPARy activation,
and has an intense crosstalk with MCP-1/CCL2 signaling.3¢.78:81.82
The monocyte chemoattractant protein (MCP-1, also known as
chemokine ligand 2 [CCL2]) is a central chemokine in mononuclear cell
recruitment.83 In different models such as saturated fatty acid-848>
or oxLDL-rich conditions,®® leptin stimuli in tumor cells,8¢ polymicro-
bial infection, or LPS-driven inflammatory responses,3” the increase
in MCP-1/CCL2 production occurs in parallel to LD formation.
Indeed, MCP-1/CCL2 directly induces a dose-dependent increase in
the numbers of cytoplasmic LDs in vitro within resident peritoneal
macrophages isolated from naive mice, indicating that its effect occurs
through cell migration independent pathways. During sepsis or LPS-
induced inflammation, LD biogenesis in leukocytes was virtually absent
in MCP-1/CCL2~/~ mice.3” MCP-1/CCL2 was also centrally involved in
foam cell formation induced by oxLDL because pretreatment with neu-
tralizing anti-MCP-1/CCL2 inhibited macrophage ADRP/PIin2 expres-
sion and drastically reduced the number of LDs.6¢ MCP-1/CCL-2
paracrine activity has been shown to induce LD biogenesis through
its cognate receptor CCR2, MAP kinase, ERK, and PI3K downstream
signaling, and requires the maintenance of a well-organized micro-
tubule network because both microtubule-disrupting and -stabilizing
drugs (colchicine and taxol, respectively) have inhibitory effects on
LD biogenesis.3” Although MCP-1/CCL2 produced in the course of
BCG infection has a proven role in leukocyte recruitment,8” it is not
essential for signaling of LD formation. Indeed, BCG infection trig-
gered LD biogenesis in MCP-1/CCL2~/~ in similar amounts in wild-type
mice.*® This finding suggests that the cell migration may modulate, but
is not essential for LD accumulation in leukocytes during inflamma-
tion, and redundant LD-triggering mechanism may occur in mycobac-
terial infections, which is also independent of both TNF-a and IFN-y.4¢
In this context, IL-6, a STAT-activating cytokine, has been described to
increase intracellular mycobacterial survival via effects on triglyceride
deposition in macrophages. IL-6 treatment potentiated the increase in
intracellular LDs driven by M. bovis BCG infection and promoted intra-
cellular mycobacterial survival probably by enhancing bacterial access
to host triglycerides. These effects were dependent on DGAT1 activa-
tion, and DGAT-1 inhibition abolished the ability of mycobacteria to
drive LD accumulation and eliminated the ability of IL-6 to promote

mycobacterial survival .88

3 | LD FUNCTIONS IN INFLAMMATION

Eicosanoids are lipids derived from enzymatic oxygenation of arachi-
donic acid via the cyclooxygenase (COX) and lipoxygenase (LOX)
pathways. In contrast to their precursor, eicosanoids are newly
formed and nonstorable molecules.®22 Moreover, eicosanoids are
signaling lipids that have important roles in both physiological and
pathological conditions, such as tissue homeostasis, host defense,
and inflammation.228? The compartmentalization of eicosanoid
synthetic machinery is a crucial component in the regulation of
eicosanoid synthesis and in delineating intracellular and extracellular

functional actions of eicosanoids.8%?0 Substantial evidence has
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demonstrated that LDs are specialized intracellular sites for
eicosanoid synthesis, often associated with the inflammatory,
infectious, and neoplastic processes.15:22.23

In leukocytes, LDs are one of the principle storage sites of arachi-
donic acid, esterified in phospholipids on the LD monolayer and in
triglycerides at LD core from where it can be mobilized by phospholi-
pases or ATGL, respectively.?1-95 Furthermore, LDs compartmentalize
the entire enzymatic machinery for eicosanoid synthesis, including
phospholipase A2 (PLA,),?> activating kinases involved in the arachi-
donic acid mobilization pathway (ERK1/2, p85, and p38),°> and all
relevant eicosanoid-forming enzymes (COX-1, COX-2, 5-LOX, 15-LOX,
5-LO-activating protein, PGE-synthase, and LTC,-synthase).6%7?
The presence of all these components causes LDs to be capable
of rapid arachidonic acid mobilization to produce prostaglandins
and leukotrienes.2189.90.95

During inflammatory and/or infectious stimulation, a significant
correlation has been reported between LD biogenesis and improved
generation of eicosanoids in leukocytes.®1>47 Stimuli that induce or
inhibit LD formation also coordinately enhance or inhibit eicosanoid
synthesis, respectively, in activated leukocytes in a dose-dependent
manner.2296 |n this context, it has been experimentally demon-
strated that LDs are main sites of production of leukotriene C4
(LTC,),%697 leukotriene B, (LTB,),37:%¢ prostaglandin E, (PGE,),%6:47:78
prostaglandin D, (PGD,),?? and eoxin C4 (EXC4)1% during inflamma-
tory and infectious conditions. Other data further indicate that LDs
could be the site of synthesis of lipoxin B4 (LXB4)58 and prostaglandin
F2alpha (PGF2a),58101 however, they still need validation. Several
studies have shown that numerous pathogens stimulate the biosyn-
thesis of PGE,, which could act as an anti-inflammatory mediator
favoring the persistence of the pathogen.229¢ In this situation, LDs
were reported as being a site for PGE, generation during infection
by M. bovis BCG* and T. cruzi.*’ In both infections, PGE, production
was reported as permissive to pathogens and probably downmodulate
macrophage antimicrobial response.*¢*” Furthermore, PGE, not only
affects infected leukocytes but may also inhibit Th1 responses, which
would favor pathogen proliferation and dissemination.102 Moreover,
LDs in colon cancer cells are active organelles involved in PGE, synthe-
sis and may have implications in the pathogenesis of adenocarcinoma
of the colon.?®

In contrast, the synthesis of LTB,, a pro-inflammatory mediator,
has also been reported in LDs during the inflammatory response, such
as observed during sepsis or endotoxemia.®” LTB, generation during
infection contributes to parasite killing103194 through indirect effects
mediated by amplification of other inflammatory molecules, mediat-
ing the recruitment and activation of effector cells.1%> The balance
between the generation of PGE, and LTBy, is central in the immune
response.22105 As 3 platform for the synthesis of these lipid mediators,
LDs probably play an important role both in the survival of pathogens
and in the effective host response to infection, but it is still unclear
which events mediate each type of response.

The synthesis of inflammatory lipid mediators on LDs also makes
this organelle a central component of the leukocyte response in inflam-
mation. As a site of production of LTC4, PGD,, and EXC,, the LDs
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are also intimately involved in autocrine and intracrine signal trans-
duction in immune cells,8%190 especially in eosinophils. For example,
LTC, activates an intracrine signal-transducing pathway that medi-
ates secretion of eosinophil granules, including cytokine 1L-4.10¢ |n
comparison, PGD,, also synthesized on LDs, is an autocrine signal for
eosinophil activation,”? probably acting as a signal amplifier through
the activation of 5-LOX?? and 15-LOX.190 The production of EXCy,
which occurs on eosinophil LDs, has implications in host-pathogen
interactions.1%0 Schistosoma-derived lipids induced EXC, synthesis
that activated eosinophils to release TGF-8, an immunomodulatory
and pro-fibrotic mediator.100

In addition to a site of synthesis of inflammatory lipid mediators,
LDs are also involved in other functions during the host response to
infection. The presence of the pro-inflammatory cytokine TNF-a and
macrophage migration inhibitory factor (MIF) was reported in LDs
from leukocytes.36:107.108 However, the biological implication of the
association between TNF-¢ and LDs remains to be understood. In
addition, the association of LDs with other cytokines is still unknown.
Recent studies have reported the participation of LDs in the IFN
response, both in signaling pathways and in the effectiveness of the
response.11:10? Proteins key to the antiviral virus-inhibitory protein,
ER-associated, IFN-inducible (viperin),3! and antiparasitic (immunity-
related GTPase M)33 activities are observed to be loaded on LDs after
IFN stimulation.

4 | LD FUNCTIONS IN BACTERIAL
INFECTION

Bacterial pathogens display an efficient set of adaptations that
support crucial infection events, including bacterial survival, repli-
cation, and host immune evasion.#119 For successful infection
and replication, numerous bacterial pathogens have evolved many
approaches to subvert host cellular functions and metabolism.#110.111
A change in host lipid homeostasis and LDs biogenesis upon bacterial
infection is highly pronounced in both human and experimental
infections®36.96.112 (Fig 1),

The subversion of LDs by pathogenic bacteria to complete their
own life cycle has been reported for several intracellular bacteria,
such as M. tuberculosis,*%113 M. bovis,*¢ M. leprae,2¢ C. trachomatis,11*
and C. pneumoniae.*? The inhibition of lipid metabolism and/or inter-
ference with LDs homeostasis impact bacterial survival3811> and/or
replication11® within the host cells. The LD accumulation during bac-
terial infection is usually associated with a mechanism to obtain an
energy resource from the host, as well as a strategy to escape the
immune system through increased generation of eicosanoids.1%-22.29.96

The presence of foam cells, LD-filled macrophages, is a recur-
rent feature in mycobacterial infections.384945> The formation of foam
cells is a process apparently critical for bacterial persistence in the
host and for the pathogenesis of mycobacteria.3%113.117 For success-
ful infection and persistence of M. tuberculosis'1> and M. lepra,3? host
lipid molecules are essential. In M. tuberculosis infection, the pres-
ence of foam cells can be found in both early infection stages!!® and

granulomas.*C In addition to the formation of foam macrophages, dur-
ing M. lepra infection, the same phenotype has also been reported in
Schwann cells.3?

Usurpation of fatty acids released from the host triglycerides
stored in LDs is a vital source of energy for mycobacteria, and
the storage of fatty acids in the form of triglycerides in bac-
terial LDs could be linked to the dormancy and reactivation of
M. tuberculosis.*%-113 Cholesterol is another lipid essential to mycobac-
terial survival.118119 M. tuberculosis has the capacity to use choles-
terol as an energy source, which is important during latent-phase
infection.119120 Despite being essential for building blocks for
M. lepra growth and survival, cholesterol metabolism is not coupled
with energy production.118

During the mycobacterium infections, the LDs are redistributed or
recruited to vicinity of bacterium-containing phagosome.115121 |nter-
fering with cytoskeletal function affects not only the impairment of
recruitment of host LDs to the phagosome but also the decline of
M. leprae survival in infected cells.3? This process enables the cap-
ture of lipids by mycobacteria (Fig. 1), suggesting that the LDs are
tightly apposed to phagosomes and that there is the physics interaction
between LDs and phagosomes.#%4¢ With the continuation of infection,
mycobacterial-containing phagosomes engulf cellular LDs and this
process, which is reminiscent of autophagy, resulted in the transfer of
host LDs into bacteria.#0-115

On the other hand, Knight et al.>8 proposed that LD formation in
macrophages might not be an M. tuberculosis-induced process but could
be a glycolytic programming event dependent on IFN-y and HIF 1-a sig-
naling in murine macrophages. Additionally, in this same work, IFN-
y-induced LDs were an important platform for the production of a
broad range of host protective eicosanoids, especially LXB4 and PGE,,
improving the macrophage immune response.”® However, the pres-
ence of IFN-y is not sufficient to induce LDs accumulation, requiring
a second signal via TLR2,%® which does not exclude the M. tuberculo-
sis as a possible inducer of LDs biogenesis. Interestingly, in this system,
M. tuberculosis was able to acquire host lipids in the absence of LDs but
not in the presence of IFN-y-induced LDs.>® Although it seems contra-
dictory to current literature, the induction of LDs as a host response
cannot be underestimated, which suggests that LD is an initial protec-
tive organelle to the host but some pathogens may have co-opted it
over pathogen-host co-evolution.

LD accumulation has also been observed in C. trachomatis infec-
tion of epithelial mucosal cells.114116 Neutral lipids from host LDs
appear to be crucial for bacterial propagation of C. trachomatis.11¢
During C. trachomatis infection, LD accumulation inside the chlamy-
dial inclusion® was reported. Impairment of lipid metabolism by
triacsin C treatment and the consequent inhibition of LD biosynthe-
sis also reduced chlamydial proliferation and the size of the chlamy-
dial inclusion.!2¢ In a mouse model, incorporation of LDs into the
bacterium-containing vacuole has also been observed in infection by
C. muridarum.122

In contrast to other pathogens, C. trachomatis induces the translo-
cation of an entire LD from the host cytoplasm into the lumen of the

chlamydial inclusion in a process resembling endocytosis.114 The full
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molecular mechanism of capture and translocation of an LD into the
chlamydial inclusion remains to be elucidated; however, experimental
data suggested that the chlamydial protein Lda3 plays a major role in
this organelle sequestration.11# Lda3 has tropism for both LDs and the
inclusion membrane, which suggests that it can mediate the formation
of links between them. Moreover, the overexpression of Lda3 leads to
the redistribution and replacement of ADRP/Plin2 from the surface of
host LDs.114

Although LDs are usually seen only as a structure favoring the
survival of pathogenic bacteria, several studies have demonstrated
the presence of LDs in pro-inflammatory environments.3¢:63123 |
sepsis, a life-threatening organ dysfunction caused by a dysregulated

host response to infection,124

changes in lipid metabolism are often
observed in the form of LD accumulation in several cell types both
in vivo and in vitro, including in leukocytes from septic patients.3¢
The LD accumulation in the inflammatory microenvironment was also
reported during natural infection of Vibrio cholerae serogroups O1 and
0139.123 LD accumulation induced by V. cholerae infection was only
in mucosal mast cells and not in polymorphonuclear neutrophils.123
Nicolaou et al.¢3 reported that both Gram-negative (Acinetobacter bau-
mannii, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Pseudomonas diminuta, and Proteus vulgaris) and Gram-positive bacte-
ria (Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus
salivarius) induced the intracellular accumulation of cholesterol ester in
macrophages, probably in the LDs, which is a characteristic phenotype
of the foam cells. In this work, it was shown that the cholesterol ester
accumulation induced by bacteria or PAMP was a highly regulated
process mainly involving TLR-2, TLR-4, and TLR-5.63 Furthermore,
these TLRs not only induced lipid storage but also promoted the
secretion of the pro-inflammatory cytokine IL-6.63 Curiously, one of
P. aeruginosa multiple virulence factors is the type Il secretion toxin
ExoU, which has cytosolic PLA2 activity!2> with a strong implication in

increasing prostaglandin production,126:127

promote in macrophages
infected a significantly decreased LD contents with the release of free
AA and PGE,.1?7 This suggests that part of the pathogenic mechanism
of toxins ExoU from P. aeruginosa could be the mobilization host
lipids from LDs.112 Taken together, these findings suggest that LD
accumulation could participate in inflammatory amplification during
bacterial infection.

Additionally, van Manen et al.??

suggested that LDs could con-
tribute to increased production of reactive oxygen species through
the activation of NADPH oxidase. For superoxide production, NADPH
oxidase seems to require arachidonic acid stimulation.128 Through a
transient LD-phagosome association, LD release of arachidonic acid
near the phagosome could be used to locally activate NADPH oxi-
dase and/or to facilitate phagosome maturation.?? In both cases, the
LDs could contribute to the elimination of pathogens.?? Moreover,
Fock et al.12? reported that mitochondrial reactive oxygen species con-
tribute to the LPS-induced shift of lipid metabolism and LD biogenesis
in epithelial cells.12? Together, these results suggest that there is prob-
ably a close crosstalk between LDs and oxidative stress in infection,
which has not yet been fully explored, but which may have a profound
impact on the pathogen-host interaction.
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An important paradigm shift was the discovery of antibacterial
function by the LDs reported by Anand et al.32 In vitro assays show that
LDs purified from Drosophila melanogaster embryos possess in vitro
antibacterial activity against S. epidermidis and E. coli. In this same work,
it was verified that this antimicrobial response was due to the pro-
tein content of this organelle, mainly due to the action of histones.32
Despite being a cationic protein canonically involved in the formation
and maintenance of nucleosomes,3° histones are cytotoxic in vitro
and in vivo when located in the extracellular environment, or when
in excess in the cytoplasm, furthermore, they have a strong ability to
kill bacterial30-132 (Fig. 1). Compartmentalization of histones on LDs
was first detected during oogenesis!® and involved the participation
of the LD protein Jabba, which interacts physically with histones to
recruit them to the organelle and keeps them stored through a weak
electrostatic interaction.133 Mutant fly embryos lacking Jabba have
drastically reduced histone stores, and when challenged by intraem-
bryonic inoculation with E. coli, they lost the capacity to control bacte-
rial infections and showed a low survival rate.32 The role of histones
in antibacterial activity seems not to be restricted to the embryonic
period. Jabba mutant adult flies, when inoculated with the intracellular
bacteria Listeria monocytogenes, presented higher and faster mortality
than did the wild-type flies.32

The presence of histones in LDs seems not to be limited to insects.
LDs isolated from the livers of mice challenged with LPS showed
increased loading of histone H1.32 The identification of histones in LD
proteomic analyses of rat sebocytes34 and human macrophages!3>
has been reported. Localized histones as protective proteins on LDs
against intracellular bacteria may indicate the existence of a new type
of conserved innate immunity, but the absence of proteins homologous
to Drosophila Jabba in mammals 133 [eaves the mechanism and nature of
histone-LD interactions still unknown in mammals.

The presence of LD in host immune cells during bacterial infection
is a recurrent phenomenon in the literature. Although great advances
were made in recent years to characterize the mechanisms of bio-
genesis and functions during infection, several issues remain open.
Collectively, LD formed during bacterial infection involves multimedi-
ated and specific mechanisms that vary according to both the pathogen
and the host cells involved. The functional outcome of the increased
LD accumulation may favor the pathogen as the described subversion
of this organelle by intracellular pathogenic bacteria as part of the
evasion mechanism of the system or as an energy source; or may act
pro-host immune response. Future studies are in need to better char-
acterize the specificities of this complex interactions according to the
different infections.

5 | LDs AND VIRUS INFECTION

Viruses are obligate intracellular pathogens that subvert host
metabolism and cellular structures for viral replication and
assembly. #7136 |n the cytoplasm of the cell, all positive-stranded
RNA (+RNA) viruses of eukaryotes promote an extensive mod-
ification of the host membrane web, transforming them into a
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FIGURE 2 The roles of lipid droplets (LDs) at viral infections. Lipid metabolism and LDs are important components in the positive strand (+)
RNA viral cycle, such as flavivirus members. During viral infection, there is the induction of LD in a process involving the activation of NACHT, LRR,
and PYD domains-containing protein 3 (NLRP3) inflammasome, which cleaved the sterol regulatory element-binding proteins (SREBPs), activating
the lipogenesis genes and the structural LDs proteins, such as PLIN3/TIP 47. After LD accumulation, it can be a platform for viral replication and/or
assembly of several viruses, such as hepatitis C virus (HCV) and dengue virus (DENV). On LDs, the presence of HCV core (C) protein and NS5A
complexes has been reported, together with the LD-associated proteins PLIN3/TIP47, which facilitate the interaction of LDs with specialized areas
of the ER-containing NS5A. After assembly, the pro-virus goes to the lumen of the endoplasmic reticulum (ER) and the complex Golgi until they
are released to the extracellular environment. In contrast, the presence of LDs could be required for an effective early innate response to viral
infection, which is mainly related to IFN response. IFN signaling activates hundreds of genes (IFN induced), vital in the host response mechanism to
viral infection, including viperin. Viperin is a potent antiviral protein that accumulates in ER and LDs, inhibiting the virus replication

specialized microenvironment that is thought to support viral
RNA synthesis.136-138 |n this process, strong evidence has demon-
strated that lipid metabolism and LDs are important components
in the +RNA viral life cycle, either as one of the sites for viral
replication and/or assembly or as a source of energy through
autophagy?6:13? (Fig. 2).

Several (+)RNA viruses use host LDs at different steps of
their life cycle, such as reovirus,'*0 rotavirus,'4! norovirus,42
Junin virus,13 and poliovirus,1° as well as various members of the
Flaviviridae.2425144 These viruses manipulate lipid metabolism for
efficient viral morphogenesis, and inhibition of lipid metabolism and/or
interference with LD homeostasis decreases viral replication and/or
assembly.25:52,143

Although the replication of flaviviruses is associated with the endo-
plasmic reticulum, LDs are also an important component of viral
morphogenesis.242552145 | this context, several viral proteins have
been reported on LDs, including nonstructural proteins (NS) linked
to replication, such NS4B,146 NS5A, and NS3 protein144145 of HCV,

as well as the capsid core proteins of HCV,147.148 GB virus-B,4?
and dengue virus (DENV).2425.150 | addition to the presence of viral
proteins on LDs, the presence of HCV viral RNA was reported in
this organelle.52 Furthermore, proteomic research reported the pres-
ence of ribosomes and chaperones on LDs,1>1 which suggest that the
LDs may hypothetically be capable of supporting viral replication and
assembly independent of the ER, but this has not been proven experi-
mentally yet.

The anchoring of the viral proteins in LDs involves the presence of
an amphipathic a-helix.2>52152 For the DENV core protein, 2 leucine
residues (L50 or L54) in the 2 helix are essential for LD association.25
In comparison, for HCV and GB virus-B core proteins, the motif essen-
tial for LD anchoring contained proline residues in the a-helix. In
addition to the intrinsic structure of the viral proteins, it has also
been proposed that several host proteins could mediate the anchor-
ing of viral proteins onto LDs. In this context, LD-associated protein
PLIN3/TIP47 is an important mediator of anchorage of HCV NS5A and
core protein®8145 and the DENV core protein24 on LDs. HCV core and
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NS5A proteins interact with DGAT1 and depend on DGAT1 activity for
access to LDs.153154 The physical association of cell factor Rab18 with
HCV NS5A promotes the interaction between LDs and sites of viral
replication.1>> The use of a noncanonical function of the host traffick-
ing system GBF 1-Arf1/Arf4-COPI pathway for capsid accumulation on
LD was also reported for DENV.156

The localization of the viral core protein and NS proteins onto
LDs seems to be required for successful production of infectious viral
progeny. The presence of HCV viral protein to LDs is a higher coordi-
nated process, each step being essential for the next step in order to
form the replication complexes around the NS5B RNA-dependent RNA
polymerase that copies the viral genome.>2157 The first HCV protein
translocated from the ER to the LD surface is the core protein, which
in turn assists in recruitment of the NS5A and this in turn recruit other
viral NS proteins to the LD surface.>2157 Mutations of HCV core and
NS5A proteins, which failed to associate with LDs, reduced the pro-
duction of infectious viruses, probably because of the impaired repli-
cation complexes.>? The same phenomenon was observed for DENV,
where mutations in the core protein that prevented anchoring onto
LDs resulted in impaired viral replication and assembly.2> In addition,
HCV core protein induced the accumulation of LDs,?2 and steatosis
is a phenotype frequently observed in HCV-infected patients.49:50:139
These data support the role of LDs as an important platform for viral
morphogenesis. However, the mechanism by which LDs gain or lose
viral proteins is still an open question, as well as the possibility of
some viral proteins arriving from LDs during the formation of this
organellein ER.

In addition to flaviviruses, rotaviruses also co-opt LDs for their
replication. In rotavirus infection, LDs are associated with compo-
nents that physically resemble viroplasms, the structure described as
“factories” of virus production.1#! The LD structural proteins (PLIN1
and PLIN2/ADRP) colocalize with the rotavirus nonstructural pro-
teins NSP2 and NSP5 and with the structural proteins VP1, VP2, and
VP6.141 The NS3 protein of human norovirus (huNoV) was tightly
associated with LDs and induced convoluted membranes, structures
responsible for viral replication.142 Moreover, the ;1 outer capsid pro-
tein of reoviruses was also reported on LDs.140

Notwithstanding being an important viral replication site, LDs can
also be an important energy and building block source for viral repli-
cation and assembly. DENV induced proviral, autophagy-dependent
processing of LDs (lipophagy) in infected cells.158:15? The induction of
autophagy is another mechanism by which viruses can alter cellular
lipid metabolism, by increasing cellular p-oxidation, which generates
ATP and can be used in viral replication and assembly.160-162 On the
other hand, during poliovirus replication, the LDs are used as building
blocks for the formation of structural development of poliovirus repli-
cation organelles. The LD’s neutral lipids hydrolysis and re-route from
triglyceride to phosphatidylcholine synthesis, and these are used in the
formation of aviral replicative organelle-like structure to replication.10
Despite of this remodeling membranous not be essential for viral RNA
replication, this process seems be important for protection of virus
replication from the host antiviral response, mainly during multicycle
replication of poliovirus.10
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Despite the participation of LDs in (+)RNA virus replication and
assembly, the importance of this organelle for the other viral classes
is still unknown. The only exception is polyomavirus BK, a DNA virus
whose agnoprotein was reported on LDs.1é3 The biological relevance
of these associations remains to be determined, but these findings sug-
gest the possibility that other virus classes may use LDs as a platform
for viral particle assembly.

LDs are not always unfavorable to the host during viral infec-
tions. The presence of LDs could be required for an effective early
innate response to viral infection, mainly related to type | and Il IFN
responses.14 In response to viral infection by HCV, viperin was the
first protective protein reported to be loaded onto LDs.3! The antivi-
ral protein viperin is one of the hundreds of genes regulated by the
cell-signaling proteins and master regulators IFNs in response to viral
infection.165-167 The IFN-induced genes are vital in the host response
mechanism to viral infection. 168169

Viperin has a broad and potent antiviral activity, 168167 however the
exact mechanism of viperin antiviral action remains unknown, but sev-
eral indications suggest that viperin can inhibit different viruses by dif-
ferent pathways.10%.166 Structurally, viperin’s amino-terminal amphi-
pathic a-helix seems to be important for full antiviral activity because it
is involved in protein subcellular localization3! and physical interaction
with proteins essential to viral replication.31143170 Tagged proteins
inhibited by viperin have been reported, including HCV NS5A,31 DENV
NS3,170 Junin mammarenavirus N protein,143 and probably chikun-
gunya nsP2,171 which are important proteins in viral RNA transcription
and replication.172-174 Furthermore, viperin seems to induce lipid raft
disturbance and, as a consequence, impairment of membrane localiza-
tion of viral proteins and inhibition of virus release.17>:176

The mechanism for subcellular targeting of viperin via its a-helix to
the LDs is similar to that described for the HCV NS5A viral protein,
indicating that part of viperin’s antiviral activity may be mediated by
the subcellular localization of the protein,3! probably acting as part of
localized antiviral tactics to limit viral propagation. The viperin antiviral
pathway at the LD level was also proposed for JUNG virus'43 and prob-
ably for other flaviviruses.3! However, viperin anchorage onto LDs is
dispensable for DENV inhibition.170

Notwithstanding, the interaction of LDs and viperin can be asso-
ciated with another side of viperin’s antiviral activity in addition to
direct viral suppression. Saitoh et al.1”” showed strong evidence that
viperin acts as a regulator for pattern recognition receptor-mediated
innate immune responses, facilitating TLR7- and TLR9-mediated pro-
duction of type | IFN in plasmacytoid dendritic cells. In this sys-
tem, the LDs act as scaffold for TLR7 and TLRY signaling pathways,
suggesting that viperin recruits IRAK1 and TNF receptor-associated
factor 6 (TRAF6) in a stimulation-dependent manner.1”” The compart-
mentalization IRAK1 and TRAF6 on LD facilitates the ubiquitination of
IRAK1 by TRAF6, whichresultsinthe IFN regulatory factor 7 mediated
induction of type | IFN.277 In this context, the localization of viperin
on the LD appears to play a key role in the regulation of host defense
responses to viruses.1””

The antiviral activity of viperin against infection by herpesvirus,

flavivirus, alphavirus, orthomyxovirus, paramyxovirus, rhabdovirus,
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retrovirus, and picornavirus has been confirmed.109.168.169.171,178 pqp
most of these viruses, the mechanism by which viperin restricts repli-
cation is not fully clear. In at least some cases, enrichment and com-
partmentalization of viperin on the LD surface may participate in the
inhibition of viral replication.13.16¢

6 | LDs AND PROTOZOAN INTERACTIONS

Parasite protozoans have complex molecular machinery to interact
with their host cell in order to evade and manipulate the immune
response.7?-181 Upon entering the host target cell, the para-
sites are internalized within the parasitophorous vacuole (PV), a
plasma membrane-derived vacuole where the parasite survives and
multiplies17%182 (Fig. 3). Overall, LD biogenesis during protozoan
infection occurs in parallel with PV formation and progression in
the host cell cytoplasm.1>180 The accumulation of LDs in infected
cells has been reported for several parasites, such as Trypanosoma
cruzi, 135183 | eishmania amazonensis, 184 Leishmania major,'8> Leish-
mania infantum,'8¢  Plasmodium chabaudi,*®” Neospora caninum,!
and Toxoplasma gondii.2? During parasite infection, LDs are usually
associated with sustaining successful parasite replication within the
pV102182 (Fig 3).

The mechanisms involved in LD accumulation during parasite infec-
tion are not yet fully understood. Like other pathogens, some stud-
ies reported the participation of TLR in parasite-induced LDs, as the
case of TLR-2 in the T. cruzi infection, which is amplified by the uptake
of apoptotic cells in a mechanism dependent on integrins and TGF-5
synthesis.*” Moreover, the activation of TLR-1 and TLR-2 by Leishma-
nia infantum lipophosphoglycan induced LDs accumulation in associ-
ation with PPAR-y expression.188 On the other hand, LDs biogenesis
was related to dysregulate host metabolism by the subversion of host
mTOR and JNK signaling in the T. gondii and N. caninum infection.é?
Furthermore, T. gondii promotes the expression of some triglyceride
synthesis genes and lipid transporters, and inhibits the expression of
lipolytic genes, especially ATGL, favoring the LD accumulation in the
host cell.é1 Several parasites lost the ability to synthesize all lipids
essential for their survival, requiring the supply of lipids from the host
cell, mainly cholesterol.182 For several protozoan parasites, they rely
on host LDs and their lipolytic enzymatic activities to survive and
proliferate.47¢1 LDs are frequently observed around and within the
PV.180.189 The T, gondii PV is able to access host lipids by intercept-
ing and engulfing LDs.190 However, the mechanism of how protozoans
acquire the host’s lipids is not yet fully understood.

Parasite cells have their own LDs,61:101.102 55 well as those of the
host cells, and parasite LDs are dynamic structures able to respond
to host interaction and inflammatory events.192 Moreover, parasite
LDs were also reported as being a platform of compartmentaliza-
tion of the eicosanoid pathway.101102 |n | eishmania, the presence
of PLA, and prostaglandin F,, synthase on parasite LDs has been
identified.191 In addition to the presence of PGE synthase on LDs,
the accumulation of arachidonic acid and PGE, formation on LDs
was also reported in T. cruzi.l%2 The production of inflammatory

mediators by parasite LDs suggests that this organelle participates in
an elaborate form of evasion of the immune system,101102 and it is
even suggested that parasite LDs could be classified as a mechanism
of pathogenicity. 101

A recent result connects the antiparasitic response in the presence
of LDs. Immunity-related GTPase M proteins are small IFN-inducible
GTPases33191 and part of a complex cellular system for recogni-
tion of its own structures. Irgm3 accumulates in “self” organelles,
including LDs, but not in the PV of the bacterial pathogen C. tra-
chomatis or the protozoan pathogen T. gondii.33 Although Irgm3 is

required for resistance to T. gondiil?2

and L. donovanil?3 infections
in mice, the roles of the interaction between Irgm3 and LDs in
the elimination of the pathogen remain uncertain. It has been sug-
gested that this interaction may be related to blockade of recruit-
ment of LDs by the parasite or even participation of this system
in antigen (Ag) presentation.11182 Furthermore, it remains uncertain
whether LD recruitment favors parasite survival or a host cell defense

mechanism (Fig. 3).

7 | LDs AND ANTIGEN PRESENTATION

The first observation of LDs in dendritic cells was reported by Stein-
man and Cohn,?* which describes the morphology of dendritic cells
from peripheral lymphoid organs. More recently, an increase in the
number of LDs in dendritic cells has been described during infection by
Leishmania amazonensis or Nocardia brasiliensis and cancer.185195-197
LDs have been described to interact with several organelles and struc-
tures within cells, including phagosomes,?? autophagosomes, and the
proteasome.1? These results suggested that these lipid-rich organelles
could be involved in cellular processes related to Ag presentation
and immunity.

Dendritic cells are a highly specialized subset of APCs that
have an important role in the initiation and maintenance of the
adaptive immune response and are capable of stimulating immuno-
logically naive T cells. Dendritic cell activation involves capturing
and processing Ags for the stable presentation of Ag-derived pep-
tides in the context of MHC class | and Il proteins, leading to the
induction of the expression of chemokine receptors, cytokines, and
co-stimulatory molecules.

Under conditions of stimulation of dendritic cell, TLR-ligands
IFN-y, and saponin-based adjuvants are also able to increase lipid
content.191.198.199 Boygnéres et al.1%! have shown that LDs are
involved in phagosome maturation and cross-presentation via MHC-|
in IFN-y-stimulated dendritic cells. In that work, it was observed
that LDs co-localized with the Irgm3 GTPase, which interacts with
PLIN2/ADRP and is essential for LD biogenesis. They observed that
dendritic cells from Irgm3-knockout mice are impaired for accumula-
tion of LDs and are defective in cross-presentation efficiently, similar
to what was observed in PLIN2/ADRP-deficient dendritic cells. This
event seems to be direct effect of absence of LDs because neither
PLIN2/ADRP-deficient nor Irgm-3-deficient dendritic cells had no
dysfunctionality on cell-surface phenotype, on phagocytic ability, on
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FIGURE 3 The roles of lipid droplets (LDs) at parasite infections. In protozoan parasite infections, innate receptor, mainly TLR and co-
stimulatory receptors (CD18 and Dectin-1), induced the expression of several genes involved in liponeogenesis, including LDs structural proteins,
such as adipose differentiation-related protein (ADRP). LDs are formed in the ER and accumulate in the cytoplasm. The interaction of LDs with
phagosomes containing parasites leads to the discharge of LD contents, such as cholesterol and triacylglycerol, which serve as a source of lipids for
parasite growth. LDs are also important players in innate immunity. Host-pathogen interaction leads to the biosynthesis and secretion of inflam-
matory mediators such as prostaglandin E, (PGE,) through arachidonic acid (AA)-derived cyclooxygenase (COX-2) pathways. PGE, might favor
pathogen proliferation. In addition, parasite LDs are also able to produce PGE, through a parasite PGE synthase (PGES). On the other hand, the
activating INF-y pathway induced the expression of Irgm3 (an immunity-related GTPase [IRG]). The IRGM3 accumulated on LD surface and might
act as antiparasitic protein. It has been suggested that this interaction may be related to the blockade of recruitment of LDs by the parasite or even
the participation of Ag cross-presentation via major histocompatibility complex | (MHC-I)

the ability to present peptide to CD8+ T cells, or on dendritic cell
maturation?? (Fig. 3). Moreover, dendritic cells with an increased lipid
content were more competent for Ag cross-presentation.?! In line
with that, stimulation with immune stimulatory complexes containing
saponin-based adjuvants, cholesterol, and phospholipids induces the
biogenesis of LDs in dendritic cells in parallel to cross-presentation
of Ags. Furthermore, genetic and pharmacological blockade of LD
biogenesis inhibit Ag cross-presentation induction by saponin-based

adjuvants, in vitro and in vivo in a tumor ablation model.1??

Other studies have correlated lipid content with Ag presentation
by dendritic cells. Ibrahim et al.2°2 demonstrated that two different
dendritic cell populations can be distinguished by lipid content in
mouse and human livers, one with high and another with low lipid
content. Moreover, the proportion of these 2 populations of den-
dritic cells in the liver was dependent on states associated with the
lipid content of hepatic microenvironment.2%° They showed that den-
dritic cells with high lipid content presented an activated and immuno-

genic phenotype and were more effective in activating CD4 and CD8
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T cells both in vitro and in vivo when compared to dendritic cells
with low lipid content of same tissue.2%0 Adoptive transfer of high-
lipid dendritic cells delayed tumor progression by activation of cyto-
toxic T cells. Moreover, the pharmacological inhibition of fatty acid
synthase inhibited the cross-presentation and activation of CTL CD8
T cells in vivo.299 This effect was probably because high-lipid den-
dritic cells expressed elevated levels of TLRs and co-stimulatory pro-
teins, presented a higher capacity to capture Ags, and produced higher
levels of inflammatory cytokines (IL-1p, IL-6, IL-8, and IL-17a) and
chemokines (IP-10, KC, MIP-1a, MIP-14, MCP-1, and RANTES) when
compared to low-lipid dendritic cells.290 These cells also activated NK
and NK T cells, suggesting that LDs could also be involved in nonclassi-
cal MHC Ag presentation.2%° Likewise, the pharmacological inhibition
of LDs formation in LPS-stimulated dendritic cells inhibited cell acti-
vation, expression of costimulatory proteins, and pro-inflammatory
cytokine production.178

In addition to its positive role in the induction of cross-presentation,
other data indicate that this process is not only dependent on the pres-
ence of LDs but also on other factors that have the capacity of
cross-presentation of dendritic cells. Some authors demonstrate in
cancer models an opposite correlation between LD induction and Ag
presentation. It was observed in murine lymphoma that lipid-enriched
dendritic cells are not able to induce CD4 T cell proliferation by
the reduction in the expression of co-stimulatory molecules and in
cytokine production (IL-12, IL-1, and IFN-y).197 Accordingly, it was also
demonstrated that lipid-enriched dendritic cells from tumor-bearing
mice have a reduced capacity to process and present Ags to T cells,
displaying a tolerogenic phenotype. Moreover, the pharmacological
inhibition of lipid metabolism reduced dendritic cells containing
lipids in tumor-bearing mice and restored their capacity to stimulate
T cells.196

Dendritic cells incubated with tumor explant supernatants accu-
mulate oxidized lipids, which correlate with the down-regulation
of cross-presentation. Lipid peroxidation significantly reduced the
ability of dendritic cells to stimulate CD8 T cells due to a reduc-
tion in MHC-I loaded with exogenous peptides. It is important to
note that lipid peroxidation did not alter the expression of MHC-
| molecules or endogenous Ag presentation.2°? This work suggests
that not only the presence of LDs in dendritic cells but also their
composition may be involved in LD function in the modulation of
immune responses. In support of this finding, Veglia et al.2%2 reported
that oxidized lipids stored in LDs can inhibit cross-presentation in
dendritic cells in cancer, indicating that not only the type of lipids
but also the oxidative state of these in LDs has implications in
antigenic presentation.

Ibrahim et al.2% demonstrated that high lipid-content dendritic
cells presented elevations in phospholipids and triglyceride levels; con-
versely, cholesterol and cholesteryl esters were not elevated. Accord-
ingly, it was observed that increased levels of saturated fatty acids,
such as palmitic acid, reduce MHC-I surface expression and the rate
of APC-T lymphocyte conjugation.293 Thus, LD accumulation of TAG
enriched in saturated and or oxidized fatty acids may also play an indi-
rect role in regulating MHC-I expression.176

Published data suggest that lipid accumulation in dendritic cells
is due to an increase in the capture of lipids from the microenviron-
ment, mainly mediated by the scavenger receptor Msr-1. It has been
demonstrated that IL-17 stimulation increases the expression of Msr-
1 and other genes related to lipid metabolism, increasing the num-
ber of LDs. However, IL-17 stimulation did change the expression of
MHC proteins.2%4 Similarly, the accumulation of TAG in dendritic cells
stimulated with tumor explant supernatants was dependent on its
uptake mediated by Msr-1, which was increased in dendritic cells from
tumor-bearing mice. In this work, the authors showed that dendritic

cells generated from Msr-1-/~

mice failed to accumulate lipids after
transfer to tumor-bearing recipients and were more effective in T-
cell activation.1%¢ In addition, Msr-1-deficient dendritic cells showed
a more mature phenotype.2%> In the absence of Msr-1, tumor-derived
factors failed to inhibit Ag cross-presentation by dendritic cells, sup-
porting the possible role of lipid uptake in the negative modulation of
dendritic cell function during cancer.201

Several pathogens are able to down-regulate Ag presentation to
escape the host immune response. It would be important to further
elucidate whether these differences in lipid composition and func-
tion are directly related to disease mechanisms and could be modu-
lated to favor the host immune response. In addition, defects in the
ability to present Ags or modifications in the function of dendritic
cells can lead to susceptibility to infections and cancer, and there-
fore especially in this context, the role of LDs needs to be further
investigated, as well as the participation of the microenvironment in

this process.

8 | FINAL REMARKS AND PERSPECTIVES

Innumerous intracellular pathogens co-opt host LDs to complete their
own lifecycle, using LDs as an energy resource, a platform of assem-
bly or part of their mechanisms to escape the immune response. In
addition, LDs participate in several central events in the innate and
adaptive immune response, both as a platform for the production of
inflammatory lipid mediators and in the response to IFN. In recent
years, the presence of LDs during the infectious process has ceased
to be seen only as a lipid source organelle for pathogen proliferation
and has started to be reported as an important organelle involved in
different aspects of the host-pathogen interaction. However, critical
questions remain about the formation and the multiple functions that
LDs play in infectious diseases. Further investigations should help us
to decipher the full range of LD functions in host protective immune
response as well as to better understand pathogen-specific mecha-
nisms evolved to take advantage of LDs for their survival and the per-
sistence of infections. In addition, LDs are emerging as attractive tar-
get candidates for therapeutic intervention in infectious diseases that
progress with increased LD accumulation. Future studies will need
to include the development of selective LD inhibitors. Moreover, the
safety characterization of LD inhibition is required, as lipid accumula-
tion within LDs may act as a protective mechanism in lipid homeostasis
against cellular lipotoxicity.
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Take home message

Lipid droplet biogenesis and function
e Increased LDs numbers in leukocytes and other cells are

observed in bacterial, viral, fungal, and parasitic infections.

e Pathogen-triggered LD biogenesis is a multimediated pro-
cess that involves increased lipid uptake, lipolysis inhibi-
tion, and new lipid synthesis.

e Innate immune receptors and nuclear receptors play

important roles in infection-driven LD biogenesis.

e LDs compartmentalize the eicosanoid enzymatic machin-

ery and are sites of eicosanoid production.

e LDs are a central immunomodulator organelle, both for
the pro-inflammatory and anti-inflammatory response.

Lipid droplets in pathogen survival

e Virus may use LDs as viral replication and assembly plat-

forms.

e Intracellular bacteria and protozoause LDs as a nutritional
source for survival and replication.

e Intracellular bacteria and protozoa can induce production
of PGE, on LDs as part of their mechanism of immune

response evasion.
Lipid droplets in the host protection response

e Proteins key in antiviral (viperin) and antiparasitic (IRGM)
activities are loaded onto LDs after IFN stimulation.

e LDs can store histones, exhibiting an antibacterial activity.

e LDs interact with phagosomes and appear to be involved

in Ag cross-presentation.
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INTRODUCTION: In all eukaryotic cells, lipid
droplets (LDs) store and supply essential
lipids to produce signaling molecules, mem-
brane building blocks, and metabolic energy.
The LD monolayer also accommodates pro-
teins not obviously related to lipids, such as
transcription factors, chromatin components,
and toxic proteins.

Common parasites (such as trypanosomes
and Plasmodium falciparum,), bacteria (such
as mycobacteria and Chlamydia), and viruses
(such as hepatitis C and dengue) induce and
target LDs during their life cycles. The current
view is that LDs support infection, providing
microorganisms with substrates for effective
growth.

RATIONALE: Successful innate defense is critical
for survival, and host species have efficiently
coevolved with pathogens to develop a plethora
of immune responses. Multiple cues, including
cellular stress and danger-associated molecu-
lar patterns such as lipopolysaccharide (LPS),
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induce LD formation. Thus, LD localization
and dynamics may potentially be advanta-
geous for organizing an intracellular host de-
fense. We have investigated the possibility that
mammalian LDs have a direct and regulated
role in innate immunity.

RESULTS: We show that mammalian LDs are
endowed with a protein-mediated antimi-
crobial capacity, which is up-regulated during
polymicrobial sepsis and by LPS. Light and
electron microscopy demonstrated specific
association of LDs and bacteria in human mac-
rophages, suggesting the existence of docking
mechanisms that facilitate the engagement of
antibacterial LD proteins with bacteria.

A comparative mass spectrometry profil-
ing of proteins differentially associated with
LDs in response to LPS (LPS-LDs) revealed the
profound remodeling of the organelle proteome.
A stringent evaluation identified 689 proteins
differentially regulated on LPS-LDs (317 enr-
iched and 372 reduced). Ingenuity Pathway

LDs mediate innate immune defense. Serial blockface scanning electron microscopy data reconstruction
showing an infected macrophage. Bacteria (blue) and LDs (green) in the three-dimensional dataset have been
colored and projected onto a single image. LDs associate with the bacteria surface (black square). This interaction is
proposed to bring a specific set of antipathogenic proteins in contact with the membrane-enclosing bacteria (inset).
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Analysis revealed an enrichment of innate
immune system-related components and re-
duction of metabolism-related LD-resident pro-
teins. Additional analyses suggested that LDs
serve as innate immune hubs, integrating major
intra- and extracellular immune responses.

Among the five members of the perilipin fam-
ily of LD surface proteins (PLINs), PLIN5 was
the only one down-regulated on LPS-LDs. PLIN5
reduction promoted physical and functional dis-
connection of LPS-LDs and mitochondria, with
a concomitant reduction of oxidative metabo-
lism and ketogenesis. Forced PLIN5 reexpres-
sion increased the number of LD-mitochondria
contacts, reducing LD-bacteria interactions
and compromising the antimicrobial capac-
ity of cells.

By contrast, PLIN2 was the most up-regulated
PLIN on LPS-LDs. Gene interaction analysis re-
vealed that multiple immune proteins nucleated
around PLIN2 in response to LPS. LPS-LDs ac-
crued several interferon-inducible proteins such
as viperin, IGTP, IIGP1, TGTP1, and IFI47. Fur-
thermore, LPS-LDs also accumulated cathelicidin
(CAMP), a broad-spectrum antimicrobial pep-
tide with chemotactic properties. Cells over-
expressing a LD-associated CAMP were more
resistant to different bacterial species, including
Escherichia coli, methicillin-resistant Staphylo-
coccus aureus, and Listeria monocytogenes.

CONCLUSION: These results demonstrate that
LDs form a first-line intracellular defense.
They act as a molecular switch in innate im-
munity, responding to danger signals by both
reprogramming cell metabolism and eliciting
protein-mediated antimicrobial mechanisms.
Mechanisms of LD trafficking and docking
with phagocytic and parasitophorous mem-
branes, observed here and described for sev-
eral pathogens, may facilitate the delivery of
immune proteins located on the LD surface.
Intracellular LDs can provide infected cells with
several biological benefits, serving as a location
to attract pathogens as well as coordinating
different immune systems that operate simul-
taneously against different classes of pathogens.
LDs may also sequester cytotoxic compounds
(such as antimicrobial peptides), reducing
damage to other cellular organelles. In view of
the widespread resistance to current anti-
biotics, this study helps decipher molecular
mechanisms involved in antimicrobial defense
that could be exploited for development of
new anti-infective agents.

The list of author affiliations is available in the full article online.
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INNATE IMMUNITY

Mammalian lipid droplets are innate immune hubs
integrating cell metabolism and host defense

Marta Bosch'?*+, Miguel Sanchez-Alvarez®, Alba Fajardo’, Ronan Kapetanovic
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Lipid droplets (LDs) are the major lipid storage organelles of eukaryotic cells and a source of nutrients
for intracellular pathogens. We demonstrate that mammalian LDs are endowed with a protein-mediated
antimicrobial capacity, which is up-regulated by danger signals. In response to lipopolysaccharide

(LPS), multiple host defense proteins, including interferon-inducible guanosine triphosphatases and

the antimicrobial cathelicidin, assemble into complex clusters on LDs. LPS additionally promotes the
physical and functional uncoupling of LDs from mitochondria, reducing fatty acid metabolism while
increasing LD-bacterial contacts. Thus, LDs actively participate in mammalian innate immunity at

two levels: They are both cell-autonomous organelles that organize and use immune proteins to kill
intracellular pathogens as well as central players in the local and systemic metabolic adaptation to infection.

ipid droplets (LLDs) are the major lipid

storage organelles of eukaryotic cells (7).

Common parasites (such as trypanosomes

and Plasmodium falciparum), bacteria

(such as mycobacteria and Chlamydia),
and viruses [such as hepatitis C (HCV) and den-
gue (DENV)] induce and target LDs during
their life cycles (2). The current view is that
LDs support infection, providing invaders
with substrates for survival and/or growth (3).
However, successful innate defense is critical
for survival, and host immune responses have
coevolved with pathogens, developing a plethora
of defense mechanisms. There is some limited
evidence that LDs actively participate in innate
defense (4, 5). For example, three innate im-
mune system-related proteins localize to the
LDs of infected cells: (i) viperin, which is ac-
tive against two viruses assembled on LDs
(HCV and DENV) (6); (ii) interferon-y (IFN-y)-
inducible guanosine triphosphatase (GTPase)
(IGTP), which is required for resistance to
Toxoplasma gondii (7); and (iii) histones on
LDs, which increase the survival of bacterially
challenged Drosophila embryos (8). We ana-
lyzed whether mammalian LDs have a direct
or regulated role in immune defense. Because

all eukaryotic cells accumulate LDs, this innate
defense mechanism may be ubiquitous and
therefore serve as a suitable target for thera-
peutic intervention.

Results
Mammalian LDs display regulated
protein-mediated antibacterial activity

We selected hepatic LDs as a proof of concept
that mammalian LDs participate in innate im-
munity. The liver modulates the systemic im-
mune response, and hepatic LDs are targeted by
LD-related pathogens (9). We tested the anti-
bacterial capacity of hepatic LD proteins in a
bacterial Kkilling assay of Escherichia coli, an
abundant component of the intestinal micro-
biota and cause of serious clinical infections.
First, we injected mice with lipopolysaccharide
(LPS), an activator of innate immunity (10). Be-
cause LPS-treated animals (LPS-mice) reduce
food intake, LPS-mice were additionally fasted
and compared with mice injected with saline
buffer and identically fasted (CTL-mice). Both
treatments promoted similar hepatic triglyc-
eride levels (Fig. 1, A, B, and C), although mor-
phological differences between LDs were
evident from transmission electron microscopy

(TEM). The number of LDs in LPS-treated
livers (LPS-LDs) was higher than in those of
fasted animals (CTL-LDs), although LPS-LDs
were smaller (Fig. 1, D and E). CTL- and LPS-
LDs were purified (Fig. 1F and fig. S1A), and
LD proteins were incubated with E. coli. Bac-
terial viability was estimated from the result-
ing colony-forming units (CFUs). LD proteins
reduced bacterial growth, and LPS-LD proteins
demonstrated enhanced antibacterial capacity
(Fig. 1G). This enhancement was confirmed in
suspension cultures (fig. S1IC) and by use of LD
proteins from fed mice (fig. S1, D and E). To
determine LD antibacterial activity during an
actual infection, mouse liver LDs were obtained
after cecal ligation and puncture (CLP), a model
of polymicrobial sepsis. CLP-LD proteins ex-
hibited enhanced antibacterial capacity when
compared with CTL-LDs (fig. S1, B and F). LPS-
and CLP-LD proteins reduced bacterial growth
even after a shorter incubation time (fig. S1, G
and H). Bacterial growth was unaffected by oleic
acid (OA), the major fatty acid component of
hepatic LDs, or by cytosolic proteins from CTL-
and LPS-livers (fig. S1, I and J). Thus, mamma-
lian LDs have a protein-mediated antibacterial
capacity, which is regulated by infection.
Next, we analyzed whether LDs reduce bac-
terial growth in human monocyte-derived mac-
rophages (HMDMs) from healthy donors. In
HMDMs, LD accumulation was promoted by
incubation with OA, a fatty acid efficiently es-
terified into LDs (Z1). Untreated and LD-loaded
HMDMs were infected with either nonpath-
ogenic E. coli or the professional intramacro-
phage pathogen Salmonella enterica serovar
Typhimurium (Salm). HMDMs responded to
infection by increasing LD numbers (Fig. 1H).
E. coli survival (Fig. 1I), but not phagocytic
capacity (Fig. 1K), was reduced in LD-loaded
HMDMs. By contrast, LDs did not reduce Salm
survival (Fig. 1J), which is in keeping with this
pathogen’s ability to avoid antimicrobial re-
sponses (12). In E. coli-infected macrophages,
LDs were often in the proximity of bacteria
(Fig. 1, M to Q). Comparative analyses dem-
onstrated that LDs were closer to and more
frequently established longer contacts with
E. coli than with Salm (Fig. 1L and fig. S2, A
and B). These LD-E. coli contact sites in-
creased in loaded HMDMs (fig. S2, C and D).
TEM analysis revealed that in LD-E. coli con-
tact sites, the LD monolayer (containing LD pro-
teins) produced an apparent discontinuity in
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Fig. 1. Mammalian LDs display regulated protein-mediated antibacterial
activity. (A) H&E-stained sections and (B) TEM images of (top) CTL- or
(bottom) LPS-livers. Red arrows [(A), inset] and asterisks (B) indicate LDs,
and “n" indicates the selected hepatocyte nucleus. Images are representative
of (A) five or (B) two mice per condition. Scale bars, 100 um (A) and 5 um
(B). (C) Hepatic triacylglycerol levels (TG) in CTL- and LPS-mice (five mice per
condition). (D) Hepatic LD number and (E) mean LD area measured in TEM
images of CTL- or LPS-livers. For each condition, at least 13 random liver
sections, obtained from two mice per condition, were quantified (fig. S6).

(F) CTL- and LPS-livers were fractionated in sucrose density gradients, and LDs
floated onto the top fraction (“LDs"), as assessed with anti-PLIN2 immunoblotting
(fig. S1A) (representative of five mice per condition). (G) E. coli were incubated
for 16 hours in (gray) standard medium or medium supplemented with proteins
from (black) CTL- or (red bar) LPS-LDs. CFU measurements were normalized
to the standard medium condition (n = 7 independent experiments) (fig. S1).
(H) Unloaded (black) and OA-loaded HMDMs (red bars) were infected with

E. coli or Salm for 4 hours. LD number per cell was quantified in TEM images. At least
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eight macrophages per group, obtained in three independent experiments, were
analyzed. (I and J) Control (black) and OA-loaded HMDMs (red bars) were
infected with (1) E. coli or (J) Salm and bacterial loads (CFU) determined

24 hours later (n = 5 independent experiments). (K) Control (black) and OA-
loaded HMDMs (red bars) were incubated with pHrodo E. coli and bacterial
loads measured (fluorescence units) (n = 3 independent experiments). Cyt D
was used to inhibit phagocytosis. (L) Length of LD-bacteria contacts per cell
was measured in TEM images of OA-loaded HMDMs infected with E. coli or Salm
for 4 hours. At least 15 macrophages per group, obtained in three independent
experiments, were analyzed (fig. S2, A to D). (M, O, and P) Control and (N and
Q) OA-loaded HMDMs were infected with E. coli for 4 hours and analyzed in
TEM images. Representative images have been pseudocolored blue (ER), red
(E. coli interior), green (periplasm), and yellow (vacuolar membrane) (fig. S2, E
and F) (representative of three independent experiments). Scale bars, 2 um
[(M) and (N)] and 0.5 um [(O) and (Q)]. All graphs show means + SD; ns, not
significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 in a paired

t test [(C) to (E), (H) to (J), and (L)], and one-way ANOVA test [(G) and (K)].
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the bacterial vacuolar membrane and probably
interacted with the bacterial periplasm (Fig. 1,
0O to Q, and fig. S2, E and F). Thus, LD-loaded
macrophages display enhanced antibacterial
capacity, which suggests the existence of dock-
ing mechanisms that enable or facilitate the
engagement of antibacterial LD proteins with
bacteria.

Quantitative mass spectrometry analysis
of LPS-LDs

To characterize the enhanced LPS-LD anti-
bacterial capacity, we performed comparative
mass spectrometry profiling of proteins differ-
entially associated with LPS- or CTL-LDs (13).
CTL- and LPS-livers were analyzed in parallel.
Stringent analysis [false discovery rate (FDR)
< 1] of LPS-livers identified 8563 proteins, of
which 1136 (cut-off |AZg|=1.8, where AZqg re-
flects the differential Zq score for a protein in
LPS-livers when compared with CTL-livers.)
were differentially expressed (553 enriched
and 583 reduced) (Fig. 2A and tables S1 and
S2). In LPS-LDs, 3392 proteins were identified
(table S3), of which 689 were differentially
distributed (317 enriched and 372 reduced)
(tables S4 and S5). Only 8% of the enriched
and 0.8% of the down-regulated proteins in
LPS-LDs followed an equivalent profile in LPS-
livers (Fig. 2, A and B, and fig. S3A), indicating
autonomous changes in LPS-LDs. Functional
annotation enrichment analysis revealed the
up-regulation of proteins related to the acute
phase and inflammatory responses and reduc-
tion of mitochondrial proteins cofractionating
with LDs (Fig. 2B and fig. S2A).

Published proteomic analyses show that
~'7t010% of proteins in LD fractions are bona
fide LD-resident proteins (14, 15), reflecting the
tight interaction of LDs with other organelles.
Of 3392 identified proteins in LPS-LDs, 238
(7%) were annotated as LD-resident proteins
with the Ingenuity Pathway Analysis (IPA) plat-
form or with at least one of the above proteomic
analyses (Fig. 2C and table S6). Of these LD
proteins, 72 were LPS-regulated (59 enriched
and 13 reduced) (table S7). Thus, 30% of the
identified LD proteome, including the five
perilipins (PLINs), was LPS-sensitive. PLIN2
(AZq = 6.47) and RABI18 (AZq = 7.10) were
highly enriched, and PLIN5 was the only down-
regulated PLIN (AZq = -4.13) (table S7). Two
immune proteins previously described on LDs,
viperin (RSAD2, AZg = 8.12) and IGTP (IRGM3,
AZq = 6.7), were identified on LPS-LDs, vali-
dating our proteomic strategy (table S4). IPA
analysis of these LD-resident proteins demon-
strated enrichment of innate immunity-related
components and reduction of metabolism-
related LD-resident proteins (fig. S3B).

To identify relevant candidates on LPS-LDs,
we initially performed hierarchical cluster-
ing of proteins with similar variation profiles
across each individual replicate, likely reflecting

Bosch et al., Science 370, eaay8085 (2020)

coregulation (Fig. 2D). Gene interaction analy-
sis of correlated proteins revealed the existence
of several functionally connected protein net-
works, such as clusters of RAB GTPases, a
cluster containing PLIN1 and histones, and a
network of metabolism regulators, including
PLINS3, PNPLA2 (ATGL), and ACSL4 (fig. S4A).
The cluster containing proteins ranking high-
est for enrichment (AZg > 3.14) nucleated
around PLIN2 and included viperin, IGTP,
and several immune GTPases (GVIN, IFGGA1,
IFGGB55, IF147, and IF135) (Fig. 2D). These
functionally related proteins may also physically
interact. We confirmed that PLIN2 interacts
with IGTP (7) and detected a weak interaction
with cathelicidin (fig. S4B). Last, we performed
a gene interaction analysis across the whole
LPS-sensitive LD proteome (AZg > 1.8). This
analysis retrieved complex protein networks
(Fig. 2E), suggesting that LDs are innate im-
mune hubs integrating major intra- and extra-
cellular responses.

We validated the proteomic data with im-
munoblotting and confirmed enrichment of
PLIN2 and PLIN3 on LPS-LDs in contrast
with the unregulated lipase HSL (AZq = 0.04)
(Fig. 3A). PLIN2 expression was further con-
firmed in mouse liver sections (fig. S5A). PLIN2
in LPS- and CLP-livers was predominantly ex-
pressed in hepatocytes around periportal re-
gions where cells receive blood and regulatory
inflammatory mediators. Direct transcrip-
tional regulation of LD proteins by inflamma-
tory stimuli (fig. S5B) was assessed in human
hepatic HuH?7 cells treated with LPS, tumor
necrosis factor (TNF), or IFN-y. PLIN2 and
PLIN5 expression was differentially regulated
by individual cytokines (fig. S5C). Thus, LPS likely
regulates LD protein composition directly and in
conjunction with paracrine signaling networks.

Physical and functional uncoupling of LPS-LDs
and mitochondria

Mitochondria are key organelles for innate
immunity (Z6). During nutrient starvation, LDs
contact mitochondria to supply fatty acids,
fueling oxidative phosphorylation (OXPHOS)
(I17). By contrast, challenged innate immune
cells increase aerobic glycolysis and reduce
OXPHOS (16). Therefore, uncoupling LPS-LDs
and mitochondria (Fig. 2B) may contribute
to areduction of OXPHOS in infected cells.
Reduced interaction between LPS-LDs and
mitochondria was confirmed through de-
creased cofractionation of ATP5D [a subunit
of adenosine 5'-triphosphate (ATP) synthase,
an OXPHOS enzyme] when compared with
CTL-LDs (Fig. 3, A and B). Functional anno-
tation of reduced mitochondrial proteins co-
fractionating with LPS-LDs matched with the
whole mitochondrial proteome (MitoCarta 2.0)
(Fig. 3C). This does not reflect a reduced mito-
chondrial content of LPS-livers as determined
by hepatic citrate synthase activity and liver
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cytochrome oxidase (COI) gene copy number
(Fig. 3, D and E). The reduced number of con-
tacts between LPS-LDs and mitochondria
was then confirmed with TEM (Fig. 3F and
fig. S6). In these images, endoplasmic reticu-
lum (ER) membranes often separated LPS-LDs
and mitochondria (fig. S6C). Last, we con-
firmed two functional consequences of uncou-
pling: (i) reduced mitochondrial B-oxidation of
lipids supplied by LDs in LPS-primary hepato-
cytes (Fig. 3, G and H) and (ii) lower levels of
circulating ketones in LPS-mice serum (Fig.
3I). These results extend and mechanistically
explain early observations showing reduced
B-oxidation and ketogenesis in rats infected
with Streptococcus pneumoniae, Francisella
tularensis, and S. Typhimurium (I8).

PLIN5 tethers LDs and mitochondria (17).
PLINS is the only PLIN down-regulated in
LPS-LDs (fig. S3B and tables S5 and S7).
During fasting, to facilitate LD-mitochondria
contacts, PLINS5 levels increase on hepatic LDs
(Fig. 3J). However, PLINS5 levels on LDs were
reduced when fasted mice were treated with
LPS (Fig. 3, A and J). Further, human PLIN5
expression promoted coclustering of LDs and
mitochondria in HuH? cells (Fig. 3K). To ex-
plore the role of PLIN5 during infection, PLIN5
was transfected in LPS-responsive human em-
bryonic kidney (HEK) 293-TLR4" cells (fig. S7,
A to C), and the LD-mitochondria contacts
were quantified. PLIN5 expression increased
the number and length of these contacts
(Fig. 3L and fig. S7, D to F). In LPS-treated
HEK293-TLR4" cells, the overall length of
the contacts was reduced in CTL- but not in
PLIN5-expressing cells (Fig. 3L). In PLIN5-
expressing cells, LPS only modestly reduced
the total number of contacts (fig. S7E) and
increased the average length of remaining
contacts (fig. S7F). Thus, LPS directly regulates
dynamics of LD-mitochondria contacts. Fur-
thermore, PLIN5 down-regulation appears
to be involved in the LPS-induced metabolic
reprogramming.

We next evaluated the role of PLIN5 in other
aspects of immune defense. PLIN5-overexpress-
ing HEK293 cells exhibited a significantly re-
duced capacity to clear E. coli by comparison
with that of PLIN3-overexpressing control cells
(Fig. 3, M and N). Furthermore, THP-1 cells
lentivirally transduced with PLIN5 and sub-
sequently infected with E. coli exhibited
increased numbers of LD-mitochondria con-
tacts (fig. S7, G to I), reduced LD-bacteria
interactions (fig. S7J), and impaired antimi-
crobial capacity (Fig. 3, O and P). Thus, LPS-
mediated PLIN5 down-regulation reduces
LD-mitochondria tethering, enabling an effec-
tive antimicrobial response.

LDs accumulate and use innate immune proteins

Our proteomic analyses predicted complex im-
mune protein networks on LDs (Fig. 2, D and E,
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Fig. 2. Quantitative mass spectrometry analysis of LPS-LDs. (A) Summary

of changes in the proteome of LPS-livers (n = 3 independent mice) and LPS-LDs (n =
5 independent LD fractions) when compared with those in CTL-livers (n = 3
independent mice) or CTL-LDs (n = 4 independent LD fractions), respectively.
“Identified” (gray letters) indicates identified proteins, and “Regulated” (black
letters) indicates proteins significantly cut-off |AZg| = 1.8 modified by LPS. Among
modified proteins, yellow and blue circles indicate up- and down-regulated
proteins, respectively (tables S1 to S5). (B) Functional annotation enrichment
analysis of proteins increasing (|AZq| > 1.8; yellow graphs) or decreasing

(|AZg| < —1.8; blue graphs) on LPS-LDs when compared with CTL-LDs.

and fig. S4A). Given that many known anti-
pathogenic proteins were associated with the
PLIN2 cluster (Fig. 2D), we next assessed com-
ponents of this cluster for LD association. The
antiparasitic protein IGTP and the antiviral
protein viperin as well as three GTPases (IIGP1,
TGTP1, and IFI47) all associated with LDs (Fig. 4,
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Enrichment as compared with the mouse genome for each category is
expressed as —log (P value). Analyses for CTL- and LPS-livers are shown in
fig. S3A. (C) Pie charts summarizing LPS-induced changes in bona fide LD
proteins. Protein details are in tables S6 and S7, and annotated interactions are
provided in fig. S3B. (D) Hierarchical clustering of Zg values across replicates
identifies functionally coherent protein subsets similarly regulated by LPS
[threshold for cluster analysis, correlation coefficient (r) > 0.78]. The cluster
nucleated around PLINZ is included. Five additional clusters are detailed in
fig. S4A. (E) Gene subnetwork from IPA analysis of all identified proteins
up-regulated in LPS-LDs.

A to C, and figs. S8 and S9). Thus, multiple
proteins associated with responses to differ-
ent classes of pathogens localize to LDs.
The PLIN2 cluster also includes cathelicidin
(CAMP; AZq = 7.25), a broad-spectrum anti-
microbial peptide with chemotactic and immu-
nomodulatory properties (19). Cathelicidins are
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synthesized as proproteins which, after cleav-
ing an N-terminal signal peptide, follow the
exocytic pathway (fig. SI0A). We confirmed the
accumulation of CAMP on LPS-LDs (Fig. 4A)
and the distribution of a human-tagged CAMP
between the ER and LDs of HuH7 cells (Fig.
4B and fig. S10, B to E). CAMP on LDs had a
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Fig. 3. Physical and functional uncoupling of LPS-LDs and mitochondria.

(A) Relative enrichment of selected proteins. Protein enrichment in LPS-LDs illustrated
by a heatmap code (blue, depletion; yellow, enrichment). The AZq, UniProt ID,
ranking (tables S3 to Sb), and a representative immunoblot (representative of three
mice per condition) are indicated. (B) Fed-, CTL-, and LPS-livers were fractionated in
sucrose gradients, and LD-mitochondria cofractionation was determined through
immunoblotting of ATP5D (a subunit of ATP synthase) (representative of three mice
per condition). (C) Functional categories of down-regulated mitochondrial proteins
cofractionating with LPS-LDs are compared with the whole mitochondrial proteome
(MitoCarta 2.0). (D and E) The mitochondrial content of CTL- (black) and LPS-livers
(red bars) was determined from (D) citrate synthase activity and (E) DNA copy
number of COI (relative to GAPDH) (n = 6 independent livers). (F) Percentage of LDs
interacting with mitochondria in CTL- (black) and LPS-livers (red bars) was quantified
in TEM images. At least 15 random sections, obtained from two mice per condition,
were analyzed (fig. S6). (G) Mitochondrial beta-oxidation and (H) formation of soluble
intermediates (ketone bodies) of lipids stored in LDs were quantified for 16 hours

in primary hepatocytes left untreated (black) or treated with LPS (red bars)
(four mice per condition). (I) Ketones in sera of CTL- (black) and LPS-mice (red
bars) (four mice per condition). (J) Fed-, CTL-, and LPS-livers were fractionated in
density gradients and PLIN5 distribution analyzed by immunoblotting (represent-
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ative of five mice per condition). (K) HuH7 cells were transfected with a tagged
PLIN5 and labeled with anti-FLAG antibodies (PLIN5), anti-TOM20 antibodies
(mitochondria), and LipidTox (LDs). Contours of a representative transfected and
nontransfected cell are indicated. (Right) An additional transfected cell. The arrows
indicate a mitochondrion completely enwrapping a LD (representative of three
independent experiments). Scale bar, 20 um. (L) LPS-sensitive HEK293-TLR4" cells
transfected with a tagged PLIN5 were loaded with OA (black) or with OA+LPS (red
dots). The length of LD-mitochondria contacts per cell was measured in confocal
microscopy images (an example is available in fig. S7, D to F). Sixty-six transfected
cells and 470 nontransfected cells, obtained from three independent experiments,
were analyzed. (M and N) HEK293 cells were transfected with FLAG-tagged PLIN3
or PLIN5 and loaded with OA, and (M) protein expression was determined by means of
immunoblotting. (N) Cells were infected with E. coli, and bacterial loads quantified
after 4 hours (n = 4 independent experiments). (0 and P) THP-1 cells were
transduced with PLIN5-encoding or empty lentiviral vectors. (O) PLINS expression
was confirmed through immunoblotting. (P) Transduced cells were infected with
E. coli, and bacterial loads were evaluated after 8 hours (n = 3 independent
experiments) (fig. S7, G to J). All graphs show means + SD; ns, not significant;
*P < 0.05, **P < 0.01, ***P < 0.001, in a paired t test [(D), (E), (G) to (I), (M), and
(N)], one-way ANOVA test (L), and two-sided Student's z test on proportions (F).
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enrichment of selected proteins. Protein enrichment in LPS-LDs was evaluated as
in Fig. 3. Accumulation of transfected proteins on LDs was confirmed in HuH7 cells
by means of (B) immunofluorescence and (C) fractionation in density gradients
(figs. S8 to S10 and S12). Scale bar, 20 um. (D and E) HMDMs were transfected
with a scrambled (Scr) or with a CAMP siRNA, and (D) CAMP expression was
determined by means of quantitative RT-PCR. Then, unloaded and OA-loaded
HMDMs were infected with E. coli for 8 hours, and bacterial loads (CFU) were
quantified (n = 5 independent experiments). (F) HEK293 cells were transfected
with a tagged LD-CAMP (fig. S12) and loaded with OA. LD-CAMP was detected on

.
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LDs (LipidTox) with antibodies to FLAG and to CAMP. The image is representative of
three independent experiments. Scale bar, 20 um. (G) HEK293 cells were transfected
with LD-CAMP (red) or PLIN3 (black bars), loaded with OA, and infected with the
indicated bacteria for 4 hours. Bacterial loads were quantified, and CFU values were
normalized to PLIN3-cells (n = 3 independent experiments). (H to J) LD-CAMP-
transfected HEK293 cells were incubated in control (black) or OA containing medium
(red). (H) Cellular LD-CAMP levels and (I) LD accumulation were assessed through
immunoblotting with anti-CAMP antibodies. (J) These cells were then infected with
E. coli for 4 hours, and bacterial loads were quantified (n = 7). All graphs show means +
SD; ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001 in a paired t test.

higher molecular weight than that of CAMP in
the ER (Fig. 4C and fig. S10E), suggesting that
the CAMP hydrophobic domain functions as
both a signal peptide cleaved for secretion via
the ER as well as an uncleaved LD-targeting
signal. An equivalent dual distribution occurs
for other LD proteins that contain signal pep-
tides, such as apolipoproteins (20). The low-
molecular weight (20 kDa) CAMP species
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corresponded to the protein with a cleaved
signal peptide following the secretory pathway
(fig. S10, F to H). Distribution of overexpressed
CAMP, as well as other immune LD proteins, was
not directly affected by LPS-TLR4: signaling (fig.
S11). Thus, LPS does not directly regulate the
intracellular trafficking of these proteins.
We next investigated the role of CAMP in
HMDMs. Silencing of CAMP (Fig. 4D) impaired

16 October 2020

the antibacterial response of the macrophages
against E. coli (Fig. 4E). Furthermore, although
LD loading significantly reduced bacterial sur-
vival, this treatment regime was unable to do so
in CAMP-silenced HMDMs. Thus, the antibac-
terial activity of LDs in HMDMs appears to re-
quire CAMP. To further explore this possibility,
a LD-resident CAMP was engineered through
substitution of the CAMP signal peptide with
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the ALDI LD-targeting motif (fig. S12, A and B)
(21). Modified CAMP (LD-CAMP) accumulated
on LDs of HuH? cells (fig. S12, C to F) and
showed a single electrophoretic mobility pat-
tern, matching the higher-molecular weight
CAMP that localized to LDs (Fig. 4C and fig.
S12C). Next, HEK293 cells were transfected
with LD-CAMP, and protein distribution on
LDs was confirmed with antibodies to CAMP
(Fig. 4F), demonstrating a native conforma-
tion. The antimicrobial capacity of LD-CAMP
was then assessed. Bacterial loads of E. coli,
Listeria monocytogenes, and methicillin-resistant
Staphylococcus aureus (MRSA) were signifi-
cantly reduced in LD-CAMP-expressing cells
when compared with those expressing the PLIN3
control (Fig. 4G). By contrast, Pseudomonas
aeruginosa loads were not affected by LD-
CAMP, suggesting that this pathogen subverts
this innate defense response. The impact of
LD-CAMP overexpression on bacterial survival
was dependent on LD formation (Fig. 4, H to J).
The tagged LD-CAMP demonstrated a similar
antibacterial activity to that of wild-type CAMP
and a slightly augmented stability when com-
pared with an untagged LD-CAMP (fig. S12, G
to J). Thus, LDs act as a molecular switch in
innate immunity, responding to danger signals
by both reprogramming cell metabolism and
eliciting protein-mediated antimicrobial defense.

Discussion

Pathogens require host-derived lipids to sup-
port their life cycles, with LDs providing a
source of these lipids (22). As a result, LDs also
have the potential to deliver effective host de-
fenses against intracellular pathogens. We show
that at least 30% of the LD proteome is LPS-
sensitive, suggesting that innate immunity has
developed a host defense program that includes
extensive LD remodeling. Our analyses dem-
onstrate that complex clusters of immunity-
related proteins organize on LDs of infected
cells. In addition to previously described LD-
resident immune proteins, such as viperin and
IGTP, we have identified IIGP1, TGTP1, and
IFI47. Our analysis also identified CAMP as a
professional antibacterial protein efficiently
functioning on LDs. These proteins may act
individually, in a coordinated manner, and/or
synergistically to kill pathogens.

Mechanisms of LD trafficking and docking
with phagocytic and parasitophorous mem-
branes, observed here and described for several
pathogens (23-26), may facilitate the delivery
of immune proteins located on the LD surface.
Accumulation on LDs may provide stability to
these proteins and may restrict these poten-
tially cytotoxic peptides to LDs, preventing
indiscriminate cellular damage (27). In this
respect, we have shown that LPS triggers phys-
ical separation of LDs and mitochondria, at least
partly because of reduced PLIN5 levels on LPS-
LDs (28). Uncoupling likely reflects both a self-
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protection program (to avoid mitochondrial
damage, in view of their prokaryotic evolu-
tionary origin) and a means to maximize or
increase the number of LDs available to in-
teract with bacteria. Simultaneously, the re-
duced LD-mitochondria interaction may lead
to distinctive immunometabolic features:
(i) the accumulation of host LDs, resulting
from reduced mitochondria-mediated LD con-
sumption; (ii) reduced OXPHOS displayed by
infected cells, owing to decreased fatty acid
oxidation; and (iii) the low rates of ketogenesis
displayed by infected animals.

These studies highlight that mammalian
LDs constitute an intracellular first line of
defense. LDs actively participate in at least
two levels of the innate immune response,
accumulating and using antibacterial proteins
as well as regulating immune cell metabolism.
Because widespread resistance to current anti-
biotics is common among pathogens, under-
standing the cellular mechanisms that elicit
LD-mediated defense may inform future strat-
egies for the development of anti-infective
therapies (29, 30).

Materials and methods
Plasmids

pCMV6-IGTP-myc-FLAG (MR224617), pCMV6-
CAMP-myc-FLAG (RC208872), p>CMV6-IIGPI-myc-
FLAG (MR206520), pPCMV6-TGTPI-myc-FLAG
(MR206553), and pCMV6-IFI47-myc-FLAG
(MR206684:) were purchased from OriGene
Technologies (Rockville, Maryland). pcDNA3.1-
VIPERIN-FLAG (OHu13432) was from Genscript
(Piscataway, New Jersey). pcDNA3.1- PLIN5-
FLAG (OHu04126) from GenScript was sub-
cloned into pCMV6-myc-FLAG vector using
primers containing EcoRI and Xmal sites. The
LD-CAMP construct was derived from the plas-
mid pCMV6-CAMP-myc-FLAG: an equivalent EcoRI/
BspEI sequence of pCMV6-CAMP-myc-FLAG
was designed replacing the CAMP signal pep-
tide MKTQRDGHSLGRWSLVLLLLGLVMPLAII)
with the hydrophobic domain of ALDI (MDAL-
VLFLQLLVLLLTLPLHLLALLGC) acquired from
GeneScript, cloned in a PUC57 plasmid. Both
fragments were swapped after an EcoRI/BspEIL
digestion. CAMP AN mutant, results from dele-
tion of the amino acids 1-32. The cDNAs were
acquired from GenScript and subcloned into
pCMV6-myc-FLAG vector following the same
strategy. pPCMV6-CAMP-untagged was gener-
ated by polymerase chain reaction (PCR) using
primers containing EcoRI and Xmal sites. The
plasmid pCMV6-PLIN2-myc-FLAG tagged was
derived from the plasmid pGFP-PLIN2, pro-
vided by Dr John McLauchlan (Institute of
Virology, Glasgow) and subcloned into pCMV6
by PCR using primers containing EcoRI and
Xhol sites. The plasmid pCMV6- PLIN3-myc-
FLAG tagged was derived from the plasmid
pCDNA 3xmyc-tagged PLIN3 provided by
S. Pfeffer (Stanford University School of Med-
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icine, Stanford, California), and subcloned into
pCMV6 by PCR using primers containing EcoRI
and Xhol sites. The lentiviral system utiliz-
ing pFTRE3G-PGK-puro (kindly provided by
James Murphy, Walter and Elizabeth Hall
Institute of Medical Research) for doxycycline-
inducible gene expression has previously been
described (31, 32). The plasmid pFTRE3G-
PLIN5 was obtained by subcloning PLIN5 into
pFTRE3G by PCR using primers containing
BamHI sites.

Mouse studies
Animals and models of infection

C57BL/6J male mice (8 to 10 weeks old) were
purchased from Charles River Laboratories
(Wilmington, Massachussetts). Animals were
kept under a controlled humidity and lighting
schedule with a 12 hours dark period. Food and
water were available ad libitum. All animals
received humane care in compliance with insti-
tutional guidelines regulated by the European
Community. The experimental protocols were
approved by the Animal Care Committee of
the University of Barcelona. The day before
the experiment, animals were fasted overnight
(16 hours) and in some cases intraperitoneally
injected with 200 ul of saline buffer (CTL) or
6 mg/kg LPS (final dose) (L2639, Sigma-Aldrich,
St Louis, Missouri). In some experiments (fed
condition) food was available ad libitum. To
induce sepsis by cecal ligation and puncture
(CLP), mice were anesthetized with an intra-
peritoneal injection of 100 mg/kg ketamine
(Richter Pharma AG, Wels) and 10 mg/kg
xylazine (Rompun, Bayer, Leverkusen, Germany)
and a 1-cm incision was made on the abdo-
men. The cecum was exposed and ligated be-
low the ileocecal junction. A double puncture
was made using a 22G needle, to induce se-
vere sepsis. Sham-operated animals (CTL) un-
derwent an identical laparotomy but without
CLP. All mice received 1 ml of sterile saline sub-
cutaneously as fluid resuscitation and anti-
biotic therapy by subcutaneous injection of
10 mg/kg meropenen (Merck Research Labo-
ratory, Whitehouse Station, New Jersey) 6 hours
after surgery.

Histological analysis

Liver sections were prepared and processed
for hematoxylin and eosin (H&E) staining as
previously described (33). For immunohisto-
chemistry, liver sections were prepared and
processed as described previously (34). The
slides were blocked by incubation in 5% normal
goat serum in PBS for 1 hour at room temper-
ature followed by incubation with anti-PLIN2
antibody (1:200; ab78920, Abcam, Cambridge,
UK) overnight at 4°C. Sections were then
washed three times in PBS and incubated with
secondary goat anti-rabbit immunoglobulin G
(IgG) Alexa Fluor 647 (1:250; A21244, Thermo-
Fisher Scientific, Waltham, Massachussetts)
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for 45 min at RT. After washing three times in
PBS, slides were mounted with Dako Fluores-
cence Mounting Medium (Agilent Dako, #53023).

Liver fractionation and hepatic
LD purification

After liver perfusion with 0.9% NaCl and 0.1%
EDTA solution, the liver was placed on a Petri
dish, chopped with a scalpel for two min and
transferred into a Dounce tissue grinder at a
ratio of 1 g of tissue to 3 ml of homogenization
buffer (25 mM Tris-HCL, pH 7.5, 100 mM KCl,
1 mM EDTA, and 5 mM EGTA). After three
up-and-down strokes of each loose- and tight-
pestle, the liver homogenate was centrifuged
at 500g for 10 min at 4°C. 2.5 ml of the result-
ing post-nuclei supernatant (PNS) were mixed
with an equal volume of 2.5 M sucrose and
placed at the bottom of a sucrose step gradient
of 25%, 15%, 10%, and 5% (w/v) sucrose in
homogenization buffer, with an additional top
layer of 25 mM Tris-HCI, pH 7.5,1 mM EDTA
and 5 mM EGTA, and centrifuged at 12,0008
for 1 hour at 4°C (SW-41Ti rotor, Beckman
Coulter, Pasadena, California). Six or seven
fractions were collected from the top. Equal
volumes of each fraction were used for immuno-
blotting. To purify LDs, the LD fraction on the
top of the gradient was recovered and con-
centrated by re-floating LDs at 16,000g for
10 min at 4°C. The lower phase containing
the excess buffer was removed by aspiration
with a syringe and four volumes of ice-cold
acetone were added to precipitate proteins
and kept 48 hours at -20°C. The samples were
centrifuged at 16,000g for 10 min at 4°C, the
pellet washed with cold acetone 3 times, air-
dried and reconstituted with 10 mM Tris-HClI,
PpH 7.5. After sonication, protein concentration
was quantified by CBQCA protein quantita-
tion kit (ThermoFisher Scientific). To purify
cytosol extracts, 200 ul of PNS plus 600 ul of
homogenization buffer were centrifuged at
maximal speed for 1 hour (1 x 10%g in S140-AT
Fixed Angle Rotor, ThermoFisher Scientific).
A syringe (23G needle) was inserted below
the floating LDs to remove 200 ul of cytoplasm
and proteins were precipitated as described
previously.

Bacterial killing assay (BKA)

E. coli (ATCC 25922) were grown to an O.D. at
600 nm of 1 and diluted 1:100 (1.5 x10° colony-
forming units (CFU/ml)). One hundred micro-
liters of bacterial culture were mixed with
15 or 25 pug of LD-proteins. Incubation buffer
(33 mM KH,PO,, 60 mM K,HPO,, 10 mM
Na,S0,, 1.7 mM sodium citrate, 10 mM MgSO,,)
was then added up to 200 pl. Cultures were
incubated for the indicated times at 37°C in a
shaking incubator. Serial dilutions were plated
in triplicate on LB-agar plates and surviving
bacteria were quantitated as CFU/ml after
overnight incubation at 37°C. Alternatively,
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overnight incubations were centrifuged at
11,000¢ for 30 s and the bacterial pellet was
resuspended in PBS and measured the ab-
sorbance by optical density at 600 nm with
a Modulus Microplate Multimode Reader
(Promega, Madison, Wisconsin). For monitoring
bacterial growth in the presence or absence of
OA (175 pug/ml) or gentamicin (200 pg/ml),
E. coli cultures were diluted to an O.D. at
600 nm of 0.1 in 96-well flat-bottom plates and
incubated at 37°C shaking. O.D. at 600 nm
readings were taken every 20 min and mon-
itored using a POLARstar Omega reader (BMG
Labtech, Germany).

Serum parameters, hepatic triacylglycerol
quantification, and mitochondrial content

Blood was extracted by cardiac puncture and
sera obtained after centrifugation of blood
samples at 6,000g for 15 min at 4°C in serum
heparin separator tubes (Becton Dickinson,
Franklin Lakes, New Jersey). Ketone bodies in
serum were measured using a Ketone Body
Assay Kit (MAK134; Sigma-Aldrich) according
to the manufacturer’s instructions. Triacyl-
glycerol content of the liver was determined
using the Triglyceride Detection Kit following
manufacturer's instructions (BioSystems, Barcelona,
Spain). Citrate synthase activity was measured
as a reliable marker of mitochondrial content
as previously described (35).

Fatty acid beta-oxidation

Primary hepatocytes were isolated as previ-
ously (36). To accumulate radiolabeled fatty
acids in LDs, cells were treated for 4 hours with
1 uCi/ml of ["CJ-OA 175 ug/ml (NEC317050C,
PerkinElmer, Waltham, Massachussetts). The
media was then replaced with fresh media at
175 ug/ml of OA for an additional 4 hours followed
by an overnight incubation with DMEM 0% FCS,
low glucose (0.75 g per liter) with or without
LPS (100 ug/ml) and sealed. Oxidation mea-
surements were performed by trapping the
released [**C] carbon dioxide in a parafilm-
sealed system on filter paper soaked in 1M
potassium hydroxide and measured using a
Wallac 1409 Liquid Scintillation Counter. The
rate of beta-oxidation was calculated as the
amount of trapped [**C] carbon dioxide in rela-
tive units produced per 0.5 x 10° cells. Results
are expressed as the beta-oxidation rate rela-
tive to the untreated condition. Lipid soluble
intermediates include those incompletely oxi-
dized acid-soluble metabolites containing **C
and were obtained after precipitation with
perchloric acid and measured using a liquid
scintillation counter.

Human macrophages studies
Cell culture

Human monocyte-derived macrophages
(HMDMs) were obtained by differentiating
CD14" monocytes as previously described (37).
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The human monocytic THP-1 cell line was ob-
tained from the American Type Culture Collec-
tion (Rockville, Maryland). Cells were cultured
in Roswell Park Memorial Institute 1640 Medium
(RPMI, Gibco, ThermoFisher Scientific) con-
taining 10% heat inactivated FBS (Bovogen
Biologicals, Melbourne, VI, Australia), 5mM so-
dium pyruvate (Gibco), 10 mM HEPES (Gibco),
50 U/ml penicillin (Invitrogen, Carlsbad, California)
and 50 ug/ml streptomycin (Invitrogen). Infec-
tion media are similar to complete media but
without penicillin-streptomycin.

Bacterial strains and infection assays

For HMDMs infection, the following bacterial
strains were used: S. Typhimurium SL1344 and
E. coli K-12 MG1655. THP-1 cells were infected
with E. coli K-12 MG1655. To induce LD for-
mation, cells were treated with OA (178 pg/ml
final) 18 hours prior infection. Bacterial infec-
tions were performed as previously described
(87), with a multiplicity of infection (MOI) of
10 for S. Typhimurium and 100 for E. coli.

Flow cytometry

HMDMs were seeded at 0.5 x 10° cells/ml and
treated with or without OA (178 ng/ml) for
16 hours. The next day, heat-killed pHrodoTM
Green E. coli BioParticlesTM Conjugate (#P35366,
ThermoFisher Scientific) were added to the well
(50 pg/well) for 90 min. Cytochalasin D (10 ulM,
30 min pre-treatment) was used as positive
control to block phagocytosis (ThermoFisher
Scientific). Cells were then harvested in ice-
cold PBS containing 0.1% sodium azide and
25 mM EDTA. Flow cytometric analysis was
performed using a GALLIOS Flow Cytometer
(Beckman Coulter) and data were analyzed
using Kaluza Analysis 1.3. software.

Fluorescence and quantitation
of LD-bacteria proximity

HMDMs, plated on coverslips, were treated
with OA (175 pg/ml) for 16 hours, then in-
fected with E. coli strain MG1655 (MOI 10)
or Salmonella SL1344 strain (MOI 10), both
expressing mCherry constitutively. At 4 hours
post-infection, cells were stained with BODIPY
647 (10 ug/ml; Molecular Probes Eugene, Oregon)
for 30 min, before being washed with PBS
and fixed with 4% paraformaldehyde (Electron
Microscopy Science, Hatfield, Pennsylvania)
for 10 min. Cells were then stained with 4/,6-
diamidino-2-phenylindole (DAPI) (20 ng/ml)
and mounted on slides.

HMDM siRNA experiments

Day 6 HMDMs were harvested and resus-
pended in IMDM complete media containing
10 mM HEPES buffer (pH 7.2 to 7.5, Gibco).
Combined sets of CAMP small interfering RNA
(siRNA) (GGAAGCUGUGCUUCGUGCUAUA-
GAU, AUCUAUAGCACGAAG CACAGCUUCC,
GACAUCAGUUGUGAUAAGGAUAACA,
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UGUUAUCCUUAUCAC AACUGAUGUC,
GCUUCACAGUGAAAGAGACAGUGUG, and
CACACUGUCUCCUUC ACUGUGAAGC) or
scramble siRNA were used as previously de-
scribed (38). After 24 hours recovery, cells
were treated with OA (37.5 pug/ml) for an-
other 18 hours. HMDMs were then infected
with E. coli.

Gene overexpression in THP-1 by
lentiviral transduction

Lentiviral transduction was used for gene over-
expression of PLIN5 in THP-1 cells as previously
described (38).

Cell culture studies
Cell culture and treatments

HuH7 and HEK293 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM,
Biological Industries, Cromwell, Connecticut)
10% v/v fetal bovine serum (Biological Industries)
supplemented with 4 mM r-glutamine, 1 mM
pyruvate (Sigma-Aldrich), 50 U/ml penicillin,
50 pg/ml streptomycin, and non-essential amino
acids (Biological Industries). HEK293 cells stably
expressing human Toll-like receptor 4 (HEK293-
TLR4") have been characterized previously
(39). OA treatments were performed using
0A (01008, Sigma-Aldrich) conjugated to fatty
acid-free BSA (A8806, Sigma-Aldrich) at a molar
ration of 6:1. Cells were treated with recombinant
human TNFa (20 ng/ml; 300-01A, Preprotech,
Rocky Hill, New Jersey), and IFNy (10ng/ml;
300-02, Preprotech) and LPS (500 ng/ml) for
16 hours. Cells expressing CAMP-AN mutant
were treated with MG132 (5 uM; 474790, Merck)
for 24 hours.

Transfection

Six-well plates were seeded with 3 x 10° HuH?7
cells or 4 x 10° HEK293 or HEK293-TLR4"*
cells. Twenty-four hours after plating, cells were
transfected using GENEJET PLUS (SignaGen,
Rockville, Maryland), following the manufac-
turer’s instructions. Six hours after transfec-
tion, cells were treated with OA (175 ug/ml)
for 16 hours.

Bacterial strains and infection assays

The bacterial strains used were: E. coli (ATCC
25922), MRSA (strain 162057-900), P. aeruginosa
(ATCC 27853), and L. monocytogenes (strain
10403S). HEK293 or HEK293-TLR4* cells were
seeded at 4 x 10° cells/plate in 6-well plates
and transfected the next day. Six hours after
transfection, culture media was replaced for
antibiotic-free cell culture medium in presence
of OA (175 pg/ml) and left overnight. Bacteria
were grown overnight to stationary phase. The
following day, bacteria were diluted 1:10 and
grown to an O.D. at 600 nm of 0.54 to 0.56.
They were then washed twice and resuspended
in antibiotic-free cell culture medium and used
at MOI of 0.5. Each infection was performed
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in triplicate wells. After 1 hour, extracellular
bacteria were removed by incubation with
200 pg/ml gentamycin-containing medium
(G1914, Sigma-Aldrich) for 1 hour, followed
by incubation with 20 pg/ml gentamycin-
containing medium for 4 hours. To determine
intracellular bacterial loads, cells were lysed
with 0.1% Triton X-100 (T8787, Sigma-Aldrich)
for 5 min and plated onto LB medium sup-
plemented with 1.5% (w/v) agar.

Cell fractionation

HuH? cells were seeded at 1.5x10° cells/plate,
transfected the next day and loaded with
175 ug/ml OA overnight. Three 100-mm cul-
ture plates were used per each condition. A
sucrose density gradient was performed as
previously described (40).

Protein purification and
coimmunoprecipitation

For purification of myc-tagged proteins, HuH7
cells were plated in 100-mm culture plates at
10x10° cells/plate, transfected the next day and
loaded with 175 ug /ml OA overnight. Myc-
tagged proteins from the cellular extract and
secreted into the media were purified using a
c-myc protein purification kit (MBL, Nagoya,
Japan) according to the manufacturer’s instruc-
tions. Samples were processed by SDS-PAGE
and analyzed by immunoblotting. For im-
munoprecipitation, transfected HuH?7 cells
(five 100-mm culture plates per condition)
were collected and lysed in buffer containing
50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM
EDTA, and 1% Triton X-100 supplemented with
proteases and phosphatases inhibitors. Cell
lysates were homogenized with a 23G needle
syringe 10 times and centrifuged for 20 min
at 16,000g at 4°C. The supernatant was then
incubated with 1 g of anti- FLAG antibody for
2 hours at 4°C, followed by addition of protein
G Sepharose beads (P3296, Sigma-Aldrich)
for 1 hour at 4°C. Immunoprecipitated pro-
teins were washed three times with lysis buffer,
suspended in 2X Laemmli buffer and analyzed
by immunoblotting.

Gene expression by quantitative
PCR (gPCR)

For quantitative RT-PCR, total RNA was iso-
lated from liver homogenates, HuH7 or HEK293-
TLR4" cells using the RNeasy Lipid Tissue Mini
Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions. One microgram
of total RNA was used for cDNA synthesis using
the High Capacity cDNA Reverse Transcription
Kit (Applied Bioscience, ThermoFisher Sci-
entific) according to the manufacturer’s in-
structions. qRT-PCR was performed using
the Brilliant SYBR Green qPCR Master Mix
(% 600548, Agilent Technologies, Santa Clara,
California) and detected by the Mx3000P QPCR
System (Agilent Technologies).
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The following are the primers used for real-
time PCR:

GAPDH: forward, 5-CGACTTCAACAGCAAC-
TCCCACTCTTCC-3' and reverse 5-TGGGTGGT-
CCAGGGTTTCTTACTCCTT-3'". Cytochrome C
oxidase subunit I (COI): forward, 5'-GCCCCA-
GATATAGCATTCCC-3' and reverse 5'-GT-
TCATCCTGTTCCTGCTCC-3'. PLIN2: forward
5'-ACACCCTCCTGTCCAACATC-3' and reverse
5-AAGGGACCTACCAGCCAGTT-3'. PLINS: for-
ward 5-GCGGTCTGCGATGTTTACAG-3' and
reverse 5-CTCCGAAGGTTGCTGGAGAA-3'.
RABI8: forward 5-GACGTGCTAACCACCCTGAA-
3’ and reverse 5-AACACCCTGTGCACCTCTAT-3".
HSL: forward 5-CACCAGCCAACACTCAGCTA-
3’ and reverse 5-GTGTGAGGAGGGTCATCGTT-3.
HPRT: forward 5-GCAGTACAGCCCCAAAA-
TGG-3' and reverse 5-AACAAAGTCTGGCC-
TGTATCCAA-3'. CAMP: forward 5'-CTGTCC-
CCATACACCGCTTC-3' and reverse 5'-GACAC-
AGTGTGCCCCAGGAC-3'. TNFa: forward 5'-
CCATGTTGTAGCAAACCCTCAA-3' and re-
verse 5-GCTGGTTATCTCTCAGCTCCA-3'. IL8:
forward 5-AGACAGCAGAGCACACAAGC-3'
and reverse 5-ATGGTTCCTTCCGGTGGT-3'.
18 S: forward 5-CGGCTACCACATCCAAGGAA-
3" and reverse 5-GCTGGAATTACCGCGGCT-3'.
The relative expression of each mRINA was nor-
malized to the internal reference GAPDH (liver),
18S (cultured cells), or hypoxanthine phospho-
ribosyl transferase (HPRT; macrophages).

TLR4-mediated IL-8 release assay

HEK293-TLR4" cells were seeded at 4 x 10° cells/
plate in 48-well plates in the presence or absence
of LPS (250 ng/ml) for 18 hours. One hundred
microliters of culture supernatant was used to
measure interleukin-8 (IL-8) levels using the
Human enzyme-linked immunosorbent assay
(ELISA) IL-8 Set assay (555244; BD OptEIA,
BD Biosciences) according to the manufac-
turer’s protocol and detected by Epoch Multi-
plate Spectrophotometer (BioTek, Winooski,
Vermont).

Immunofluorescence

HuH?7 cells were grown in 10-mm glass cover-
slips. For HEK293 and HEK293-TLR4" cells,
glass coverslips were coated with 50 pug/ml of
fibronectin (Sigma-Aldrich) for 30 min at room
temperature and rinsed twice with PBS before
seeding cells. Cells were fixed for 60 min in
4% paraformaldehyde, permeabilized in 0.15%
Triton X-100 for 10 min, followed by block-
ing with 1% BSA (A7906, Sigma-Aldrich),
0.1% Tween in PBS for 15 min. Labeling was
achieved by incubating cells for 1 hour at room
temperature with primary antibodies diluted
in blocking solution: rabbit polyclonal anti-
PLIN2 (1:500; ab108323, Abcam), rabbit poly-
clonal anti-CAMP (1:200; ab 180760, Abcam),
rabbit polyclonal anti-TOM20 (1:500; ab186734,
Abcam), mouse monoclonal anti-FLAG (1:500;
F1804; Sigma). Primary antibodies were detected
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with donkey anti-mouse IgG Alexa Fluor 488
(A21202), donkey anti-mouse IgG Alexa Fluor
555 (A31570), donkey anti-rabbit IgG Alexa
Fluor 555 (A321094), and chicken anti-mouse IgG
Alexa Fluor 647 (A21463) from ThermoFisher
Scientific, diluted 1:250 in blocking solution.
Finally, cells were labeled with DAPI (1:4000;
ThermoFisher) and LDs were stained with
BODIPY 493/503 (1:1000; Molecular Probes)
for 10 min at room temperature, washed twice
with PBS and coverslips were mounted with
Mowiol (475904; Calbiochem, Merck). Alter-
natively, LDs were labeled with LipidTOX Deep
Red (H34477; Molecular Probes) at 1:100 dilu-
tion in mounting media.

Microscopy
Optical and fluorescence microscopy

Imaging of H&E staining was performed with a
Leica DMRB optical microscope (Leica, Wetzlar,
Germany) equipped with a Leica DFC450 digi-
tal camera, using the 63X oil immersion ob-
jective lens. For immunohistochemistry and
immunofluorescence, images were collected
using a Leica AF600 motorized microscopy sys-
tem (Leica Microsystems, Manheim, Germany)
equipped with a DMI6000 microscope, a Leica
PL APO 63X numerical aperture 1.4 oil immer-
sion, a high-resolution monochrome ORCA-
spark CMOS Digital Camera, and a mercury
metal halide bulb Leica EL6000 as light source.
DAPI was acquired with a band pass excitation
filter 340-380 nm, dichromatic mirror (400 nm)
and a long pass emission filter (425 nm). A488
was acquired with a band excitation filter 480/
40 nm, dichromatic mirror 505 nm and a band
pass emission filter (527/30 nm). A555 was
acquired with a band pass excitation filter
531/40 nm, dichromatic mirror reflection 499-
555 and transmission 659-730 nm and a band
pass emission filter (593/40 nm). A647 was
acquired with excitation band pass filter 628/
40 nm, dichromatic mirror reflection 549-
651 nm and transmission 699-726 nm and a
band pass emission filter (692/40 nm). Images
were collected using the LAS X Navigator soft-
ware. High-resolution images of liver areas were
captured using the Tile Scan acquisition mode.
For quantitation of LD-bacteria proximity,
images were taken with 63X objective lens
using a Zeiss Axiovert 200 Upright Microscope
Stand with LSM 710 Meta Confocal Scanner,
with spectral detection and Airyscan super
resolution detector. Two-photon imaging with a
fully tunable Mai Tai eHP DeepSee 760-1040nm
laser (Zeiss, Oberkochen, Germany). Images
were analyzed using the Adobe Photoshop
CS3 software (Adobe Systems Inc. San Jose,
California) and ImageJ (NIH).

Electron microscopy and
morphological measurements

Liver samples, HMDMs, or THP-1 cells in 3-cm
dishes were processed for TEM as described
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previously (41). For TEM, ultrathin sections
(60 nm) were cut using an ultramicrotome
(EM U26, Leica, Germany) and collected on
copper mesh grids. Imaging was conducted on
a Hitachi 7700 (Tokyo, Japan) at 80 kV. For
serial block-face scanning electron microscopy
(SBF-SEM), the stub was transferred to a Zeiss
Sigma scanning electron microscope fitted with
a Gatan 3view. Sectioning and imaging were
conducted at 50-nm intervals with a voxel size
of 11.5 by 11.5 nm, allowing for a field of view of
46 by 46 um. Data obtained from SBF-SEM
were analyzed using Imod software (42). Image
stacks were aligned manually using the Midas
command. Structures of interest were then seg-
mented using the manual drawing tool aided
by an automated interpolator tool. A mesh
was placed on the objects allowing then to be
viewed in three dimensions.

Image analysis

Image analysis was performed using FIJI-Image
J (Wayne Rasband, NIH) (43, 44). Custom-made
macros were programmed with instructions for
the automated image analysis pipelines.

LD-mitochondria contacts

Confocal images from fluorescently labeled
HEK293 cells, Mitochondria (TOM20), LD
(BODIPY), PLIN5 and nuclei (DAPI), were ac-
quired to analyze contacts between mitochon-
dria and LD under LPS and PLIN5 expression
(fig. S7). Briefly, cells were segmented, indi-
vidualized, and stored as Regions of Interest
(ROI). LD segmentation was achieved through a
Trainable Weka Segmentation classifier (45) on
LD (BODIPY) channel image and mitochondria
were segmented by intensity thresholding
(autothreshold method “Otsu”). Contact regions
between mitochondria and LD were first ob-
tained by using the Colocalization Highlighter
plugin (Pierre Bourdoncle, Institut Jacques
Monod, Service Imagerie, Paris) and converted
to a contour line section by skeletonization.
Contact length and contact counts were quan-
tified from each cell and stored in the results
table. Mean PLIN5 intensity was quantified
from each cell to differentiate expressing PLIN5
cells. The computer code is available at https://
zenodo.org/badge/latestdoi/280189667.

Distribution of selected tagged human
LD-proteins

To analyze distribution of selected tagged
human LD-proteins in HuH7 cells, confocal
z-sections from cells labeled with DAPI, anti-
FLAG antibodies, anti-PLIN2 antibodies, and
LipidTox were acquired. Briefly, cells were de-
fined manually and LD-intensity thresholded.
They were then converted to binary images
stored in ROI Manager. The sum of intensities
from anti-FLAG or anti-PLIN2 from LD ROIs
was divided by the sum of intensities of anti-
FLAG or anti-PLIN2 from each cell, multiplied
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by 100 and expressed as percentage of anti-
FLAG or anti-PLIN2 protein on LDs respec-
tively. LDs that contained at least one pixel
of anti-FLAG or anti-PLIN2 labeling were
counted as positive LDs for that labeling. The
total counts of positive LDs for anti-FLAG or
anti-PLIN2 was divided by the total amount
of LDs and expressed as a percentage. The com-
puter code is available at https://zenodo.org/
badge/latestdoi/280200243.

Immunoblotting

Cells were washed twice with cold PBS before
being scraped into ice-cold 10 mM Tris, pH 7.5,
150 mM NaCl, 5 mM EDTA 0.1% Triton X-100
and a mixture of protease and phosphatase
inhibitors. Cells were homogenized by soni-
cation at 4°C. Protein was quantified with the
Bio-Rad Protein Assay kit (Bio-Rad, Hercules,
California). Immunoblotting of cells was per-
formed as described previously (46). The blots
were incubated with primary antibodies for
1 hour at room temperature. The primary anti-
bodies used were: rabbit polyclonal anti-GFP
(1:5000; ab290, Abcam), rabbit polyclonal anti-
PLIN2 (1:5000; ab78920, Abcam), rabbit poly-
clonal anti- PLIN5 (1:1000; ab222811, Abcam),
rabbit polyclonal anti-EEA1 (1:200; ab2900,
Abcam), rabbit polyclonal anti-VAP-A (1:5000;
ab181067, Abcam), mouse monoclonal anti-
viperin (1:1000; ab107359, Abcam), rabbit poly-
clonal anti-CAMP (1:1000; ab180760, Abcam),
guinea pig polyclonal anti-PLIN 3 (1:500; GP32,
Progen, Heidelberg, Germany), guinea pig poly-
clonal PLIN5 (1:1000; GP31, Progen), guinea
pig polyclonal PLIN2 (1:2000; GP41, Progen),
mouse monoclonal anti-GM130 (1:2000; Labs
810822,BD-Biosciences San Jose, California),
mouse monoclonal anti-Na/K ATPase (1:1000;
05-369 Upstate-Millipore, Darmstadt, Germany)
rabbit polyclonal anti-HSL (1:1000; 4107, Cell
Signaling, Leiden, the Netherlands), mouse
monoclonal anti- IGTP (1:200; sc-136317, Santa
Cruz Biotechnology, Dallas, Texas), rabbit poly-
clonal anti-CAMP (1:500; TA306515, OriGene),
mouse monoclonal anti-FLAG (1:1000; F1804,
Sigma-Aldrich), mouse monoclonal anti-ATP
synthase (1:500; 7H10BD4F9, ThermoFisher
Scientific), and goat polyclonal anti-GAPDH
(1:5000; A00191, GenScript). After incubation
with primary antibodies, membranes were
washed and incubated with the following
peroxidase-conjugated secondary antibodies
(1:3000): goat anti-rabbit IgG (H+L)-HRP con-
jugate (1706515, BioRad), goat anti-mouse I1gG
(H+L)-HRP conjugate (1706516, BioRad), and
peroxidase AffiniPure donkey anti-goat IgG
(H+L) (705-035-147, Jackson ImmunoResearch,
Ely, UK). HRP-conjugated secondary antibodies
were detected with ECL (Biological Industries)
and visualized using ImageQuant LAS4000
(GE Healthcare, Chicago, Illinois). Immuno-
blots were quantified using the Fiji-ImageJ
software (NIH).
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Quantitative proteomics and functional
annotation analyses

Proteins were precipitated from either iso-
lated lipid droplets (four and five independent
replicates for CTL- and LPS-treated, respec-
tively) or liver homogenates (three indepen-
dent replicates per condition) with ice-cold
acetone and solubilized in lysis buffer (50 mM
Tris-HCl, pH 7.5, 2% SDS and 10 mM TCEP [Tris-
(2-carboxyethyl)-phosphine hydrochloride]. Pro-
tein concentration in spun supernatants was
determined by infrared spectrometry. Approxi-
mately 100 ug of total protein per sample were
digested using standard FASP procedures. Af-
ter alkylation, proteins were digested over-
night at 37°C with modified trypsin (Promega)
in 50 mM ammonium bicarbonate at a 30:1
protein:trypsin (w/w) ratio. Resulting peptides
were eluted in 50 mM ammonium bicarbonate
and 0.5 M sodium chloride. Trifluoroacetic
acid (TFA) was added to a final concentration
of 1%. Eluates were desalted through C18 Oasis-
HLB cartridges (Waters corporation, Milford,
Massachussetts), dried, and resuspended in
100 mM triethylammonium bicarbonate (TEAB)
buffer. Equal amounts of each peptide sample
were labeled using the 10-plex TMT Reagents
(ThermoFisher Scientific) according to manu-
facturer's protocol. For increased proteome
coverage, TMT-labeled samples were fractio-
nated by high-pH reverse-phase chromatogra-
phy (Pierce High pH Reversed-Phase Peptide
Fractionation Kit, # 84868; ThermoFisher Scien-
tific). Labeled peptides were chromatographed
through a C-18 reversed phase nano-column
(75 um L.D. x 50 cm, 2-um particle size, Acclaim
PepMap RSLC, 100 C18; ThermoFisher Scien-
tific) in a continuous acetonitrile gradient con-
sisting of 0 to 30% B in 360 min, 50 to 90% B
in 3 min (A = 0.1% formic acid; B = 90% acetoni-
trile, 0.1% formic acid; flow rate of 200 nl/min)
for analysis in an Orbitrap Fusion mass spec-
trometer (ThermoFisher Scientific). Tandem
mass spectrometry (MS/MS) spectra from the
Nth-most intense parent ions were analyzed
along the chromatographic run. For peptide
identification, all spectra were analyzed with
Proteome Discoverer (v. 2.1.0.81) using SEQUEST-
HT (ThermoFisher Scientific) and queried onto
the Uniprot database with the following search
parameters: 2 maximum missed tryptic sites;
precursor and fragment mass tolerances of
2 Da and 0.02 Da, respectively; carbamidomethyl
cysteine and TMT modifications at N-terminal
and Lys residues as fixed modifications, and
methionine oxidation as dynamic modification.
Peptide identification was performed using the
probability ratio method (47), and FDR was
calculated using inverted databases. The rela-
tive abundance of each protein was estimated
from ion intensities of peptides with an FDR <
1% and expressed in units of standard deviation
according to their estimated variances (Zg val-
ues), as previously described (73). Hierarchical
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clustering was computed across all individual
replicates (averaged distance) and a 0.78 cor-
relation cut-off was established for subsequent
analysis. Functional protein analysis was per-
formed using the system biology triangle (SBT)
algorithm and Ingenuity Pathway Analysis (IPA,
QIAGEN) (48). Upstream pathway analysis and
network modeling of interested protein clus-
ters were run using the IPA platform (QIAGEN),
and network representation was layered out
using Cytoscape 2.0. Analysis shown in Fig. 3C
shows the relative proportion of proteins
identified for each indicated functional an-
notation term (retrieved from DAVID re-
source 6.7, including all KEGG and GO terms),
from either mitochondrial protein identi-
fied among LPS-LD down-regulated proteins,
or the MitoCarta 2.0 reference proteome. Mass
spectrometry data have been deposited in
Peptide Atlas (ID: PASS01610).

Statistical analysis

All data shown in graphs are the mean + SD.
Statistical significance was determined using
paired ¢ test, one-way analysis of variance
(ANOVA) multiple comparisons test, or two-
sided students = test on proportions, as specified
in figure legends [not significant (ns), *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001].

Figure preparation

Figures were created using Microsoft PowerPoint
(Microsoft 365 MSO). Images were edited with
Adobe Photoshop CS3 software (Adobe Systems).
GraphPad Prism 7 (GraphPad Software) was
used to create graphs and calculate statistical
significances.
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Cells drop a bomb on pathogens

Lipid droplets (LDs) accumulate in cells to serve as lipid storage organelles. They are also an attractive source of
nutrients for many pathogens. Bosch et al. show that various proteins involved in innate immunity form complexes on
LDs in response to bacterial lipopolysaccharide (see the Perspective by Green). Upon activation, LDs became physically
uncoupled from mitochondria, driving a shift in cells from oxidative phosphorylation to aerobic glycolysis. This work
highlights the ability of LDs both to kill pathogens directly and to establish a metabolic environment conducive to host
defense. This may inform future antimicrobial strategies in the age of antibiotic resistance.
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Supplementary Figures

Fig. S1. LDs have a protein-mediated antibacterial capacity.

(A) LDs were isolated from mouse livers by sucrose density gradient fractionation. The LD-resident
proteins PLIN2, PLIN3, and PLINS fractionated into the top fraction, determined by immunoblotting
(“b” indicates the bottom of the gradient). Based on the indicated organelle-specific markers, the top
fraction was free of Golgi, endoplasmic reticulum, endosomes, and plasma membrane components
(representative of three independent CTL-mice). (B) For the bacterial killing assays (BKA), E. coli
were cultured in standard growth media, or additionally treated with LD proteins (from CTL- or
CLP-LDs). After 16 hours, serial dilutions of the culture were plated in soft agar (black numbers).
The number of growing colonies (colony forming units, CFU) was counted and referred to the
control condition (representative of six mice per condition). (C) E. coli were cultured in growth
media containing 25 ug of proteins from hepatic CTL- (black) or LPS-LDs (red bars), optical density
(O.D.) was measured after 16 hours and normalized to average O.D. of the cultures treated with
CTL-LDs (n = 8). (D) E. coli were incubated for 4 hours in growth media (gray) or with 15 pg of LD
proteins purified from the liver of mice fed overnight ad libitum (black bars) (n = 4). (E) E. coli were
incubated for 4 hours with hepatic LD proteins purified from mice fed overnight ad libitum (black)
or from mice additionally treated with LPS (red bars) (n = 3). (F) E. coli were incubated for 4 hours
in growth media containing 15 pg of proteins from CTL- (black) or CLP-LDs (red bars). Bacterial
growth was determined as relative CFU to the CTL condition (n = 6). (G and H) E. coli were
cultured for indicated times in either growth media (green) or in media containing 15 pg of proteins
from CTL- (black), LPS-LDs (red circles; G), or CLP-LDs (red circles; H). At indicated times,
bacterial growth was quantified relative to the CFU of the control condition (n > 5). (I) E. coli were
cultured in growth media with or without OA or in growth media containing gentamicin. The O.D. of
bacterial cultures was assessed every 20 minutes (combined from two independent experiments). (J)
E. coli were cultured in growth media (green circles) or in the presence of 25 pg of proteins from the
cytosol of CTL- (black) or LPS-livers (red circles). Relative CFU were assessed 4 hours post-
incubation and compared to the buffer condition (n = 4). All graphs show mean + SD; not significant
(ns), * P<0.05, ** P<0.01, ***P<0.001 in a paired ¢-test. Red asterisks indicate statistically
significant differences between different types of LDs. The number of independent experiments is

€C_ %

indicated by “n”.
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Fig. S2. LDs interact with bacteria in human macrophages.

(A and B) HMDMs were cultured for 24 hours with OA and subsequently infected for 4 hours with
E. coli or Salm constitutively expressing mCherry. LDs were stained with BODIPY 647 and the
distance of bacteria to the nearest LD was quantified in random confocal microscopy images (A). At
least 90 bacteria per condition, obtained from 3 independent experiments, were analyzed. The
percentage of bacteria in contact with LDs was quantified from random confocal microscopy images
(B). At least 30 bacteria per condition, obtained from three independent experiments, were analyzed.
(C and D) Control (black) and OA-loaded HMDMs (red dots) were infected with E. coli or Salm for
4 hours. Cells were fixed, processed for TEM, and the number of LD-bacteria contact counted. At
least 15 cells per condition, obtained from 3 independent experiments, were analyzed. (E and F)
Control (E) and OA-loaded HMDMs (F) were infected with E. coli for 4 hours, fixed, and processed
for TEM analysis (representative of 3 independent experiments). The bacteria and the ER have been
pseudocolored (blue: putative ER; red: E. coli interior (excluding periplasm); green: periplasm with
bounding membranes; yellow: vacuolar membrane). The phospholipid monolayer of LDs (red
asterisks) caused a discontinuity in the bacterial vacuolar membrane (yellow). Scale bars: 500 nm
(E); and 1 um (F). All graphs show mean + SD; not significant (ns), * P<0.05, ** P<0.01,
*#%P<0.001 in a paired z-test.
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Fig. S3. The LD proteome is specifically regulated by LPS.

(A) Functional annotation enrichment analysis of proteins increasing (AZg>1.8; yellow hue) or
decreasing (AZg<minus 1.8; blue hue), in LPS-livers when compared to CTL-livers (table S1; and
table S2). Relative enrichment for each category against the mouse genome is expressed as minus log
(p value). In contrast to LPS-LDs (Fig. 2B), functional annotation categories related to mitochondria
were not significantly modified in LPS-liver. (B) Gene interaction network and functional annotation
grouping of bona fide LD proteins significantly regulated in LPS-LDs versus CTL-LDs (see table
S7). Immunity-related proteins, histones, and most PLINs are upregulated (yellow). In contrast,
phospholipid and fatty acid metabolism-related LD proteins are down regulated (blue). PLINS is the
only downregulated member of the PLIN family. Mass spectrometry data have been deposited in
Peptide Atlas (ID: PASS01610).
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Fig. S4. Complex functional clusters of immune proteins organize on LPS-LDs.

(A) High-correlation protein clusters identified on LPS-LDs. Hierarchical clustering of Zg values
across biological replicates (four CTL-LDs and five LPS-LDs) identified functionally related protein
subsets with similar LPS response profiles. Five protein clusters are detailed. (B) Physical interaction
within components of the PLIN2 cluster was assessed by co-immunoprecipitation experiments. myc-
FLAG-tagged IGTP (IRGM3) was transfected for 24 hours in HuH7 cells. IGTP was
immunoprecipitated using anti-FLAG antibodies (left panel) and interaction with endogenous PLIN2
evaluated by immunoblotting (right panel). Weak co-immunoprecipitation of myc-FLAG-tagged
CAMP with PLIN2 was also detected (see fig. S10) (representative of two independent experiments).
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Fig. SS. Hepatic LDs and LD proteins are regulated by cytokines.

(A) Sections of CLP- (left), LPS- (top right), and CTL-liver (bottom right) were fixed and stained
with anti-PLIN2 antibodies (LDs, red) and DAPI (nuclei, blue). In CLP and LPS-livers, PLIN2 was
strongly expressed in hepatocytes at the peri-portal region (PP), when compared to hepatocytes
located in peri-vein regions (PV). In CTL-livers, PLIN2 was observed being homogenously
distributed (representative of two mice per condition). Periportal hepatocytes receive both nutrient-
rich blood from the portal vein, and oxygen-rich blood via the hepatic artery, which contains
circulating hormones and cytokines. This expression profile suggests that during inflammation and
infection, LPS-LDs accumulate in specialized hepatocytes. Scale bars: 50 um. (B) In-silico IPA
analysis of potential upstream regulators of LPS-LDs proteins was performed. The network was
modeled restricting LPS-TLR4 signaling to myeloid cells and mapping downstream events to
hepatocytes. Indicated phospho-signaling target sites in selected LPS-LDs proteins were retrieved
from Group-based Prediction System database. (C) Human hepatic HuH7 cells were treated for 16
hours with LPS, TNF, or [FNy. Relative expression of the indicated genes encoding LD proteins was
quantified by qRT-PCR (n = 3). Graphs show mean + SD; not significant (ns), *P<0.05, **P<0.01 in

one-way ANOVA multiple comparisons test.
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Fig. S6. LPS reduces LD-mitochondrial contacts.

(A to C) Liver sections of CTL- (A) and LPS-mice (B and C) were prepared for TEM analysis.
Examples of LD-mitochondrial contacts are indicated with arrows (A, B). The white square in (B)
marks a high magnification micrograph shown in (C). Arrowheads indicate membranes of the ER
apparently separating LDs and mitochondria (C). Images are representative of two mice per

condition. Scale bars: 5 um (A); 2 um (B); and 1 pum (C).



Bosch et al., Figure S6

LD-mitochondria contacts in mice liver

J9AII-1LD

J9AI|-Sd1

J9AI|-Sd1



Fig. S7. PLINS regulates metabolism and immune defense.

(A and B) Responsiveness of HEK293-TLR4" cells was measured by quantifying the LPS-induced
mRNA expression of tumor necrosis factor (7NF) and interleukin 8 (CXCLS) after an overnight
treatment with LPS (n = 3). (C) In addition, interleukin 8 (IL8) secretion in response to LPS was
determined by ELISA (n = 3). (D to F) HEK293-TLR4" cells were transfected with human PLIN5
(myc-FLAG tagged) and treated for 16 hours with either OA or with OA+LPS. Cells were fixed and
stained with an anti-FLAG antibody (PLINS, purple), anti-TOM20 antibody (mitochondria, red),
BODIPY (LDs, green), and DAPI (nuclei, blue). D shows a representative cell. Scale bar: 20 nm.
Random confocal microscopy images of individual cells were analyzed using the computer code 1

(https://zenodo.org/badge/latestdoi/280189667) to quantify the number of LDs-mitochondria

contacts (E) and the average length of each individual contact (F). 66 transfected cells and 470 non-
transfected cells, obtained from three independent experiments, were analyzed. Graphs show mean +
SD; *P<0.05, **P<0.01, ***P<0.01, ****P<0.0001; not significant (ns) in one-way ANOVA
multiple comparisons test. (G to J) THP-1 cells were lentivirally transduced with constructs for
doxycycline-inducible expression of PLINS, or an empty vector control. Upon doxycycline
induction, THP-1 cells were infected with E. coli for 8 hours and subsequently processed for TEM
analysis. Representative TEM micrographs of cells expressing the empty vector (G, left), or PLINS
(H, left) are depicted. The white rectangles in G and H (left) indicate the area for a high
magnification image (G, H; right) and asterisks indicate LDs in contact with mitochondria. Scale
bars: 5 um (G and H, left); 500 nm (G, right); and 1 um (H, right). The length of the LD-
mitochondria (I) and LD-bacteria (J) contacts were measured in TEM images. At least 67 cells (I) or

41 cells (J) were analyzed. Graphs show mean + SD; ***P<(.01 in paired #-test.
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Fig. S8. Antiparasitic and antiviral proteins accumulate on LDs in HuH?7 cells.

(A to E) Tagged human forms of /GTP (A and B) and viperin (D and E) were transfected in human
hepatic HuH7 cells. Cells were treated with OA to induce LD formation. The distribution of
indicated proteins was analyzed by confocal microscopy after 16 hours. Cells were fixed and stained
with anti-FLAG antibodies (protein-of-interest; green), LipidTox (LD, blue), and anti-PLIN2
antibodies (end PLIN2, red). Representative cells are shown in A and D. High magnification of a
selected region (white square) are shown in B and E. A fluorescence profile of one selected LD
(white dotted line) is also included. The accumulation of proteins on LDs was quantified with a
computer code as the percentage of green pixels in contact with blue pixels with the computer code 2

(https://zenodo.org/badge/latestdoi/280200243). An identically tagged PLIN2 was used as a control

to quantify distribution of a bona fide LD-resident protein (C). At least 25 cells, from two

independent experiments were quantified. Scale bar: 20 um.
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Fig. S9: Interferon-inducible immune GTPases accumulate on LPS-LDs in HuH7 cells.

(A to D) HuH7 cells were transfected with human IF147 (A), IIGP1(B), or TGTP1 (C). Cells were
treated with OA for 16 hours and protein distribution was analyzed by confocal microscopy. The
distribution of the proteins was analyzed by confocal microscopy after 16 hours. Cells were fixed
and stained with anti-FLAG antibodies (protein-of-interest; green), LipidTox (LD, blue), and anti-
PLIN2 antibodies (end PLIN2, red). Representative cells are shown. High magnification of a selected
region (white square) are included. A fluorescence profile of one selected LD (white dotted line) is
also analyzed. The accumulation of proteins on LDs was quantified with a computer code as the
percentage of green pixels in contact with blue pixels with the computer code 2

(https://zenodo.org/badge/latestdoi/280200243). An identically tagged PLIN2 was used as a control

to quantify distribution of a bona fide LD-resident protein (D). At least 25 cells, from two

independent experiments were quantified. Scale bar: 20 um.
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Fig. S10. The antimicrobial protein cathelicidin (CAMP) accumulates on LPS-LDs.

(A) Amino acid sequence of human cathelicidin pro-protein (CAMP, NCBI RefSeq protein ID

NP _004336.4). Different domains of the protein are highlighted by a color code: active peptide (LL-
37) in red, the hydrophobic region containing the signal peptide is indicated in yellow, and the
central region in green. (B to D) HuH7 cells were transfected with a C-terminally tagged human
CAMP. Cells were treated with OA for 16 hours and protein distribution was analyzed by confocal
microscopy. The distribution of CAMP was analyzed by confocal microscopy after 16 hours. Cells
were fixed and stained with anti-FLAG antibodies (CAMP; green), LipidTox (LD, blue), and anti-
PLIN2 antibodies (end PLIN2, red). A representative transfected cell is shown in B. High
magnification of a selected region (white square) and the fluorescence profile of one LD (white
dotted line) are analyzed in C. The distribution of CAMP on LDs was quantified with a computer
code as the percentage of green pixels in contact with blue pixels with the computer code 2

(https://zenodo.org/badge/latestdoi/280200243). An identically tagged PLIN2 was used as a control

to quantify distribution of a bona fide LD-resident protein (D). At least 25 cells, from two
independent experiments were quantified. Scale bar, 20 pm. (E) Human CAMP was transfected in
HuH?7 cells and subsequently cells were fractionated in sucrose density gradients. CAMP was
detected with an anti-CAMP antibody (representative of 3 independent experiments). The
immunoblot shows that CAMP has two different electrophoretic mobilities of ~24 (red arrow) and
~20 kDa (black arrow). The 24 kDa form of CAMP was mostly enriched on LDs. (F) A truncated
form of CAMP lacking the signal peptide contained in the first 32 amino acids of the N-terminus was
designed (AN). (G) HuH7 cells were transfected with the full-length CAMP (FL) or with AN. The
AN mutant could only be detected by immunoblotting at comparable levels to the FL protein when
cells were treated with the proteasome inhibitor MG-132, suggesting a rapid degradation of the AN
mutant (representative of 3 independent experiments). In MG-132-treated cells, AN showed a single
electrophoretic mobility identical to that of the 20 kDa form of CAMP, suggesting that the 24 kDa
LD-form of CAMP contains an uncleaved signal peptide. (H) To confirm the secretion of the 20 kDa
CAMP (form with a cleaved signal peptide) but not the 24 kDa CAMP, intracellular and extracellular
FL and AN-mutant CAMP proteins were purified via their anti-myc-tags with a commercially
available kit. Extra- (media) and intracellular (cells) protein distribution was evaluated by
immunoblotting using an anti-CAMP antibody (representative of 3 independent experiments). Scale

bar: 20 um.
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Fig. S11. The distribution of LD proteins is not directly regulated by LPS in HEK293-TLR4+
cells.

HEK?293-TLR4" cells were transfected with expression plasmids for the indicated tagged human LD
proteins and treated for 16 hours with OA (top) or with OA + LPS (bottom). Cells were fixed and
stained with anti-FLAG antibodies (POlIs, red), LipidTox (LDs, green) and DAPI (nuclei, blue).
White arrows indicate regions that were selected for a higher magnification insert (top right).
Distribution of POIs was examined by confocal microscopy. No differences in protein distribution

were observed (images are representative of two independent experiments). Scale bar: 20 pum.
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Fig. S12. Design and characterization of a LD-resident form of CAMP.

(A to C) The design of a LD-resident CAMP protein (LD-CAMP) is shown in A. The 30 amino acids
corresponding to the CAMP signal peptide (blue and yellow letters in fig. S10) were substituted by
the first 28 amino acids of the hydrophobic domain of ALDI (purple letters in A, TMpred in
ExPASy); ALDI is a bona fide LD-resident protein. (C) Location of LD-CAMP on LDs was
confirmed by fractionating transfected OA-treated HuH7 cells in sucrose density gradients
(representative from N = 4). (D to F) HuH7 cells were transfected with LD-CAMP. Cells were
treated with OA for 16 hours and protein distribution was analyzed by confocal microscopy. The
distribution of LD-CAMP was analyzed by confocal microscopy after 16 hours. Cells were fixed and
stained with anti-FLAG antibodies (LD-CAMP; green), LipidTox (LD, blue), and anti-PLIN2
antibodies (end PLIN2, red). Representative transfected cells are shown in D. High magnification of
a selected region (white square) and the fluorescence profile of one LD (white dotted line) are
analyzed in E. The distribution of CAMP on LDs was quantified with a computer code as the
percentage of green pixels in contact with blue pixels (computer code 2

https://zenodo.org/badge/latestdoi/280200243). An identically tagged PLIN2 was used as a control to

quantify distribution of a bona fide LD-resident protein (F). At least 45 cells, from two independent
experiments were quantified. Scale bar: 20 um. (G and H) HEK293-TLR4" cells were transfected
with PLIN3, LD-CAMP, or CAMP and treated with OA for 24 hours. The protein expression levels
of LD-CAMP and CAMP were evaluated by immunoblotting with an anti-CAMP antibody (G).
Cells were infected with E. coli for 4 hours and bacterial growth was quantified as relative CFU (H)
(n=15). Graphs show mean + SD; ***P<(0.001; not significant (ns) in a paired z-test. (I and J)
HEK293-TLR4" cells were transfected with LD-CAMP tagged with myc-FLAG, or with untagged
LD-CAMP. (1) Cells were treated with OA for 24 hours and the protein expression levels were
determined by immunoblotting with anti-FLAG antibodies and quantified by densitometry (ImageJ,
n = 2). (J) Cells were infected with E. coli for 4 hours and bacterial growth was quantified as relative

CFU (n =5). Graphs show mean + SD; **P<0.01 in a paired #-test. Scale bar: 20 um.
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Legends to Supplementary Tables

(Mass spectrometry data have been deposited in Peptide Atlas (ID: PASS01610)).

Table S1. Proteins upregulated in LPS-livers.
The table includes proteins significantly upregulated in liver homogenates of animals treated
with LPS as compared to control animals. Average differential enrichment score in LPS-

treated samples versus untreated samples is indicated (AZg).

Table S2. Proteins downregulated in LPS-livers.
The table includes proteins significantly downregulated in liver homogenates of animals
treated with LPS as compared to control animals. Average differential enrichment score

in LPS-treated samples versus untreated samples is indicated (AZg).

Table S3. Proteins identified in LD fractions.

Proteins are ranked by differential enrichment in LPS-LDs as compared to CTL-LDs (AZg).
Proteins found in different resources as LD core-resident proteins are highlighted in purple
hue, indicating the specific sources where they were found (see table S4). Reference#1
corresponds to Krahmer et al. (/4), #2 to Bersuker et al. (/5), and #3 to the automated

annotation by IPA platform (Qiagen bioinformatics).

Table S4. Proteins upregulated in LPS-LDs.

The table includes proteins significantly upregulated in LD fractions purified from animals
treated with LPS as compared to LD fractions from livers of control animals.

Average differential enrichment score in LPS-LD samples versus CTL-LD samples is
indicated (AZgq). Proteins found in different resources as LD core- proteins are highlighted in
purple hue, indicating the specific sources where they were found. Reference#1 corresponds
to Krahmer et al. (/4), #2 to Bersuker et al. (15), and #3 to the automated annotation by IPA

platform (Qiagen bioinformatics).

Table SS5. Proteins downregulated in LPS-LDs.
The table includes proteins significantly downregulated in LD fractions purified from animals

treated with LPS as compared to LD fractions from livers of control animals.



Average differential enrichment score in LPS-LD samples versus CTL-LD samples is

indicated (AZgq). Proteins found in different resources as LD core- proteins are highlighted in
purple hue, indicating the specific sources where they were found. Reference#1 corresponds
to Krahmer et al. (/4), #2 to Bersuker et al. (/5), and #3 to the automated annotation by IPA

platform (Qiagen bioinformatics).

Table S6. Identified LD-resident proteome.

Subset of the full proteome identified in LD fractions (see table S3) that is annotated in
different resources as bona fide LD-resident proteins, preferentially localizing to this
compartment. Legend for the different resources referenced is indicated. m.c. means
manually curated from the reference indicated in the text. Reference#1 corresponds to
Krahmer et al. (/4), #2 to Bersuker et al. (/5), and #3 to the automated annotation by IPA

platform (Qiagen bioinformatics).

Table S7. LD-resident proteins responding to LPS.

LD-resident proteins (see Table S6) significantly unregulated (upper section) or down
regulated (lower section) in LPS-LD fractions as compared to CTL-LD fractions. Differential
enrichment observed in the LD dataset (table S3; table S4; and table S5) and the liver
homogenate dataset (table S1; and table S2) is indicated, together with their mapping to
specific protein clusters (see Fig. 2D; and fig. S4).
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Abstract

Salmonellosis is a public health problem caused by Salmonella sp., a highly adapted facultative
intracellular pathogen. After internalization, Salmonella sp. manipulates several host process,
mainly through the activation of the type Il secretion system (T3SS) which are used to translocate
bacterial effector into the host cytoplasm. Modification of host lipid metabolism and lipid droplet
(LD) accumulation in leukocytes are common phenotypes in inflammatory and infectious
processes. LDs are dynamic and complex lipid-rich organelles involved in several cellular
processes, including the immune response. The present study investigated the mechanism involved
in LD biogenesis in Salmonella-infected macrophages and its role in bacterial pathogenicity. Here,
we reported that S. Typhimurium induced a rapid time-dependent increase of LD formation in
macrophages. The LD biogenesis is a phenomenon dependent on Salmonella’s viability and T3SS
activity, with the usurpation of Toll-Like Receptor (TLR) signaling. We also observed that S.
Typhimurium-induced LD biogenesis is a phenomenon dependent of TLR2 signaling and counter-
regulated by TLR4. Moreover, the inhibition of LD formation by A922500 significantly reduced
the number of intracellular viable bacteria in 24-hours post-infection, but did not impair PGE, IL-
1B, IL-6 and MCP-1 production. Collectively, our data demonstrate the role of LD biogenesis, via
TLR2/T3SS pathway, on S. Typhimurium intracellular replication in macrophages, without
interference in the inflammatory response, suggesting that LDs may contribute as a source of

energy or nutrients.

Keywords: Lipid bodies, Lipid metabolism, Salmonella Typhimurium, TLRs, PGE>
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Importance

Salmonellosis is a public health problem caused by Salmonella sp., a highly adapted facultative
intracellular pathogen, with a great capacity to modulate several processes of the host cell. Lipid
droplets (LD) cell accumulation is a frequent phenotype during the infection of a myriad of
pathogens, however, the mechanisms underlying the role of this organelle in several bacterial
infections, such as in S. Typhimurium, are not fully understood. Herein, we describe that the LD
biogenesis is dependent on the participation of both Salmonella pathogenicity factor and host
signaling in macrophages. Moreover, we report that LD biogenesis triggered by S. Typhimurium
is an early phenomenon, dependent bacterial viability and pathogenicity, and host immune
receptors. Furthermore, LD accumulation contributes to optimal S. Typhimurium intracellular
replication in macrophages, which is dissociated from immunomodulatory role of LDs. Taken
together our results demonstrate that the roles for LDs as an energy source and as
immunomodulatory platformer are not a conjoined phenomenon. These data set provides new
perspectives for future investigations about host-pathogens interaction, and targets for future

therapeutic interventions.
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1. INTRODUCTION

Salmonellosis is a global public health problem caused by Salmonella spp., a facultative
and highly adapted intracellular pathogen belonging to the family Enterobacteriaceae (1).
Salmonella infection is one of the most common foodborne illnesses whose severity ranges from
self-limiting gastroenteritis to systemic infection, including enteric fever (2—-4). The severity of
Salmonella infections varies according to serotype, animal species infected, age and health status
of the host (5, 6).

A remarkable aspect of Salmonella infection is its ability to invade, to survive, and often
to multiply within non-phagocytic cell as well as professional phagocytes (7, 8). When
internalized, Salmonella interferes with phagosome maturation, resulting in the formation of a
specialized Salmonella-containing vacuole (SCV), where Salmonella usually persist and replicate
within the host cells (9, 10). Invasion and SCV biogenesis are dependent on the type 11 secretion
systems (T3SS) which are used to translocate bacterial effector into the cell cytoplasm to
manipulate host process (11, 12). The lipid remodeling of the host cell and consequent cholesterol
accumulation and its esterification at the SCV by SselJ effector has been found to have an important
role in regulating SCV dynamics and probably in intracellular bacterial survival (13).

Bacterial pathogens display a highly specialized mechanism to support crucial infection
events, including subversion of host metabolism and evasion of the immune response (14, 15). In
the context of host-pathogen interactions, the participation of lipid droplets in infectious disease
has been reported for all classes of pathogens (16, 17). Lipid droplets (LD) or lipid bodies are
complex and dynamic lipid-rich organelles virtually present in all cell types, being the mainly
neutral lipid storage (17, 18). Moreover LDs are essential for various cellular processes and for

the immune response (19, 20). During infection, LD biogenesis is a highly regulated process whose
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mechanisms are dependent on the infectious agent and cell type involved (21, 22). Several
intracellular bacteria exploit the LD to obtain an energy resource from the host, as well as a strategy
to escape the immune system through increased generation of eicosanoids (23-27).

Despite the evidence of the LD participation in Salmonella infection (13, 28-30), the role
of LDs in Salmonella pathogenicity not yet known. The present study investigated the mechanism
involved in LD biogenesis in Salmonella-infected macrophages and the role of this organelle in
the bacterial pathogenicity. Our findings point that S. typhimurium induce early LD biogenesis
with the subversion of host signaling pathways, and it contributes for intracellular bacterial

replication.

2. MATERIALS AND METHODS

Reagents

T3SS inhibitor cytosporone B (Cat# C2997), iDGAT-1 inhibitor A922500 (Cat# A1737),
Saponin from Quillaja bark (Cat# S7900), and Oil Red O (Cat# 00625) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Luria-Bertani broth (Cat# K25-1551) and Tryptic Soy
Agar (Cat# K25-610052) was obtained from Kasvi (So José do Pinhais, PR, Brazil). RPMI-1640
(cat# 22400-089), penicillin-streptomycin (Cat# 15140148), gentamicin (Cat# 15750060) and L-
glutamine (Cat# 25030081) were obtained from Gibco (Grand Island, NY, USA). From DAPI
(Cat# D1306) and Fluoromount-G Mounting Medium (Cat# 00-4958-02) were purchased

from ThermoFisher Scientific (Waltham, MA, USA).

Mice
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C57BL/6 (B6) mice were supplied by the Institute of Science and Technology in
Biomodels from Oswaldo Cruz Foundation, and used at 8-12 weeks of age. All animal
experiments were approved by the Institutional animal welfare committee in agreement with the
Brazilian National guidelines supported by CONCEA (Conselho Nacional de Controle em
Experimentacdo Animal) under license number L025/15 (CEUA/FIOCRUZ). Mice were
maintained with rodent diet and water available ad libitum with 12h light-dark cycle under

controlled temperature (23 + 1 °C).

Macrophages cell culture

To obtain bone marrow-derived macrophages (BMDM), cells isolated from femur and tibia
of B6 mices were cultured for 7 days in RPMI-1640 medium supplemented with 30% (vol/vol)
L929 supernatant, 20% (vol/vol) heat-inactivated fetal bovine serum, 1% L-glutamine (vol/vol),
and 1% penicillin-streptomycin (vol/vol) as previously described by Assuncdo et al., (2017).
Differentiated macrophages were cultured in RPMI-1640 supplemented with 10% heat-inactivated
fetal bovine serum (vol/vol), 1% L-glutamine (vol/vol), and 1% penicillin/streptomycin (vol/vol).
BMDM cells were maintained at a density of 0.1x10° — 5x10° cells/ml. iBMM cell lineages were
cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 1% L-
glutamine (vol/vol) and 1 % penicillin/streptomycin with 5% CO; at 37°C. iBMM cells were
maintained at a density of 0.1x10° — 5x10° cells/ml. Cell lines were tested for mycoplasma at

regular intervals.

Bacterial strains and growth conditions
Salmonella enterica serovar Typhimurium (ATCC 14028) e Escherichia coli (ATCC

25922) used in this study were obtained from Enterobacteria Collection (CENT) of the Oswaldo
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Cruz Foundation. The bacteria were cultured in Luria-Bertani broth (LB) for 16-18 h at 37°C to
obtain stationary growth phase cultures and were then centrifuged (1,000 x g) for 10 min at 4°C.
The pellets were resuspended in PBS to an OD of 0.1 at 660 nm, corresponding to 108 CFU/mL.
Salmonella killed by irradiation received 10* Gy from a cobalt source as described by
Lahiri et al. (2005). The anti-virulence activities of cytosporone B (Cns-B) as a Salmonella T3SS
inhibitor were used in this study as described by Li et al. (2013). Briefily, the Cns-B were dissolved
in dimethyl sulfoxide (DMSO, Sigma) to concentrations of 100 mM as stock solution. S.
typhimurium cells were cultured overnight a 37°C in agitation. The overnight culture was diluted
10-fold in LB in the in the absence or presence of Cns-B at a final concentration of 100 uM and

cultured for 1h at 37°C.

Salmonella infection of macrophages and treatments

An in vitro gentamicin protection assay was used to measure invasion and intracellular
proliferation of S. typhimurium based on the method described by Lissner et al. (1983), with some
modifications. The macrophages were seeded at 1 x 10° and 5 x 10° cells per well in 24- and 12-
well places (flat-bottom, tissue-culture-treated plates; Costar), respectively, and were incubated
for 12 h at 37°C and 5% CO.. Meanwhile, S. enterica serovar Typhimurium cells were cultured
overnight at 37°C with agitation. Macrophages were infected with S. typhimurium at a multiplicity
of infection (MOI) of 10. One hour after infection at 37°C and 5% CO., the culture medium was
discarded and the cells were washed with PBS with 100 pg/mL gentamicin three times. RPMI
supplemented with 100 pug/mL gentamicin was added to each well to kill noninvasive bacteria
cells, and incubation was continued for another 1 h. After incubation, media were removed again,
and a fresh media without gentamicin was added for the remainder for all the experiment time. A

similar protocol was used to E. coli infection, using a MOI of 100. To impair the LD biogenesis,
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5 uM of iDGATT1 inhibitor (A922500) was added to the cell culture and incubated for 30 min
before S. typhimurium infection and remained for all the stimulus time, at 37°C in 5% CO2. The
inhibitors were dissolved in dimethyl sulfoxide (DMSO, Sigma). For bacterial counting, at the
indicated time points, cells were washed three times with PBS and lysed with 5% saponins
solution. The CFU of bacteria were counted by plating the appropriate dilution in TSA plates. All

experiments were done in triplicate.

Lipid droplets staining and quantification

BMDM and iBMM cells were fixed with 3.7% formaldehyde for 10 min and LDs were
stained with 0.3% Oil Red O (diluted in isopropanol 60%) as previously described (35).
Preparations were analyzed using a FluoView FV10i Olympus confocal microscope (Tokyo,
Japan). Images were acquired, colored, and merged using Olympus FV10-ASW and Image J
software. Pictures were taken with a 60x objective using FV10-ASW image software. The
morphology of fixed cells was observed, and Oil red O-stained LDs were measured using the open

source ImageJ software (https://imagej.nih.gov/ij/).

Cytokine analysis

Levels of interleukin 1B (IL-1p), interleukin 6 (IL-6), interleukin 10 (IL-10), monocyte
chemoattractant protein-1 (MCP-1/CCL2), and Tumor Necrosis Factor-a (TNF-a) in
macrophages supernatant were measured using mouse Duoset ELISA kit (R&D Systems;

Minneapolis, MN, USA) according to manufacturer’s instructions.
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PGE: level measurements
Levels of Prostaglandin E> (PGE>) in macrophages supernatant were measured using EIA

kits (Cayman Chemical) according to manufacturer’s instructions.

Lactate level determination

Lactate levels in the macrophages supernatant were measured using enzymatic lactate kit
(cat# 138-1/50, Labtest diagnostica; Lagoa Santa, MG, Brazil) performed as manufacturer’s

instruction.

Statistical analysis

Data obtained in this study were presented as mean + SEM of three to six independent
experiments. The normal distribution was performed using the Shapiro-Wilk test. The paired two-
tailed t-test was used to evaluate the significance of the two groups. Multiple comparisons among
three or more groups were performed by one-way ANOVA followed by Tukey’s multiple

comparison test. For all analyzes was adopted p < 0.05 as considered statistically significant.

3. RESULTS

S. typhimurium induced a rapid and expressive LD biogenesis in murine macrophages.

In several studies involving the pathogen-leukocyte interaction, a strong intercession has
been reported between the with LD exploration with the success of the infection (18, 20). Although
LD accumulation had been reported during Salmonella-infection (13), the role of this organelle in
Salmonella pathogenesis is unknown. To determine the role LDs by S. typhimurium infection, we

initially analyzed the dynamics of LDs accumulation with dynamics bacterial survival and
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proliferation within macrophages. Interestingly, we observed that LD biogenesis induced by S.
typhimurium is a rapid and expressive phenomenon (Figure 1A). Salmonella-triggered LD
biogenesis occurs as early as 1-hour post bacterial infection, (Figure 1A-B), stayed significantly
upregulated for 48-hours post-stimulation. Whereas the Salmonella-infected macrophages reached
maximum LD induction occurred at 24 hours (Figure 1B).

In this context, we also evaluated the S. typhimurium load within macrophages. After
internalization, the number of viable intracellular bacteria decreased significantly between 1-hour
and 6-hours post-infection (Figure 1C). However, the bacterial load increases substantially
between 6-hours and 24-hours post-infection, even exceeding amount of 1-hour (Figure 1C). We
also investigated the apposition to LDs between S. typhimurium during the infection within
macrophages. Using confocal microscopy, we did not observe a frequent interaction between LD
and bacteria neither in 1-hour (Figure 1D and 1F) nor in 6-hours post-infection (Figure 1F).
Whereas in 24-hours post-infection, we observed macrophages infected a close apposition to LDs

and Salmonella (Figure 1E-F).

The Salmonella-triggered early LD biogenesis is dependent of bacterial viability and
T3SS activity

Although LD accumulation upon bacterial infection is highly pronounced in both human
and experimental models (36, 37), the presence of LD biogenesis in early stages of infection
remains relatively unexplored. To analyze if the rapid LD biogenesis is a specific event of
Salmonella infection, we performed a comparative analysis between the S. Typhimurium and E.
coli, two phylogenetically closely-related Gram-negative bacteria (38). Unlike S. Typhimurium,
we observed that E. coli was not able to induce the early LD biogenesis in macrophages within 1-

hour post-infection (Figure 2A), despite the greatest amount of internalized bacteria per cell
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(Figure 2B). In 24-hours post-infection, both bacteria were able to induce the LD accumulation
and no difference was detected in the amount of LDs in E. coli and Salmonella-stimulated
macrophages (Figure 2A). Interestingly, at this last time we observed a large increase in the
amount of Salmonella per cell, and a decrease in the amount of E. coli (Figure 2B).

As early LD biogenesis seems to be a particularity of Salmonella infection, our next step
was to analyze the participation of the S. Typhimurium viability in the LD biogenesis.
Macrophages were incubated with bacteria from an overnight culture (live), or with radiation-
killed bacteria (dead). We observed that only live bacteria were able to induce the early LD
biogenesis within 1-hour post-stimulation (Figure 2C), and this phenomenon was not just
triggered by bacteria internalization (Figure 2D). Moreover, LD amount in killed bacteria-
stimulated macrophages was significantly less than those exposed to live bacteria within 24h post-
stimulation (Figure 2C). Since our results indicated that Salmonella-triggered LD biogenesis and
accumulation is a process predominantly dependent on the viability of the bacteria (Figure 2C-
D), we also evaluated if this process would be associated with virulence mechanisms of bacteria.
We checked if Salmonella T3SS activity would also involve the early LD biogenesis. S.
Typhimurium were pretreated with cytosporone B (Cns-B), an anti-pathogenicity factor that
inhibits T3SS (Figure 2E). We observed that the use of Cns-B in S. Typhimurium not only
reversed the early LD biogenesis within 1-hour post-stimulation, but also had a profound impact
on the LD accumulation within 24-hour post-infection (Figure 2F). Similar to the other
experiments, the rapid LD biogenesis was not related only to the internalization of bacteria, and as
expected, T3SS inhibition had a profound impact on Salmonella intracellular replication (Figure

2G).

TLR signaling are required to early LD biogenesis induced by Salmonella
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Since the activation of S. Typhimurium virulence genes necessary for intracellular
survival, growth, and systemic infection has been associated with the subversion of Toll-like
receptor (TLR) signaling (39), we investigated the functional role of TLR signaling on LD
formation in Salmonella infection. We observed that iBMM double deletion of Myd88 and TRIF
abolished the LD biogenesis induced by Salmonella both in 1-hour (Figure 3A-B) and 24-hours
post-infection (Figure 3C). Curiously, TRIF/MyD88 double-knockout macrophages show a
significant increase in the number of viable intracellular bacteria in comparison to WT iBMM at
both times analyzed (Figure 3D-E).

Since the recognition of Salmonella is largely mediated by TLR2 and TLR4, being
assigned to these receptors an effective innate immune response to Salmonella (40-42), our next
step was to analyze the participation of these key TLR in LD biogenesis. We observed that in
TLR2~ macrophages there was no increase of LD biogenesis induzed by Salmonella infection,
while TLR4 deficiency lead to overproduction of LDs both in 1-hour (Figure 3A-B) and 24-hours
post-infection (Figure 3C). Neither TLR4” nor TLR2” macrophages showed a impairment of
Salmonella internalization compared to WT iBMM (Figure 3E). In 24-hours post-infection,
TLR4” iBMM showed a significant increase in the bacterial load in comparison to WT iBMM.

This phenomenon was not observed in TLR27~ macrophages (Figure 3F).

LD biogenesis contributes to intracellular bacterial replication, but not to inflammatory
response

The LD biogenesis is dependent on activity of enzymes involved in the synthesis of
triglycerides and/or cholesterol ester, such as diacylglycerol O-acyltransferase (DGAT-1 and
DGAT-2) (43, 44). When lipid synthesis is blocked, the biogenesis of LD biogenesis is severely

impaired (18). To understand the role played by LD accumulation in Salmonella infection, we
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pretreated macrophages with a DGATL inhibitor (A922500) (Figure 4A). The Salmonella-
triggered LDs biogenesis was impaired in macrophages pretreated with A922500 both in 1-hour
and 24-hours post-infection (Figure 4B-C). Interestingly, in parallel to LD inhibition, A922500
pretreatment impaired the dynamics of bacterial load. Different from the observed in control,
macrophages treated with A922500 did not show an increase of bacterial load between 1-hour and
24-hours post-infection (Figure 4D). Moreover, the A922500-treated macrophages showed a
significant decrease in the number of viable intracellular bacteria in comparison to control in 24-
hours post-infection (Figure 4D), despite of treatment not affecting bacteria internalization. These
data suggest that LD accumulation favors the bacteria intracellular replication.

Lipid droplets are stores of the eicosanoid precursor arachidonic acid in different leukocyte
subsets, and compartmentalize the entire enzymatic machinery for eicosanoid synthesis (45). We
then investigated whether regulation of LD numbers by Salmonella also correlated with
PGE: production. Unlike expected, the early LD biogenesis was not followed by the increase of
PGE: level in 1-hour post-infection (Figure 4E). Despite of elevated levels of PGE2 be coinciding
with the time-point of the highest LD formation induced by S. Typhimurium in 24h-hour post-
infection, the reduction of Salmonella-induced LD accumulation by A922500 treatment was not
able to abrogate the PGE> production (Figure 4E). Surprisingly, within the context of Salmonella
infection, these results indicate no correlation between LD formation and PGE> production.

To determine whether the induction of LDs by S. Typhimurium would be associated to the
inflammatory response of host cells, our next step was to investigate wheter LD biogenesis could
be influencing the cytokine production. We observed that S. Typhimurium infection was able to
induce an increase in IL-1p (Figure 4E), IL-6 (Figure 4F), and MCP-1/CCL2 production (Figure
4G), and no change in the levels of IL-10 (Figure S1A) and TNF-a (Figure S1B) after 24-hours

post-infection. Strikingly, the A922500 treatment did not affect the level of any of the analyzed
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cytokines (Figure 4E-G), suggesting an unprecedented dissociation between LD biogenesis and
the inflammatory response during a bacterial infection.

Lastly, we analyzed the impact of LD biogenesis inhibition on the lactate levels, associated
with glycolytic metabolism of pro-inflammatory macrophages. During Salmonella infection, we
observed an increase in lactate level (Figure 41), andlactate production was partial impaired by
A922500 treatment, suggesting that the modulation of lipid metabolism also affects the central

metabolism of macrophages.

4. DISCUSSION

The present work investigated the role of LD biology during Salmonella Typhimurium
infection in murine macrophages. The data presented herein show S. Typhimurium was capable of
inducing a rapid and time-dependent increase in LD formation in macrophages. In addition to
reinforce LD biogenesis as a phenomenon dependent on Salmonella T3SS activity, our data reveal
the participation of the host cellular machinery in this process, as the usurpation of TLR signaling,
especially TLR2, and lipid metabolic pathways. Our study further highlights the participation of
LDs in bacterial pathogenesis. While the manipulating LD biogenesis significantly reduced the S.
Typhimurium's growth within 24-hours post-infection, the inhibition of LD formation did not
impair the inflammatory response induced by infection. Collectively, our data suggest LDs play
an important role during S. Typhimurium intracellular growth, but not in the inflammatory
response induced by the infection.

Despite of LD biogenesis being rapidly detected after a short time of some stimulations,
including LPS stimulation (25, 46, 47), our data show that early LD biogenesis is an active process

of S. Typhimurium infection, mainly T3SS-dependent mechanism. These results reinforced
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previously data previourly published by Nawabi et al., (2008), which showed that absence of
Salmonella T3SS efector SseJ in mutant bacteria reduced cholesterol esterification and LD
formation in HelLa cells and RAW macrophages (13). The participation of T3SS effector proteins
in the modulation of host lipid metabolism and LD accumulation was also reported for Chlamydia
trachomatis (48, 49), and Pseudomonas aeruginosa (50).

During bacterial infection, LD accumulation often initiates with activation of TLR
signaling in leukocytes (44, 51-53). We demonstrated that Salmonella-induced LD biogenesis also
requires TLR signaling, via a TLR2-dependent mechanism and counter-regulated by TLR4 in
murine macrophages. TLR activation and downstream signaling through the adapter
proteins MyD88 and TRIF leads to rapid acidification of the SCV, and consequent activation of
Salmonella virulence genes (39). Moreover, the acidification of the SCV is essential for the
activation of T3SS and translocation of effector proteins into host cell cytosol (54, 55).

The contrasting role of TLR2 and TLR4 in Salmonella-triggered LD biogenesis may
reflect the difference of these receptors in the host response to S. Typhimurium infection. TLR2
activation was reported as a negative regulator of immunity against S. Typhimurium, favoring
bacterial survival (56). Furthermore, LD biogenesis by TLR2-dependent mechanism has been
reported for a wide range of pathogens infections (44, 51-53). On the other hand, TLR4 is essential
to the early killing of S. Typhimurium by murine macrophages (57), and to the controlling of
Salmonella-infection in vivo (42, 58), the counter-regulatory role of TLR4 in Salmonella-trigger
LD biogenesis might be associated with control of the bacterial killing.

The subversion of host cell LDs by pathogenic bacteria to obtain energy to promote their
own survival and replication has been reported for several intracellular bacteria, such as
Chlamydia. spp (27, 52), Coxiella burnetti (59), Mycobacterium spp (23, 25, 26). And S.

typhimurium was not an exception. Similar to reported for C. trachomatis (48), LD formation
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seems required for optimal S. Typhimurium proliferation, but not essential for intracellular
survival and proliferation, as evidenced in TRIF/MyD88 double-knockout macrophages. These
results are in agreement with recent data reported by Reens et al., (2019), which showed that lipid
metabolism pathways are essential to Salmonella replication in proinflammatory but not anti-
inflammatory macrophages.

Despite the role of LD as immunomodulatory platform mainly through the production of
PGE., being a well-documented phenomenon for several pathogens infection (20, 36, 61), the
same was not observed in S. Typhimurium infection in murine macrophages. Although it seems
contradictory to the current literature, the dissociation of LD formation with lipid inflammatory
mediator synthesis may be associated with pro-inflammatory response induced by S.
Typhimurium. In general, the participation of LDs as a site of PGE> synthesis has been associated
with an anti-inflammatory phenotype in macrophages, favoring the inhibition of killing activity,
the downregulation of Th1-type cytokines and raising the IL-10 generation (51, 53, 62). However
the PGE2 appears to have the opposite effect in Salmonella infected-macrophages, inducing a
specific pro-inflammatory profile and amplifying the pro-inflammatory response (63). Moreover,
intestinal pro-inflammatory monocytes was reported as important niche to Salmonella
proliferation (64).

On the other hand, the decoupling of LD formation and lipid inflammatory mediator
synthesis during Salmonella infection could also be an immune evasion strategy. Recent studies
have reported the existence of another side of this host-pathogen interaction, where LDs also act
in the protective response to the host, including in the antibacterial response (17, 21). Recently,
we described that in response to LPS, LDs act as immunometabolic hubs integrating local and
systemic metabolic adaptation to infection and assembling host defense pathways including the

antimicrobial cathelicidin (65). Interestingly, as reported in this work, at the beginning of the
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infection there was no interaction between Salmonella and LD at the beginning of the infection
(65). Further investigations should help us to better understand Salmonella-specific mechanisms
evolved to take advantage of LDs for their persistence and proliferation.

In summary, a model can be proposed in which LD biogenesis observed in Salmonella-
infected macrophages plays a key role in bacterial pathogenesis, as a lipid source to promote
optimal bacterial proliferation in proinflammatory macrophages (Figure 5). Our data suggested a
critical role for TLR2 in Salmonella—macrophages interactions, favoring the activation of
Salmonella T3SS, and subsequent signaling for induction of LD biogenesis. On the other hand,
TLR4 performs a counter-regulatory action LD biogenesis through the control of the bacterial
load. Based on the above, a better understanding of the LD biology could be key to the

development of novel strategies for control Salmonella infection.
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Legends

Figure 1: S. typhimurium induces a rapid and time-dependent lipid droplet formation in
macrophages. BMDM cells was infected with S. Typhimurium (MOI of 10). One hour after
infection, the culture medium was discarded and extracellular bacteria were killed by addition of
gentamicin for 1 h. (A) Representative images of Oil Red O-labeled LDs (red) kinetics from
BMDM infected with S. Typhimurium. The nucleus was stained by DAPI (blue). Scale bar: 10
um. (B) Kinetics of Salmonella-trigged LD enumeration in BMDMs after infection, performed by
using Fiji/lmageJ from confocal images. In each group, at least 100 cells were analyzed in the total
of 10 fields by experiment. (C) Invasion and Replication Kinetics of Salmonella in BMDM. Cells
were lysed and serial dilutions were plated on TSA plates for CFU enumeration. (D-E)
Representative confocal images of apposition Oil Red O-labeled LD (red) and DAPI-labeled
bacteria (blue) in 1 hour (D) and 24-hours (E) post-infection. The nucleus was stained by DAPI
(blue). Scale bar: 10 um. (F) Quantification of the distance between LD and bacteria. was
performed by using Fiji/lmageJ software from confocal images. In each group, at least 50 cells
were analyzed in the total of 5 fields by experiment. Mean SEM for three independent experiments.
(*) indicates the value is significantly different (p<0.05) from values in respective non-infected

groups.

Figure 2: The early lipid Salmonella-trigged lipid droplets biogenesis is depentende of
bacterial viability and T3SS activation. BMDM cells was infected with S. Typhimurium (MOI
of 10) or E. coli (MOI of 100). (A) LD enumeration in S. Typhimurium or E. coli-infected and
non-infected macrophages in 1-hour and 24-hours post-infection. (B) Bacterial enumeration in S.
Typhimurium or E. coli-infected macrophages in 1-hour and 24-hours post-infection. (C) LD
enumeration in BMDM infected with S. Typhimurium overnight-culture (live) or radiation-killed
S. Typhimurium (dead), and non-infected cells, in 1-hour and 24-hours post-infection. Treatment
with radiation-killed Salmonella (dead) was performed identically as with live Salmonella. (D)
Bacteria enumeration in BMDM infected with S. Typhimurium overnight-culture (live) or
radiation-killed S. Typhimurium (dead). (E) Experimental design of inhibition of Salmonella T3SS
(Created with BioRender). Salmonella cells was pretreated with 100 UM of cns-B or vehicle
(DMSO) in LB medium for 1h before infection (F) LD and (G) bacteria enumeration in BMDM
infected with S. Typhimurium pretreated with cytosporone B (cns-B) or vehicle. LD and bacteria

enumeration in BMDMs after infection was performed by using Fiji/ImageJ from confocal images.
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In each group, at least 100 cells were analyzed in the total of 10 fields by experiment. Mean SEM
for three independent experiments. (*) indicates the value is significantly different (p<0.05) from
values in respective control groups, and (#) from values in respective Salmonella-infected BMDM

group (p<0.05).

Figure 3: The early Salmonella-trigged lipid droplets biogenesis is dependent of Toll-like
receptor 2 (TLR2) signalling and counter-regulated by TLR4. iBMM cells was infected with
S. Typhimurium (MOI of 10). (A) Representative images of Oil Red O-labeled LDs (red) from
wild-type (WT), Myd88/TRIF, TLR2 and TLR4 knockout iBMM infected with S. Typhimurium
in 1-hour post-infection. The nucleus was stained by DAPI (blue). Scale bar = 10 um. (B-C) LD
enumeration in wild-type (WT), and knockout iBMMs in (B) 1-hour and (C) 24-hours post
Salmonella infection. LD analysis was performed by using Fiji/lmageJ software from confocal
images. In each group, at least 100 cells were analyzed in the total of 10 fields by experiment. (D)
Invasion (1-hour post-infection) and (E) Replication (24-hour post-infection) Kkinetics of
Salmonella in iBMM cell lineages. Cells were lysed and serial dilutions were plated on TSA plates
for CFU enumeration. Mean SEM for three independent experiments. (*) indicates the value
is significantly different (p<0.05) from the respective non-infected groups and (#) from values in

Salmonella-infected wild-type group (p<0.05).

Figure 4: Lipid droplets formation contributes for an optimal Salmonella proliferation, but
not to inflammatory response induced by Salmonella infection. (A) Experimental design of
inhibition of DGAT-1 (Created with BioRender). BMDM cells was infected with S. Typhimurium
(MOI of 10), with or without pre-treatment with 5 uM of DGATL inhibitor (A922500). (B)
Representative images of Oil Red O-labeled LDs (red) from BMDM infected with S.
Typhimurium. The nucleus was stained by DAPI (blue) (scale bar: 10 pum) (C) LD enumeration
in S. Typhimurium -infected and uninfected macrophages, after 1-hour and 24-hours post-
infection. In each group, at least 100 cells were analyzed in the total of 10 fields by experiment.
(D) Invasion (1-hour post-infection) and replication (24-hour post-infection) Kkinetics of
Salmonella in iBMM. Extracellular bacteria were killed by addition of gentamicin for 1 h. Cells
were lysed and serial dilutions were plated on TSA plates for CFU enumeration. (E) Levels of
PGE: in cell-free supernatants collected from non-infected (NI) and infected cultures in 1-hour
and 24-hour post-infection, performed by EIA detection system. (F-H) Levels of cytokines and

chemokines in cell-free supernatants in 24-hour post-infection, performed by ELISA detection
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system. (1) Lactate level in cell-free supernatants collected from non-infected (NI) and infected
cultures in  24-hour post-infection. Mean SEM for three or four independent
experiments. (*) indicates the value is significantly different (p<0.05) from the respective non-
infected groups and (#) from values in Salmonella-infected wild-type group (p<0.05). Created

with BioRender.

Figure 5: Model of LD biogenesis in macrophages induzed by S. typhimurium infection. S.
Typhimurium is recognized by TLR2 and TLR4, then internalized. After internalization, TLR
activation and downstream signaling through the adapter proteins MyD88 and TRIF lead to rapid
acidification of the SCV, and consequent activation of T3SS and translocation of effector proteins
into the host cell cytosol. As one of the consequences of this process, Salmonella stimulates the t
increase of activity of DGAT-1 leads to neutral lipids accumulation of and LD biogenesis. On the
other hand, TLR4 performs a counter-regulatory action LD biogenesis through the control of the
bacterial killing. In later times, LDs can be a lipid source to Salmonella proliferation.

Figure S1: Salmonella infection not induce the increased of secretion IL-10 and TNF-a in
murine macrophages. BMDM cells was infected with S. Typhimurium (MOI of 10), with or
without pre-treatment with 5 uM of DGAT1 inhibitor (A922500). Level of (A) IL-10 and (B)

TNF-a in cell-free supernatants in 24-hour post-infection, performed by ELISA detection system.
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Anexo 4

TEIXEIRA, L.; SOUZA-MOREIRA, L.; PRESTES, E.; REIS, P.A.; PEREIRA-
DUTRA, F.S.; ALBURQUERQE, C.; SILVA, T.P.; HOTTZ, E.D.; ESPINHEIRA-
SILVA, H.; MAYA-MONTEIRO, C.M., ANTUNES, M. M.; MENEZES, G.B,
BOZZA, M.T.; BOZZA, F.A.; MELO, R.C.N.; BOZZA, P.T. Lipid droplets contribute
to sepsis-associated organ dysfunction by disrupting tissue tolerance through the
amplification of inflammation and lipid peroxidation. Manuscrito em revisdo.
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Abstract

Sepsis is a complex life-threatening syndrome caused by dysregulated
inflammatory and metabolic host response to infection. Alterations in lipid
metabolism and an increased number of lipid droplets (LDs) are observed during
sepsis; however LD involvement in maladaptive tissue tolerance that culminates
in organ dysfunction during sepsis is poorly understood. Here we show that
increased accumulation of LDs is associated with peroxidized lipid production,
liver dysfunction and sepsis severity. Through the use of antioxidants or
CRISPR/Cas9 deletion of the NADPH oxidase subunit p22°P"°x we demonstrate
that ROS induced LD biogenesis and oxidatively altered LD content. Moreover,
the LDs associated with mitochondria and peridroplet mitochondria in cells from
the septic mice showed increased ultrastructural damage. Strikingly, dampening
LD accumulation by DGATL inhibition decreased the production of inflammatory
mediators, reduced lipid peroxidation while improving tissue function. Altogether,
we demonstrate that LDs contribute to sepsis-associated organ dysfunction by
disrupting tissue tolerance through the amplification of lipid peroxidation,
suggesting that LD and changes inlipid metabolism in sepsis may be a target for
therapy.

Key words: metabolism, inflammation, innate immunity, sepsis, MODS, lipid
droplets, ROS, lipid peroxidation.
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Introduction

Sepsis is a complex syndrome defined as a life-threatening organ
dysfunction caused by a dysregulated host response to infection (Singer et al.,
2016). Sepsis affects an estimated 30 million individuals per year worldwide, and
remains the leading cause of death in the ICU (Fleischmann et al., 2016).
Although outcomes have improved in recent years, mortality remains higher than
25-30%, even 40-50% when shock is present. Furthermore, sepsis also results
in an impaired quality of life and decreased life-span for survivors (Hotchkiss et
al., 2013; Vincent et al., 2014).

The success of host defense strategies to pathogen infection relies on a
delicate balance between the ability to detect and eliminate pathogens
(resistance) and the capacity to cope with the tissue damage caused by the
pathogen and/or by the host immune response (tissue tolerance) (McCarville and
Ayres, 2018; Wang et al., 2019; Weis et al., 2017). The development of organ
dysfunction is the most serious outcome during sepsis, and is directly related to
morbidity and mortality (Singer et al., 2016; Vincent et al., 2014).The mechanisms
involved in sepsis-induced multiple organ dysfunction (MODS) are multifactorial
and still incompletely understood, but maladaptive inflammation in response to
infection and disrupted mechanisms of tissue tolerance are believed to be the
main causes of tissue damage and mortality (Angus and van der Poll, 2013;
Wang et al., 2019). Recent studies have indicated that alterations in metabolism
during infection play central roles in tolerance (Gomez et al., 2017; Rao et al.,
2017; Wang et al., 2016; Weis et al.,, 2017). Along this line, numerous studies
have indicated that sepsis-induced organ dysfunction is associated with
fundamental changes in organismal and cellular metabolism (Langley et al.,
2013; Mickiewicz et al., 2015).

Lipids are important sources of energy in individuals with infections and
adaptations to lipid metabolism are a requirement to survive bacterial sepsis
(Wang et al, 2019). Recent integrated data based on metabolomics and
proteomics analyses identified lipid metabolism processes as the main change in
the septic patients when compared to healthy volunteers, and also as predictors
of poor prognosis and death (Langley et al., 2013; Sharma et al., 2019).
Increased LD accumulation in macrophages, neutrophils, liver and other cells and
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tissues has been demonstrated in experimental models of sepsis as well as in
samples from septic patients (Garofalo et al., 2019; Koskinas et al., 2008;
Pacheco et al., 2002; Pacheco et al., 2007). Although pronounced alterations in
lipid metabolism and an increased number of LDs are observed during sepsis,
their involvement in the mechanisms of disrupted tissue tolerance and organ
dysfunction in sepsis is poorly understood.

LDs are dynamic organelles that play major functions in lipid and energy
homeostasis, inflammation and signaling (Bozza and Viola, 2010; Olzmann and
Carvalho, 2019; Welte and Gould, 2017). LDs may participate in the infectious
processes at multiple levels of innate and adaptative host immune responses
(Pereira-Dutra et al., 2019). The biogenesis of LDs is tightly regulated during the
immune response against pathogens including bacteria, viruses, fungi and
protozoa, in some cases favoring the establishment of infection, and in others
host resistance (Pereira-Dutra et al.,, 2019). We have recently described that in
response to LPS, LDs act as immunometabolic hubs integrating local and
systemic metabolic adaptation to infection and assembling host defense
pathways including interferon-inducible GTPases and the antimicrobial
cathelicidin (Bosch et al, 2020). During sepsis LDs in leukocytes were
demonstrated to participate in the amplification of inflammatory mediator
production (Pacheco et al, 2002; Pacheco et al, 2007), however the
contributions of ectopic LDs to organ dysfunction in sepsis have not been
addressed.

The current view is that LDs act as cellular mechanisms involved in the
prevention of tissue damage because of their ability to buffer excess lipids in
stressful situations and release them gradually to meet cellular need (Olzmann
and Carvalho, 2019; Welte and Gould, 2017). LDs prevent the damage generated
by high concentrations of FFAs, by storing them in their esterified forms within
the neutral lipid core (Herms et al., 2013; Listenberger et al., 2003). Additionally,
LDs protect cells from lipotoxicity by hijacking toxic lipid intermediates (Bosma et
al., 2014; Liu et al., 2014; Nguyen et al., 2017). However, the role played by LDs
in the lipotoxic events mediated by peroxidized lipids is still under intense
investigation. Recent studies have suggested that polyunsaturated fatty acids in
LDs are more protected from lipid peroxidation than fatty acids associated with
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membranes. As such, LDs would provide a protective environment that minimizes
lipid peroxidation chain reactions (Bailey et al., 2015; Jarc et al., 2018). Glial
sequestration of toxic lipids within LDs has been proposed as a mechanism to
protect neurons from lipotoxic damage (Liu et al., 2015). However upon
mitochondrial dysfunction and excessive ROS production, LDs are sites of lipid
peroxidation and/or peroxidized lipid accumulation, amplifying lipotoxic cell
damage and neurodegeneration (Liu et al., 2017; Liuet al., 2015).

Here we investigate the mechanisms and consequences of lipid droplet
formation during sepsis. Our results demonstrate that sepsis triggers increased
accumulation of LDs in immune and liver cells, a cellular event associated with
peroxidized lipid production, liver dysfunction and sepsis severity. Here we
challenge the current view of LD accumulation in tissues as a conserved
mechanism of tolerance that prevents lipotoxicity to propose that under an
intense inflammatory and oxidative stress environment this mechanism of tissue
tolerance is disrupted and LDs contribute to cellular damage and tissue

dysfunction during experimental sepsis.
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Results

Excessive LD formation observed in the hepatic tissue during experimental

sepsis is associated with liver dysfunction

Liver dysfunction is an early outcome of sepsis often detected in the first
24h after disease onset in patients (Kramer et al., 2007). Hepatic lipid metabolism
is profoundly altered during sepsis with increased synthesis and uptake of fatty
acids and decreased beta-oxidation leading to liver steatosis (Pacheco et al.,
2002; Van Wyngene et al., 2018). Experimental sepsis was induced in mice by
cecal ligation and puncture (CLP). CLP is the most frequently used experimental
model of sepsis induction since it closely mimics many aspects of human
polymicrobial peritonitis, including immunological, hemodynamic and metabolic
responses (Dejager et al., 2011). In the present study, the severity of the sepsis
varied according to the number of cecum punctures, with 2 punctures leading to
mild sepsis and 9 punctures inducing severe sepsis. By labeling hepatic tissue
sections with the neutral lipid probe Bodipy, we detected increased accumulation
of TAGs and LDs in the livers of animals submitted to mild and severe sepsis
(Figure 1), the accumulation of LDs in the liver (i.e. hepatic steatosis) correlated
with sepsis severity. To evaluate whether peroxidation of lipids in LDs is a
pathophysiological contributor to liver dysfunction during sepsis, we evaluated
the LD lipid content and peroxidation levels in livers, as well as classic markers
of hepatic function such as serum transaminases (ALT and AST) and albumin.
For these purposes, we isolated whole liver LDs from sham and CLP mice
through sucrose gradient ultracentrifugation and measured the levels of TAG and
total 8-isoprostane (i.e., free and esterified forms). 8-isoprostane is a prostanoid
generated by non-enzymatic oxidation and extensively used as a lipid
peroxidation marker (Roberts and Fessel, 2004). Twenty-four hours after surgery,
we observed a large increase in liver TAG content in the CLP group compared
with that in the sham group, with a further increment in TAG levels 48h after
surgery (Figure 1A). Increased peroxidation of the lipids in the LDs, inferred by
8-isoprostane levels, was also observed as early as 24 h postinduction of sepsis
and, reaching even higher rates 48h of induction (Figure 1B). Similarly, an
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enhancement in the serum levels of AST and ALT hepatic enzyme levels, and a
reduction in albumin indicated liver dysfunction in the animals subjected to CLP
(Figure 1 D-E). Considered together, the cytotoxic potential of the peroxidized
lipids and the observations that LD oxidative changes occurred in parallel to liver
damage support the hypothesis that LDs may play a role in tissue damage during

sepsis.

Sepsis-induced LDs exhibit signs of oxidative changes and interact with
mitochondria

Quantitative ultrastructural analysis of macrophage-like peritoneal cells
48h after CLP revealed an increase in both LDs number and area (Figure 2A-D).
By assessing 8-isoprostane levels in the cell-free peritoneal wash we observed
that lipid peroxidation correlated with sepsis severity (Figure 2E). The impact of
LD oxidative damage on the cellular machinery is largely unknown, especially in
sepsis. LDs and mitochondria establish close interactions in physiological and
pathological conditions (Benador et al, 2018; Wang et al, 2011). We
hypothesized that these interactions may be implicated in cell damage incurred
during sepsis. We wondered if mitochondrial ROS could mediate the peroxidation
of LDs and/or if lipotoxic potential effects of peroxidized lipids in LDs could lead
to mitochondrial dysfunction. To address these questions, we performed a
detailed ultrastructural study using transmission electron microscopy (TEM) to
evaluate mitochondrion interactions and mitochondrial ultrastructural alterations
in peritoneal cells 48 h after CLP induction. Our results showed that sepsis
induced profound changes in mitochondrial ultrastructure including disruption of
and reduction in mitochondrial cristae, emptying of the mitochondrial matrix,
vacuolization, swelling of mitochondria (enlargement) and disruption of the
mitochondrial envelope (Figure S1 and Figure 2F, G). Additionally, quantitative
analyses demonstrated that the frequency of LD-mitochondrion interactions was
augmented twice during experimental sepsis induction (Figure 2I). Interestingly,
peridroplets mitochondria in the CLP group presented with higher frequencies of
ultrastructural alterations than did peridroplets mitochondria in the control group
(Figure 2G, J), suggesting that the associations between mitochondria and LDs
may favor mitochondrial dysfunction and cellular oxidative damage during sepsis.
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ROS induce LD biogenesis upon proinflammatory stimulation

It is widely known that ROS have a central role in LD formation,
preadipocytes enlargement and stem cell differentiation into adipocytes (Atashi
et al., 2015). However, the roles of ROS in LD biogenesis in immune cells and
how they contributes to sepsis pathogenesis is far less explored.To study the
dynamics of ROS generation and LD formation after proinflammatory stimuli in
vitro, bone marrow-derived macrophages (BMDM) were stimulated with
LPS+IFNy (500ng/mL+10ng/mL) and analyzed for mitochondrial and total ROS
production by MitoSox Red and DHE labeling, respectively; the LDs were stained
with Oil Red O (ORO) for enumeration at different time-points (Figure 3A-C). The
LPS+IFNy treatment rapidly induced both cytoplasmic and mitochondrial ROS,
which were detected as soon as 30 minutes after stimulation (Figure 3A). LD
accumulation, on the other hand, occurred significantly later, 24hafter stimulation
(Figure 3B-C). Therefore, augmented ROS production temporally precedes the
increase of LDs upon proinflammatory signaling.

Since mitochondrial dysfunction is an important component in the
pathogenesis of sepsis and a major source of intracellular ROS, we tested
whether increasing mitochondrial ROS generation by blocking the electron
transport chain (ETC) could also trigger LD biogenesis in macrophages. For this
purpose, we treated BMDMSs with antimycin A, a selective inhibitor of complex llI,
and evaluated ROS production and LD biogenesis at different time points. As
expected, antimycin A induced a rapid increase in ROS generation (Figure 3A).
Antimycin A also proved to be a potent trigger of LD formation, with a pronounced
induction as early as 2h after treatment (Figure 3C). In line with the enhancement
in LD biogenesis, LPS+IFNy stimulation or antimycin A treatment also increased
the expression ofPlin2/ADRP (Figure 3D-E), the major structural protein of
macrophage LDs. Similarly, treatment with rotenone (an inhibitor of complex I)
and oligomycin (an ATP synthase inhibitor) also increased PIlin2/ADRP
expression (Figure 3E). In contrast, treatment with the proton ionophore FCCP,
which induces mitochondrial dysfunction without increasing ROS generation, did
not increase ADRP expression (Figure 3E). These data show that LD biogenesis
is triggered by mitochondrial-induced ROS.
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To further investigate the association of dysfunctional mitochondria and
LD biogenesis during macrophage proinfammatory activation, we costained
BMDMs with Bodipy for LDs, and MitoTracker or MitoSox Red for mitochondria
or mitochondrial-derived ROS, respectively. After BMDMs treatment with
LPS+IFNy, the LDs were observed in close associationwith mitochondria (Figure
3F, 3Fi), including those generating high levels of ROS (Figure 3G, 3Gi).
Altogether, these data point out to spatial and functional interactions between

mitochondria and LDs after macrophage proinflammatory activation.

Reduced ROS levels downregulate LD biogenesis

To confirm the central role of ROS in LD accumulation in proinflammatory
macrophages, we employed pharmacological approaches to reduce
mitochondrial- and cytoplasmic-generated ROS, followed by evaluation of LD
formation. First, we pretreated the BMDMs with 100uM Mito-TEMPO, a
mitochondria-targeted antioxidant, 1h before LPS+IFNy stimulation and during
the 24 h incubation period. Pretreatment with Mito-TEMPO significantly
prevented the increase in LD formation after LPS+IFNy stimulation, indicating a
role for mitochondria derived ROS in proinflammatory stimuli-induced LDs
(Figure 4A). In addition, we investigated the contribution of NADPH oxidase
(NOX), an enzymatic complex centrally involved in cytoplasmic ROS generation
and a major source of ROS during sepsis (Hernandes et al., 2014). Apocynin has
been widely used to inhibit NADPH oxidase enzymatic activity by blocking the
translocation of the p47Phox cytosolic subunit to the plasma membrane, thus
inhibiting NOX complex activation (mainly NOX1 and NOX2). The results from
the flow cytometry analysis of DHE probe oxidation confirmed that apocynin
pretreatment reduced ROS generation in the LPS+IFNy, but not the antimycin A-
treated BMDMs (Figure 4B). In our model, the BMDMs were pretreated with
increasing concentrations of apocynin 1h before LPS+IFNy stimulation, Gram-
negative bacterial infection (Escherichia coli, MOI 5) or antimycin A treatment
(Lpg/mL). Twenty-four hours after initial cell stimulation, we observed dose-
dependent pharmacological inhibition of NADPH oxidase which prevented the
enhancement of LD biogenesis induced by LPS+IFNy stimulation (Figure 4C-D)
and E. coli infection (Figure 4E), but not by antimycin A treatment (Figure 4F).
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The redundancy of NADPH oxidase- and mitochondrial-derived ROS in driving
LD biogenesis in macrophages during proinflammatory activation is consistent
with recent findings indicating that NADPH oxidase activation is upstream
mitochondrial dysfunction induced by LPS and sepsis (Hernandes et al., 2014;
Joseph et al., 2017). Thus, our results suggest that both mitochondrial and
cytoplasmic ROS are involved in infection/inflammation-elicited LD biogenesis
and highlight NADPH oxidase as a central enzyme in this process.
Macrophages p22rhox/-has impaired LD biogenesis and PPAR gamma
expression

To gain insights into the mechanisms by which NADPH oxidase-derived
ROS trigger LD biogenesis in macrophages, we used CRISPR/Cas9 gene editing
to generate immortalized bone marrow macrophages (IBMM) deficient in p22°rhox,
a transmembrane subunit of the NOX1-4 complex. As expected, p22°Phox-/ cells
produced lower levels of ROS when stimulated with LPS+IFNy compared to the
levels produced by the WT cells (Figure 5A). Since nitric oxide (NO) production
is a redox-sensitive pathway(Wu et al., 2008), the p22Phox-/- clones also
downregulated INOS expression and reduced NO synthesis as determined by the
reduced nitrite detected in response to LPS+IFNy stimulation (Figure 5B and E).
Importantly, in alignment with our results from the apocynin treatment
experiments, p22rhox-- clones showed no increase in LD biogenesis after
stimulation with LPS+IFNy (Figure 5C-D).

To gain insights into the mechanisms underlying the NADPH-oxidase-
mediated increase in LD formation, we evaluated the expression of the
transcription factors PPARy and SREBP-1, which are crucial to the regulation of
lipid metabolism and known to be sensitive to redox signaling (Chawla et al.,
2001; Im et al., 2011). While genetic ablation of p22rhox did not affect SREBP-1
expression in LPS+IFNy-activated macrophages, p22°Phox-"-clones had a marked
reduction in PPARy expression (Figure 5E). Since PPARYy regulates several
genes encoding lipid uptake, transport, and storage pathways (Chawla et al.,
2001), its reduced expression in p22rhox--cells may explain the inability of these
cells to accumulate LDs after proinflammatory stimulation. Our results show that

NADPH-oxidase activity regulates key inflammatory and metabolic pathways in
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LPS+IFNy-activated inflammatory macrophages, and is required for LD

biogenesis in these cells.

LD components are susceptible to oxidative damage depending on NADPH
oxidase activity

During sepsis, upregulated production of ROS and inadequate
recruitment of antioxidant defenses lead to deleterious effects in cellular
machinery. Lipid peroxidation is considered the process that induces the most
severe cellular oxidative damage in several pathologies and is responsible for
lipotoxicity-mediated cell death (Dixon et al.,, 2012; Gaschler and Stockwell,
2017). To investigate whether LDs in sepsis play cytoprotective or lipotoxic roles,
we firstly determined whether the molecular components of the LDs were
susceptible to peroxidation or if these organelles protected lipids from oxidation.
Staining with Bodipy 581691 C11, a lipid peroxidation sensor, revealed intense
labeling of both the reduced and oxidized forms of the probe in the LPS+IFNy-or
antimycin A-treated groups compared to the levels of in the control (Figure 6A).
In the LDs of these groups, an abundance of peroxidized lipids was observed,
suggesting that these organelles are sites of lipid peroxidation and/or the
accumulation of peroxidized lipids (Figure 6A). Peroxidized lipids are potent
second messengers active in cytotoxic events that change various cellular
functions mainly through intramolecular and intermolecular adduct formation with
biomolecules, including proteins. To evaluate whether lipid peroxidation alters LD
protein content we used Click-iT® LAA Kit which detects proteins containing
alkyne groups in side chains. Interestingly, many ring-shaped patterns were
stained in the cytoplasm of the LPS+IFNy stimulated BMDMs (Figure 6B). After
counterstaining the cells with Nile red, neutral lipid stain, we confirmed that these
stained ring-shape were located at the periphery of LDs (Figure 6C), in the most
protein-rich site of these organelles. Importantly, even in cases of mild sepsis
peritoneal cells exhibited the same pattern of stained ring around the LDs when
subjected to peroxidized lipid-modified protein labeling (Figure 6D),
demonstrating that LDs are sensitive to oxidative damage during experimental
sepsis in vivo. In addition to ring-shaped staining, antimycin A-treated BMDM
showed diffuse subcellular staining indicating more ostensive oxidative damage
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(Figure 6B). Supernatants from LPS+IFNy-activated macrophage cultures also
presented with increased levels of 8-lsoprostane (Figure 6F). Importantly,
apocynin pretreatment reduced 8-lsoprostane levels in a dose-dependent
manner (Figure 6F), and reversed all the evaluated LD peroxidative alterations
induced by LPS+IFNy (Figure 6E, G and FigureS2A-B). These data show that
the molecular components of LDs are highly susceptible to LPS+IFNy-induced

oxidative damage, and that NADPH oxidase activation is required in this process.

Dampening LD accumulation leads to recovery of septic mice from liver
damage, lipid peroxidation and inflammation

Even though liver dysfunction is commonly observed in sepsis, the role
played by LD accumulation in sepsis-associated hepatic tissue damage is still not
clear. Thus, we searched for a strategy to reduce sepsis-induced hepatic
steatosis. DGAT enzymes isoforms (DGATL1 and DGATZ2) which catalyze the final
and fully committed step to TAG synthesis, have differential role in the remodeling
(DGAT1) and de novo pathways (DGAT2) of TAG synthesis (Villanueva et al.,
2009). During sepsis, steatosis progression in the liver is more closely related to
intense mobilization of TAG stocks and remodeling in peripheral tissues than to
de novo lipid synthesis (Van Wyngene et al., 2018), therefore we proceeded to
pharmacologically inhibit the DGAT1 enzyme. We treated septic mice with
A922500, a DGATL inhibitor (DGAT1i), in addition to antibiotics given to CLP
mice. We performed intravital confocal microscopy as described by Marques et
al. (Marques et al., 2015) to visualize the progression of liver steatosis in live
animals after Bodipy staining. The livers of the septic animals developed
pronounced steatosis characterized by an increase in LDs in the tissue 48h after
CLP surgery, which was prevented by treatment with DGATL1i (Figure 7A-C). No
difference in steatosis level was found inthe DGAT1i and untreated mice after 6h
from CLP (Figure S3A, B). As expected, the same pattern was observed in
hepatic tissue sections stained with ORO (Figure 7C). Thin layer
chromatography (TLC) analysis confirmed the reduction of TAGs in the liver of
the DGATLli-treated CLP mice without increasing diacylglycerol accumulation
(Figure 7D and Figure S3C). We then assessed whether preventing LD
accumulation in the liver protected mice from hepatic damage. CLP mice
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presented with higher levels of serum AST and ALT, indicating increased hepatic
dysfunction. Importantly, treatment with DGAT1i significantly reduced the levels
of both transaminases (Figure 7E-7F). Albumin levels were reduced in septic
mice compared to mice subjected to the sham surgery, and treatment with
DGAT1i led to a trending recovery of albumin concentrations inthe serum (Figure
7G). Altogether, these results imply that dampening LD accumulation by
DGATL1linhibition prevents hepatic injury during severe sepsis.

Importantly, DGATL1 inhibition ameliorated sepsis-associated liver
damage independently on the pathogen load, as evidenced by similar bacterial
counts in the peritoneal wash from treated and untreated mice (Figure 7H).
Considering the role played by lipid peroxidation in damage on cellular structures
during sepsis, we evaluated the effect of DGATL1i on the levels of the lipid
peroxidation adduct malondialdehyde (MDA) inthe livers of CLP mice. The levels
of MDA were higher in the livers from mice subjected to sepsis and treatment with
DGAT1i significantly reduced MDA accumulation in these livers (Figure 7I)
indicating that the inhibition of LD accumulation protects the organ from lipid
peroxidation. In addition, the proinflammatory mediators leukotriene B4 (LTB4)
and interleukin-6 (IL-6), were reduced in the DGATLli-treated septic animals
(Figure 7J, K), while the chemokine MCP-1 and the anti-inflammatory cytokine
IL-10 were not affected by the DGATL1i treatment (Figure S3D, E). Taken
together, these data suggest that LD accumulation modulates both oxidative
stress and the inflammatory response, with a great impact on tissue damage and

liver dysfunction during sepsis.
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Discussion

Sepsis is the major cause of death in ICUs, mainly attributed to multiple
organ dysfunction syndrome (MODS) (Angus and van der Poll, 2013; Singer et
al., 2016). Associated with uncontrolled inflammatory responses, evidence
indicates that sepsis-induced organ dysfunction occurs due to bioenergetic
metabolism alterations (Abraham and Singer, 2007; Brealey et al., 2002). LD
accumulation in non-adipose tissues and oxidative stress are recurrent
consequences of sepsis-induced metabolic reprogramming (Pacheco et al.,
2002; Van Wyngene et al., 2018). Current view, place LD accumulation intissues
as an evolutionary conserved mechanism of tolerance that prevents lipotoxicity.
Here we challenge this concept to propose that under an intense inflammatory
and oxidative stress environment this mechanism of tissue tolerance is disrupted
and LDs contribute to cellular damage.

Herein, we report a crosstalk between oxidative stress and LD
biogenesis upon induction by endotoxic stimuli. In this regard, NADPH oxidase-
derived ROS play pivotal roles in these mechanisms. Additionally, ROS induce
oxidative changes in the lipid and protein contents of LDs, making them carriers
of harmful oxidized molecules. The results from our ultrastructural study showed
that sepsis intensified the interplay between LDs and mitochondria resulting in
deleterious consequences to the mitochondrial machinery. Reciprocally,
mitochondria-derived ROS amplify LD biogenesis. The accumulation of LDs was
proven to have an amplifying effect on liver injury. Dampening LD accumulation
in mice subjected to a polymicrobial sepsis-induction model (CLP) by
pharmacological inhibition of DGATL reduced lipid peroxidation and protected the
treated animals from hepatic dysfunction. Taken together, our results
demonstrate a role for oxidative stress in LD biogenesis and the oxidative
changes in LD components, thereby supporting to the hypothesis that LDs
contribute to cell damage and organ dysfunction during sepsis.

The involvement of ROS in the LD formation process during infection
and sepsis was largely unknown. We demonstrated that LPS+IFNy-induced ROS
from either mitochondrial or NADPH oxidase activity were able to induce LD
formation. The relationship between mitochondrial ROS and the biogenesis of
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LDs was demonstrated in Drosophila model of neurodegeneration. In this study,
the increase in ROS production induced by mitochondrial gene mutations was
accompanied by an intense accumulation of LDs in glial cells, which was
abolished by antioxidant treatment or over expression of the SOD enzyme (Liu et
al.,, 2015). However, our data support a prevalent role for NADPH oxidase in
sepsis-triggered LD formation. While antioxidant-targeted mitochondrial ROS
only partially blocked LD biogenesis, pharmacological or genetic intervention on
NADPH oxidase activity completely reversed this phenotype. These findings are
in agreement with recent data showing that NADPH oxidase activation during
sepsis is up stream mitochondrial dysfunction and induces mitochondrial
superoxide production through pathways dependent on calcium overload
(Joseph et al.,, 2017). NADPH oxidase activity also reduces the expression of
several genes involved in fatty acid oxidation via JNK activation, compromising
mitochondrial function (Drosatos et al., 2011; Paumelle et al., 2019).

We shed light upon the molecular link between NADPH oxidase activity
and LD formation. Impaired production of ROS derived from the NADPH oxidase
complex had a profound impact on PPARy expression. PPARYy is a redox
sensitive transcription factor that coordinates lipid metabolism and
inflammation(Corona and Duchen, 2016; Varga et al., 2011). PPARy can be
upregulated and selectively activated by oxidized-fatty acids, which promote the
binding of PPARYy to specific target genes such as CD36, PLIN2, including
PPARYy itself (AlImeida et al.,, 2009; Chawla et al., 2001). Previous study from our
group and others showed that PPARYy activation is associated with increased LD
biogenesis in macrophages during infection(Almeida et al., 2014; Almeida et al.,
2009; Diaz Acosta et al., 2018; Mei et al., 2009). Therefore, the reduction in ROS
production in macrophages lacking the p22°Ph%Xsubunit may lead to fewer
oxidized-fatty acids impacting in PPARYy ligand availability. This mechanism might
be critical for the decrease in PPARYy expression and the inability of these cells
to form LDs in response to LPS + IFNy.

In both in vitro and invivo models, the LD content was oxidatively altered,
which also depended on NADPH oxidase activation as indicated by pretreatment
with apocynin that reversed all oxidative changes observed in these organelles.
LDs are dynamic organelles that interact with different cellular components,
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including mitochondria (Olzmann and Carvalho, 2019; Welte and Gould, 2017),
these oxidative alterations could be implicated in the amplifying of cell damage
since mitochondria are sensitive to excessive peroxidized lipids (Anderson et al.,
2012; Bindoli, 1988). Here we show that upon LPS stimulation and sepsis, LDs
interact with mitochondria including those producing large amounts of ROS. This
close association may favor the process of peroxidation of LD content.
Experimental sepsis increased the frequency of LD-mitochondrion interactions,
which was correlated with an increased mitochondrial ultrastructural damage.
Thus, LD and mitochondria interplay might be an important mechanism to induce
mitochondrial dysfunction during sepsis. We also confirmed that LD accumulation
is also deleterious at the organ level. Sepsis triggered a progressive increase in
LDs in hepatic tissue and a simultaneous alongside with increase information of
lipoperoxides within these organelles. These changes were associated with the
sepsis model severity and an increased markers of liver dysfunction. Oral
treatment with DGATLlinhibitor completely reversed sepsis-induced hepatic
steatosis. The TLC results showed that TAG synthesis inhibition did not result in
the accumulation of DAG, a lipid specimen with cytotoxic potential. This result is
in agreement with the description indicating that the enzyme DGAT1 also has
acyl CoA: monoacylglycerol acyltransferase (MGAT) activity, thus blocking
DGAT1 can also affect DAG production (Yen et al.,, 2005). Low hepatic TAG
levels result in decreased supply of oxidizable lipids within the LDs. Accordingly,
the depletion of sepsis-induced LDs reduced tissue MDA levels, which are close
to those of the control group. Previous studies have shown that the liver could
compartmentalize peroxidized lipids during sepsis (Toufekoula et al., 2013). Our
data indicate that LDs are among the main intracellular sites of hepatic
peroxidized lipids accumulation. Damping LDs formation improves sepsis-
induced liver dysfunction, supporting our hypothesis that LDs play a role in tissue
damage during sepsis.

In sepsis, tissue damage is the results of a maladaptive inflammatory
and metabolic response induced to resist infection and is associated with
inadequate tissue tolerance mechanisms that prevent collateral damage caused
by the immunometabolic response (Luan et al., 2019; Medzhitov et al., 2012).
The protection against liver damage achieved by DGATL inhibition is not related
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to the resistance mechanism, as shown by its dissociated from the control of
bacterial burden. In fact, our data indicate that DGATL inhibitor treatment actually
improves the mechanism of tissue tolerance against infection-induced
immunometabolic changes. Although Dgatl overexpression in some tissues has
been suggested to confer cytoprotection by channeling toxic lipid intermediates
to LDs (Koliwad et al., 2010; Liu et al., 2009; Liu et al., 2007), Dgatl deletion does
not necessarily lead to a deleterious phenotype (Chen and Farese, 2005). In
addition to the protection afforded by the reduction in LD formation and lipid
peroxidation described in our work, deletion or inhibition of DGAT1 can protect
tissue by altering the gene expression profile involved in glycolytic metabolism,
lipid uptake and fatty acid oxidation, thus reducing toxic lipid intermediate
formation (Liu et al., 2011; Smith et al., 2000; Villanueva et al., 2009; Zhang et
al., 2010).

DGAT1 inhibition also modulated the sepsis-induced inflammatory
response by downregulating the important LTB4/IL-6 axis. This finding is in
agreement with the well established role of LDs in inflammatory mediator
production (Bozza and Viola, 2010; Pereira-Dutra et al., 2019). The bioactive lipid
LTB4 is a potent leukocyte chemoattractant, that promotes cell activation and
enhances of antimicrobial functions (Brandt and Serezani, 2017). LTB4 induces
transcription of the IL-6 gene and synthesis of IL-6 during experimental sepsis
(Uozumi et al., 2008), which may explain why they are synergistically regulated
in our model. Reduced LTB4 and IL-6 levels were shown to protect against sepsis-
induced multiple organ dysfunction (Collin et al., 2004; Lee et al., 2018; Monteiro
et al., 2014). Therefore, modulation of these mediators can also contribute to the
liver protection achieved by the inhibition of DGATL.

In conclusion, the synergistic effects of inflammation along with increased
lipid synthesis and/or LD accumulation in combination with elevated ROS and
lipid peroxidation contribute to tissue damage and organ dysfunction. Our
findings demonstrate that under intense oxidative stress, the LD accumulation is
a maladaptive mechanism of tolerance against lipotoxicity and becomes a
component of liver dysfunction pathogenesis triggered by sepsis. Finally, we
show that inhibition of LD accumulation decreased the production of inflammatory
mediators and lipid peroxidation while improving tissue function, suggesting that
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Methods

Antibodies and reagents: Recombinant Murine IFN-y was obtained from
PeproTech. From Sigma-Aldrich (St Louis, MO) were obtained
Lipopolysaccharides from Escherichia coli (serotype 0111:B4, cat# L4931),
Antimycin A from Streptomyces sp. (cat# A8674), Oligomycin A (cat# 75351),
Rotenone (cat# R8875), Carbonylcyanide 4-(trifluoromethoxy)phenylhydrazone
(cat# C2920), Apocynin (cat# W508454) and diacylglycerol acyltransferase-1
(DGAT-1) inhibitor (cat# A92250). MitoTempo was obtained from Enzo Life
Sciences (Farmingdale, NY - cat# ALX — 430150 M0O05). Antibodies used in the
study were the following: anti-ADRP (cat# sc-32888), anti-PPARYy (cat# sc-
7196), anti-SREBP-1(cat.# sc-8984) from Santa Cruz Biotechnology (Dallas, TX);
B-actin from Sigma-Aldrich (St Louis, MO — cat.# 5316); anti-INOS (cat.# 610333)
from BD (New Jersey, USA); anti-p22phox (cat# ab80896) from Abcam
(Cambridge, USA). Anti-mouse IgG horseradish peroxidase (HRP), anti-rabbit
lgG HRP, and anti-goat IgG HRP were purchase from Jackson InmunoResearch
Laboratories, (West Grove, PA).

Mice: C57BL/6 and Swiss mice were supplied by the Oswaldo Cruz Foundation's
Central Animal House and used at 8-12 weeks of age. All experiments were
approved by the Animal Welfare Committee of the Oswaldo Cruz Foundation
under license number LW32/12 (CEUA/FIOCRUZ). Mice were maintained with
rodent diet and water available ad libitum with 12-h light—dark cycle under

controlled temperature (23 +1 °C).

Bone marrow-derived macrophages (BMDMs): Bone marrow-derived
macrophages (BMDM) were obtained by isolation from C57/BL6 and
differentiation in RPMI-1640 medium supplemented with 20% (v/v) fetal bovine
serum, 1% penicillin-streptomycin (v/v), and 30% (v/v) L929 culture supernatant.
Differentiated macrophages were cultured in RPMI-1640 supplemented with 1%
L-glutamine(v/v), 1% penicillin/streptomycin  (v/v) and 10% fetal bovine

serum(viv).
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Immortalized BMDMs (iBMM): iBMM cells were cultured in RPMI 1640
supplemented with 10% fetal bovine serum and penicillin/streptomycin with 5%
COz2 at37°C.iBMM cells were maintained at a density of 0.1x106 — 1x108 cells/ml.

Establishment of p22rhox-~knockoutiBMM lines by CRISPR-Cas9 system:

Immortalized bone marrow macrophages (iBMMs) were cultured in DMEM
(Gibco) with 10% FCS. To generate p22-deficient iBMMs, a target sequence for
mouse p22/CYBA (5'-GCTGGAGTATCCCCGGGGAAAGAGG-3’) was inserted
into the Cas9/gRNA expressing vector pX330 (Addgene #42230). Then, 106
iBMMs were co-transfected with 3ug of p22-pX330 and 1ugpmaxGFP (Lonza)
using Nucleofector KitV in a Nucleofector Il B equipment (Lonza). 48h later, GFP-
positive cells were sorted in a MoFlo XDP sorter (Beckman Coulter). Single
clones of sorted cells were obtained by serial dilutions. Clones were screened for
p22phox deficiency by western blotting using a full length p22 antibody (Santa
Cruz, sc-20781) and nucleotide deletion in the gene was confirmed by

seqguencing.

Macrophages stimulation and treatments: BMDMs and iBMMs cells were
seeded at 1 x 10°cells per well in 24-well places and stimulated with LPS serotype
0111: B4 (500 ng/mL) plus murine interferon y recombinant (10 ng/mL) for 24h,
at 37°C in 5% COz2. To study the effect of electrons flow modulation across the
electron transport chain on LD formation were used antimycin A (1 pg/mL),
rotenone (1 pg/mL), oligomycin A (2ug/mL) or FCCP (1uM) for 24h, at 37°C in
5% COz2. To reduce ROS levels were used mitochondrial-target antioxidant Mito-
TEMPO (100uM) or NADPH oxidase inhibitor apocynin (500uM), all added 1h
before LPS + IFNy and remained for24h, at 37°C in 5% COz:.

In selected experiments, BMDM seeded at 1 x 10° cells per well in 24-well
places were infected with E. coli at MOI 5 and incubated for 1 h at 37 °C in a
humidified atmosphere of 5% CO2. Extracellular bacteria were washed off with
HBSS added 100 pg/mL of gentamicin and BMDMs were incubated for 1h with
culture medium supplemented with 100 pg/ml gentamicin, at 37° C in

humidified atmosphere of 5% COz2. After, the medium was changed, fresh
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medium was added without antibiotic and the cells were cultured for 24h at 37°
C in humidified atmosphere of 5% COa:.

Flow Cytometry: BMDMs and iBMMs were cultured in non-adherence tubes (BD
Falcon, 149592A) at 1x10° cells per tube. After stimuli and treatments, cells were
washed in HBSS (without Ca%*and Mg2*/0.1% NaNs) and then resuspended in
100uL of HBSS at final concentration of 1 x 106cells/100 uL. The following indices
were assessed: Total ROS was detected using Dihydroethidium — DHE
(Molecular probes, D11347) (2.5 pM at 37°C for 30 minutes). Alternatively, total
ROS production was measured replacing DHE by CellROX Green (Molecular
probes, C10444) (2.5 pM at 37°C for 30 minutes). Mitochondrial-derived ROS
(ROSm) was detected using the cationic probe MitoSOX Red (Molecular Probes)
(2.5 pM at 37°C for 10 minutes). Cells were distinguished by characteristic
forward and side scattering and a gate excluding cell debris was utilized. A
minimum of 10000 events per gate was acquired using a FACScalibur flow

cytometer (BD Bioscience) and analysis were performed in FlowJo™ Software.

ROS detection by fluorescence microscopy: BMDMs cells were cultured in
8-well Chambered Cover glass labtek (Thermo Fisher Scientific, 155411) at
concentration of 1x10° cells/ well. After time of stimulation with LPS (500 ng/mL)
plus interferon y (10ng / mL) or antimycin a (1ug / mL), cells were stained. For
detection of total ROS was used the probe Dihydroethidium — DHE (Molecular
probes, D11347) (2.5 uM at 37°C for 30 minutes) and for mitochondrial ROS was
used MitoSOX Red (Molecular Probes, M36008) (0.5 puM at 37°C for 30 minutes).
Live cell imaging was obtained on Olympus Fluoview FV1000 confocal

microscope (Olympus America) with FV10-ASW acquisition software.

Mitochondria staining: BMDMs cells were cultured in 8-well Chambered

Coverglass labtek (Thermo Fisher Scientific, 155411) at concentration of 1x10°

cellsiwell. After 24h stimulation, cells were incubated with 25nM of MitoTracker

Red CMX Ros (Molecular Probes, M7512) in serum-free RPMI medium for 30

min at 37° C in humidified atmosphere of 5% COz, protected from the light. After

labeling, the cells were washed with warm RPMI medium and immediately
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analyzed. Live cell imaging was obtained on Olympus Fluoview FV1000 confocal

microscope (Olympus America) with FV10-ASW acquisition software.

Lipid Droplets staining: BMDMs and iBMMs cells were fixed with 3.7%
formaldehyde for 10 min and LDs were stained with 1 yM BODIPY 493/503
(Molecular Probes, D3922) or 500nM of HCS LipidTOX™ Red neutral lipid stain
(Molecular Probes, H34476) for 10 min. Alternatively, cells were stained with Nile
Red (Sigma-Aldrich, N3013) by diluting stock solution (1 mg/mL in acetone) at
ratio of 1:20.000 in PBS and incubated for 15 min. Subsequently, cells were
rinsed with PBS and immediately mounted with Vectashield (Vector Labs) for
same-day imaging. Images were obtained with Olympus Fluoview FV1000
confocal microscope. To LDs quantification, cells were staining with Oil red O
(Sigma-Aldrich, O0625) as previously described (Melo et al., 2011).

Lipid Peroxidation detection: BMDMs cells were cultured in 8-well Chambered
Coverglass labtek (Thermo Fisher Scientific, 155411) at concentration of 1x10°
cells/well. Simultaneously to stimuli, 10 yuM of C11-BODIPY%81/591 (Molecular
Probes, C10445) was added to culture and remained throughout all experiment
time (24h). Posteriorly, cells were washed three times with warm PBS, fresh
RPMI medium was added and cells were immediately analyzed. Live cell imaging
was obtained on Olympus Fluoview FV1000 confocal microscope (Olympus
America) with FV10-ASW acquisition software.

Protein peroxidation detection: Click-IT® Lipid Peroxidation Detection Kit
(Molecular probes, C10446) was used as manufacturer's instructions. Briefly,
BMDMs were cultured in 8-well Chambered Coverglass labtek (Thermo Fisher
Scientific, 155411) at concentration of 1x10° cells/ well. Simultaneously to stimuli
25 uM of LAA reagent was added to culture and remained throughout all
experiment time. After 24h stimuli, cells were fixed in 3% formalin for 20 min,
washed 3x with PBS and then permeabilized with 0.05% Triton® X-100 for 10
min and blocked with 1% BSA for 30 min. Click reaction was performed by
incubating cells with manufacturer-supplied reagent cocktail containing 5 pM
Alexa 488 Fluor® azide for 30 min. Subsequently, cells were rinsed with PBS and
22
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immediately mounted with Vectashield (Vector Labs) for same-day imaging.
Images were obtained with Olympus Fluoview FV1000 confocal microscope

(Olympus America) with FV10-ASW acquisition software.

Western blotting: BMDMs and iBMMs were seeded at 1 x 106 cells per well in
6-well plates. The cells were washed with ice-cold PBS, scraped and lysed in
lysis buffer (150 mM NacCl, Triton 0.1% (v/v) and glycerol 10% (v/v) 10 mM Tris-
HCI pH 8.0) in the presence of inhibitors of proteases and phosphatases (Roche).
After centrifugation at 13 000 g for 5 min, cell lysates were prepared in reducing
and denaturing conditions and subjected to SDS-PAGE. Equal concentrations of
proteins were fractionated by electrophoresis on 10% or 15% acrylamide gels
and were transferred onto a nitrocellulose membrane (Millipore, Billerica, MA,
USA), followed by blockage with 5% nonfat milk in TBST (50 mM Tris-HCI (pH
7.4), 150 mM NacCl, 0.05% Tween 20) and blotting with primary antibodies in
TBST with 1% nonfat dry milk. Proteins of interest were then identified by
incubating the membrane with HRP-conjugated secondary Absin TBST, followed
by the detection of Ag-Ab complexes by Supersignal Chemiluminescence
(Thermo Scientific, EUA).

Plin-2/ADRP immunofluorescence: BMDMs and iBMMs were cultured in 24-
well at concentration of 1x10° cells/well. After 24h stimulation, cells were fixed in
3% formalin for 10 min washed with PBS and permeabilized with 0.2% triton in
PBS for 20 min. After, cells were incubated with blocking solution composed by
1% donkey serum (Jackson Laboratories, 017-000-121) in PBS for 1 h and then
incubated with guinea pig primary antibody against Plin2/ADRP (Fitzgerald, 20R-
AP002) at 5ug/ml in PBS for 24 h at 4 °C. After this period, cells were washed 3x
with PBS for 10 min then incubated with Alexa-488-conjugated secondary
antibody (Molecular Probes, A-11073) 1:1000 diluted in PBS for 1 h, washed 3x
with PBS and mounting with Vectashield medium containing DAPI (Vector
Laboratories - H-1,200). The labeling specificity was confirmed replacing primary

antibody with control isotype.
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Measurement of 8-Isoprostane: Total 8-Isoprostane was measured in cell-free
culture supernatant or in isolated hepatic LDs by enzyme-linked immunoassay -
EIA (Cayman Chemical, Cat. # 516351) according to the manufacturer’s
instructions.

Measurement of nitric oxide: Nitrite levels in cell-free culture supernatant were
measured using Griess reagent system according to the manufacturer’s

instructions (Promega cat.# G2930).

Measurement of Lactate: Lactate levels in cell-free culture supernatant were

measured using enzymatic lactate kit (Labtest, cat# 138-1/50) performed as

manufacturer's instruction.

Polymicrobial sepsis model (CLP): Sepsiswas induced by Cecal Ligation and
Puncture (CLP). Briefly, C57BL/6 and Swiss mice were anesthetized with
intraperitoneal injections of ketamine (100 mg/kg) and xylazine (10 mg/kg) and a
1 cm incision was made on the abdomen. The cecum was exposed and ligated
below the ileocecal junction. The number of puctures made varied according to
the degree of severity sought, with 2 perforations (moderate sepsis) and 9
perforations (severe sepsis) using a 22-gauge needle. Sham-operated animals
(control) underwent an identical laparotomy but without ligation and punctures.
All mice received 1 ml of sterile saline subcutaneously as fluid resuscitation and
antibiotic therapy by subcutaneous injection of meropenen (10 mg/kg) (Merck) at

6h and 24h hours after surgery.

DGAT-1 inhibition in vivo: The Diacylglycerol acyitransferase-1 (DGAT-1)
inhibitor was first dissolved in DMSO at proportion of 10mg / 200uL as stock
solution then diluted insaline. Sham and CLP mice were orally treated withDGAT -

1li solution at dose of 3 mg/kg or vehicle at 6h and 24h post surgery.

Transmission Electron microscopy (TEM): Peritoneal cells from Swiss mice

subject to CLP or Sham operated were prepared to TEM as described(D'Avila et

al., 2006). Briefly, peritoneal wash was centrifuged and cell pellet was

immediately fixed in 0.1 M phosphate buffer solution containing 1%
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paraformaldehyde and 1% glutaraldehyde, pH 7.3, for 4 h at room temperature
and washed in the same buffer. The samples were post-fixed in a mixture of
phosphate buffer containing 1% osmium tetroxide and 1.5% potassium
ferricyanide for 1 h before dehydration in a gradual series of ethanol.
Subsequently, they were infiltrated and included in propylene oxide - Epon
(PolyBed 812). After polymerization at 60°C for 16 h, ultrathin sections were
made using ultramicrotome diamond razor (Sorvall MT2) and collected on 200
mesh grids (Ted Pella) before staining with uranyl acetate and lead citrate. The
samples were analyzed under transmission electron microscope (EMI, Zeiss) at
60KV and JEOL-JEM-1011 at 80 KV.

Hepatic LD isolation: Mice from CLP and Sham group were euthanized 24 or
48 hours post surgery. After liver perfusion with 0.9% NaCl and 0.1% EDTA
solution, the tissue was macerate into a dounce tissue grinder at proportion of 1g
/ 3mL of homogenization buffer (25 mM Tris-HCI, pH 7.5, 100 mMKCI, 1 mM
EDTA, 5mM EGTA) supplemented with antioxidant (BHT, 0,1%), protease and
phosphatase inhibitor cocktail (Roche). After, the liver homogenate was
centrifuged at 500 g for 10 minutes at 4°C. The resulting post-nuclei supernatant
was collected and applied to a sucrose gradient (1.08 M, 0.27 M and 0.135 M)
and subjected to ultracentrifugation (150,000 x g for 70 min). After
ultracentrifugation was collect the first fraction rich in isolated LDs. To the first
fraction was added TEE-KCI buffer and LDs were isolated a second time by a
centrifugation at 14,000 g for 15 min. As control of properly cell fractionation, the
activity of cytoplasmic enzyme lactate dehydrogenase - LDH (Promega, G1780)

was assayed.

Thiobarbituric acid-reactive species assay (TBARS): TBARS, anindex of lipid
peroxidation, were determined according to the method described by Buege and
Aust, (1978) with some modifications. Trichloroacetic acid and thiobarbituric acid
were added to samples and incubated for 1 h at 100°C. A calibration curve was
performed using 1,1,3,3-tetramethoxypropane. The absorbance was read at 535

mm, the results were reported as nmol TBARS/mg protein.
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Measurement of triglycerides: Triglycerides levels in isolated LDs was
measured using enzymatic triglycerides liquiform kit (Labtest, cat# 87-2/100)

according to manufacturer’s instruction.

Thin-layer chromatography (TLC): Hepatic lipid fractions from 1mg of tissue
samples were extracted applying the Bligh and Dyer method (BLIGH and DYER,
1959). TLC was performed on silica gel 60 plates (Merck) according to Horwitz
and Perlman (1987). Plates were developed in hexane/ ethyl ether/ acetic acid
solution (60:40:1, v/v) until the solvent front has reached the upper line. Neutral
lipids were identified by comparison with standard lipids (1 mg/ml): cholesterol
(CHO), cholesterol ester (CE), fatty acid (FA), monoacylglycerol (MAG),
diacylglycerol (DAG), triacylglycerol (TAG), obtained from Sigma. For
visualization of lipids, the TLC plates were stained by spraying with Charring
reagent (3% CuSO4 and 8% HsPOs4 viv) and heating at 110°C for 10 min.

Triacylglycerol level were quantified by densitometry using the software ImageJ.

Measurements of liver function markers: Serum levels of aspartate
transaminase (AST), alanine transaminase (ALT) and albumin were performed in
a Metrolab2300® autoanalyzer, according to the manufacturer's instructions

(Wiener Lab Group, Argentina).

Leukotriene Bslevel measurements: Levels of LTB4in cell-free peritoneal wash

were measured using an enzyme-linked immunosorbent assay kit according to
manufacturer’s instructions (Cayman, cat.# 520111).

Cytokine level measurements: Levels of IL-6, MCP-1, and IL-10 in cell-free
peritoneal wash were measured using an enzyme-linked immunosorbent assay

kit according to manufacturer’s instructions (R&D systems).

Statistical analysis: Data obtained inthis study were presented as mean + SEM
and compared by analysis of variance (ANOVA). In case of significant interaction,
Bonferroni post-test was used unless otherwise noted. For all analyzes was
adopted p<0.05 as the significance level.
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Figure 1: Accumulation and peroxidation of hepatic LDs induced by sepsis
occur simultaneously to hepatic dysfunction. Lipid droplets level of (A) total
triglycerides and (B) 8-isoprostane measured in isolated LDs (the F1 fraction of
sucrose gradient) from livers of sham or septic (mild sepsis - 2 punctures) mice
at 24 or 48h after CLP. (C) Representative images of Bodipy-labeled LDs (green)
in the liver of Sham, mild (2 punctures) or severe (9 punctures) sepsis at 24h after
CLP. Nuclei were visualized by DAPI staining (scale bar: 70pm). Serum level of
(D) oxalacetic transaminase (AST), pyruvic transaminase (ALT) and (E) albumin
were assayed 24h after CLP. (A, B, D, E) Data show meant+ SEM (n= 4—6 mice
per group) *p <0.05 versus control group, #p <0.05 versus CLP 24h, One-way
ANOVA followed by Bonferroni’ test.
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Figure 2. Experimental sepsis increased the frequency of LDs-
mitochondria interaction, which was correlated with mitochondria
ultrastructural damage. Representative electron micrographs of peritoneal cells
from (A) control group (Sham) and (B) septic group (CLP), 48 h post surgery. (C)
and (D) show LDs number and area per cell, respectively, for each group. A total
of 30 electron micrographs per group were evaluated. Data are expressed as
mean = SEM. (*) indicates differences considered significant compared to the
control group (unpaired ttest), p <0.05. Analysis of number and area were made
using the software imageJ® 1.41. In (E), measurement of 8-isoprostane levels in
supernatants harvested from peritoneal wash of mice submitted or not to mild
sepsis (2 punctures in the cecum) and severe (9 punctures), 24h post surgery.
For statistical analysis, ANOVA was performed, followed by Bonferroni’s post-
test. The differences were considered significant when p< 0.05. The differences
in relation to the control group were indicated by (*) n=6 animals per group. (F,
G) Representative electron micrographs showing mitochondria-LD interaction
events. Scale bar:1,2 ym. (H) Percentage of mitochondria morphologically intact
or altered. In (I), percentage of mitochondriain interaction with LDs, in each group.
In (J), percentage of ultrastructurally damaged mitochondria (as illustrated in G)
in interaction with LDs. Scale bar: 1.2 ym. A total of 398 mitochondria were
analyzed in the control group and 393 in the CLP. (*) indicates differences
considered significant in relation to the control group (unpaired t test), p <0.05.

LDs = Lipid droplets, N = nucleus.
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Figure 3: ROS induce lipid droplet (LD) biogenesis in macrophages. (A)
Fluorescence microscopy images from dihydroethidium (DHE) or MitoSox Red-
labeled BMDMs after 30 min of stimulation by LPS (500 ng/mL) + IFNy (10 ng/mL)
or treatment with Antimicyn A (Anti A, 1ug/mL) (n=3, scale bar: 50 uym). (B)
Representative images of Oil Red O-labeled LDs (red) of BMDMs after 24h of
stimulation (n=3, scale bar: 50 ym). (Bi) Higher magnification, scale bar: 3.5 pm.
(C) Kinetics of LD formation after stimulation (0.5, 2, 6, and 24 h) with LPS + IFNy
or antimicyn A treatment. Data were represented as mean £ SEM, n=3, *p <0.05,
ANOVA One-Way followed by Bonferroni’s test. (D) Representative images of
BMDM immunolabeled with anti-Plin2/ADRP antibody (green) after 24h of
stimulation (n=3, scale bar: 20pm). Nuclei were visualized by DAPI staining
(blue). (E) Western blot analysis of Plin2/ADRP and 3-actin in BMDMs treated
with antimicyn A (Anti A - 1ug/mL), rotenone (rot -1 ug/mL), oligomycin A (Oligo
A -2 ug/mL) or FCCP (1 uM) for 24h. (F, G) Representative confocal images from
live BMDMs showing (F, Fi) Bodipy 493/503-labeled LDs (green) and Mitotracker
CMXRos Red-labeled mitochondria (Scale bar: 10 ym. Higher magnification:
scale bar: 3.5 um). In (G, Gi) Bodipy “93/503-labeled LDs (green) and mitochondrial
ROS stained by MitoSox (red) (Scale bar: 20 um. Higher magnification: scale bar:
6.5 ym. n=3).
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Figure 4: Antioxidants inhibit lipid droplet (LD) biogenesis in
proinflammatory macrophages. (A) LD counting in BMDMs after in vitro
incubation for 24h with LPS + IFNy alone or in the presence of Mito-TEMPO (100
MM). (B) The MFI for DHE in BMDMs stimulated by LPS + IFNy or treated with
antimicyn A, for 24h, alone or in the presence of apocynin (500 puM).
Representative histograms are shown (n=3). (C) Confocal images from Oil Red
O-labeled LDs (red) in BMDMSs. The nucleus was stained by DAPI (blue). (Scale
bar: 20pum). (D-F) LD counting in BMDMs after 24h of (D) LPS + IFNy stimulation,
(E) E. coli infection or (F) antimycin A treatment, with or without pre-treatment
with apocynin. (A, D, E, F) Cells were stained by Oil Red-O and then 50 cells
were counted consecutively under bright field microscope. Each bar represents
the mean £ SEM. For statistical analysis it was performed ANOVA, followed by
the Bonferroni’s post-test. The differences were considered significant when p<
0.05, n=3. Differences from the respective control groups were indicated by (*)
and between the groups stimulated with LPS + IFNy or infected by E. Coli were
indicated by (#)
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Figure 5: LD biogenesis induced by LPS + IFNy is dependent on NADPH
oxidase activity. (A) The MFI for Cell Rox green from wild-type and p22phox+
IBMMs clones stimulated by LPS (500 ng/mL) + IFNy (10 ng/mL) for 24h.
Representative histograms are shown. (n=3). (B) Levels of nitrite were measured
by Griess method in supernatant of IBMM cultures after 24h of stimulus. Each
bar represents the mean + SEM. Statistical analysis were performed with one-
way ANOVA followed by Bonferroni’s post-test. The differences were considered
significant when p< 0.05, n=3. Differences from the respective control groups
were indicated by (*) and between wild-type stimulated with LPS + IFNy were
indicated by (#) (n=4). (C) Representative images of Oil Red O-labeled LDs (red)
from wild-type and p22rhox-- IBMMs clones stimulated or not by LPS + IFNy for
24h (scale bar:20um). (D)LDs counting in wild-type and p22Phox-- IBMMs clones
stimulated or not by LPS + IFNy for 24 h. After Oil Red-O staining 50 cells were
counted consecutively under bright field microscope. Each bar represents the
mean * SEM. Statistical analysis were performed ANOVA followed by the
Bonferroni’s post-test. The differences were considered significant when p< 0.05,
n=3. Differences from the respective control groups were indicated by (*) and
between wild-type stimulated with LPS + IFNy were indicated by (#). (E) Western
blot analysis for p22°rox iNOS, PPAR-y, SREBP-1and B-actin. n=3.
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Figure 6: Lipid and protein content of LDs are susceptible to oxidation. (A,
E) Representative confocal images from live BMDMs stained with lipid
peroxidation sensor Bodipy®81/591-C11. Oxidized probe emission in green while
reduced form in red. (n=3, scale bar: 20um. Ai, Aii Higher magnification - scale
bar: 10 ym).(B, G) Representative confocal images from BMDMs stained by
Click-iT® Lipid Peroxidation Imaging Kitfor detection of lipid peroxidation-derived
protein modifications (green). Nuclei were visualized by DAPI staining (blue).
(n=3, scale bar. 20um. Bi, Bii Higher magnification - scale bar: 10 pm).
Counterstaining with neutral lipid probe Nile red was performed in (C). Scale bar:
5 um. (D, Di) Lipid peroxidation-derived protein modifications detected in cells
from peritoneal wash of septic mice 48 h after mild CLP model. (E) Measurement
of 8-isoprostane levels in supernatants harvested from BMDM cultures. For
statistical analysis ANOVA was performed followed by Bonferroni’s post-test. The
differences were considered significant when p< 0.05. n=4. The differences
related to the control group were indicated by (*) and in relation to the groups

stimulated with LPS + IFNy were indicated by (#).
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Figure 7: Oral treatment with DGAT1 inhibitor reduces hepatic LD
accumulation, tissue lipid peroxidation and prevents sepsis-induced liver
dysfunction. Sham or septic (2 punctures in the cecum) mice were orally treated
or not with A922500 (DGAT1 inhibitor, 3mg/kg) and euthanized48h after surgery
(A) Hepatic LD deposition in vivo evidenced by intravital confocal microscopy
after Bodipy*9%/503 staining (green). (B) Percentage of bodipy fluorescence area
(LDs) per field. The graph shows averages of the analyzed images of 3 animals
per group. For statistical analysis, ANOVA was performed followed by

Bonferroni’s post-test. The differences were considered significant when p< 0.05.
(C) Representative micrograph from cryosections of liver tissue stained with QOil
Red O (red). Scale bar: 80 um. (D) Representative thin layer chromatography
(TLC) of liver neutral lipids extract (n=6 mice/group). Standards: Cholesterol ester
(CE), cholesterol (C), triacylglycerol (TG), diacyiglicerol (DG) and
monoacylglicerol (MG). (E) Serum level of oxaloacetic transaminase (AST), (F)
pyruvic transaminase (ALT) and (G) albumin were assayed at 48h after CLP. (H)
Bacterial load was assayed at 48h after CLP. (I)Hepatic MDA content levels were
assayed at 48h after CLP. Measurement of (J) Leukotriene B4 (LTB4) and (K) IL-
6 levels in supernatants harvested from peritoneal wash of mice submitted or not
to CLP. For statistical analysis of (E-K), ANOVA were performed followed by
Bonferroni’s post-test. (Sham n=9, CLP n=19, CLP-DGAT1-i n=18, *p<0.05,
**p<0.01, **p<0.001).
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Figure S1: Mitochondrial ultrastructural changes induced by sepsis in peritoneal cells.
(A-F) Representative electron micrographs of mitochondria highlighting the ultrastrutural
parameters used to classify mitochondria as (A) intact or (B-F) altered. The major
mitochondrial changes were: (B-D) swelling; (B, D) reduction in the number of mitochondrial
cristae; (C) disarrangement of the mitochondrial cristae; (D) emptying of the mitochondrial
matrix; (E) disruption of the mitochondrial envelope (arrowheads), and (F) vacuolization
(asteriscs). Note in (F) that the mitochondrion is in process of degeneration. Cells were fixed
and processed for transmission electron microscopy as before (Melo et al., 2006). Scale bar:
(A, B) 400 nm, (C, D) 1.5 uym, (E, F) 350 nm.
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Figure S2: Apocynin inhibit the oxidation of lipid and protein content of LDs in

macrophages. (A) Full panel of representative confocal images from live BMDMs stained
with lipid peroxidation sensor Bodipy®®"**'-C11. Oxidized probe fluoresce in green while in
reduced form fluoresce in red. (n=3, scale bar: 20 ym. Ai, Aii - Higher magnification - scale
bar: 10 um).(B) Full panel of representative confocal images from BMDMs stained by Click-
iT® Lipid Peroxidation Imaging Kit for detection of lipid peroxidation-derived protein
modifications (green) Counterstaining with neutral lipid probe Nile red. Nuclei were visualized
by DAPI staining (blue). (n=3, scale bar: 20 um. Bi, Bii - Higher magnification - scale bar: 10

Mm).
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Figure
S3: Effects of oral treatment with DGAT1 inhibitor in septic mice. Sham or septic (2
punctures in the cecum) mice were orally treated or not with A922500 (DGAT1 inhibitor,
3mg/kg) and euthanized 6h after surgery (A) Hepatic LD deposition in vivo evidenced by

intravital confocal microscopy after Bodipy “°¥°%°

staining (green). (B) Percentage of bodipy
fluorescence area (lipid droplets) per field. The graph shows averages of the analyzed
images of 3 animals per group. (C) Densitometry from TLC of liver neutral lipids extract collect
48 h post surgery (n=6 mice/group). Measurement of (D) MCP-1 and (E) IL-10 levels in
supernatants harvested from peritoneal wash of mice submitted or not to CLP. For statistical
analysis of (B-E), ANOVA were performed followed by Bonferroni’'s post-test. *p <0.05,
**p <0.01, *™*p <0.001. For (D, E) sample were collect 48 h post surgery from Sham group

n=9 mice, CLP n=19 mice, CLP-DGAT1-i n=18 mice
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