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RESUMO



As células-tronco mesenquimais (MSC) foram identificadas primeiramente por
Friedenstein e Petrakova (1966), que isolaram estas células progenitoras a partir da
medula éssea de rato e observaram serem capazes de se diferenciarem em linhagem de
tecido conectivo, incluindo osso, tecido adiposo, cartilagem e musculo. As MSCs
surgiram nos ultimos anos como ferramentas terapéuticas baseadas em quatro
caracteristicas importantes: potencial de diferenciacdo, capacidade para modular a
resposta imune, capacidades pré-angiogénicas promovendo regeneracao tecidual, e
baixa imunogenicidade, sendo que esta Ultima caracteristica pode permitir tratamentos
alogénicos. Com base nas suas propriedades imunomoduladoras e efeitos paracrinos
através de fatores troficos com propriedades anti-fibréticas, anti-apoptdticas ou pro-
angiogénicas, as MSCs sdo consideradas um instrumento promissor para a terapia
celular, em particular para doencas inflamatdrias. As MSCs regulam as fun¢des de uma
ampla gama de células imunes, e sdo ativadas por mediadores inflamatdrios liberados
de células imunes ativadas. Os mecanismos envolvidos na atividade imunorreguladora
de MSCs estdo ainda sob investigacdo. Desta forma, as células-tronco mesequimais se
tornam uma potencial alternativa de tratamento para a sepse e para infecgdo pulmonar
aguda, podendo levar a interrup¢ao do curso da patogénese, e provocar a reducdo da
mortalidade de ambas patologias. O principal objetivo deste trabalho foi avaliar o efeito
terapéutico e imunomodulador de células-tronco mesenquimais no tratamento da
sepse e da lesdo pulmonar aguda e buscar os seus possiveis mecanismos de acdao. Nossos
resultados demonstraram pela primeira vez, que a redu¢ao da inflamacao na sepse
provocada pelo tratamento com células-tronco mesenquimais estd diretamente
envolvido a inibicdo da via das proteinas ativadas por mitégenos (MAPKs) e que as MSCs
foram incapazes de modular a expressao de receptores do tipo toll. Durante a lesdo
pulmonar aguda (LPA) ficou evidente a imunomodulagdo provocada pelo tratamento e
a diminuicdo do estresse oxidativo que consequentemente ocasionou a uma diminuicdo
da formacdo das redes extracelulares de neutréfilos (NETs), levando a um aumento na
sobrevida dos animais com LPA. Os resultados promissores obtidos neste estudo sdao
encorajadores e sugerem que as MSCs podem ser uma op¢ao terapéutica para tratar a
sepse e a lesdo pulmonar aguda em pacientes no futuro.

Palavras-chave: sepse, infeccdo pulmonar aguda, células-tronco mesenquimais,
inflamacao.
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Mesenchymal stem cells (MSC) were first identified by Friedenstein and Petrakova
(1966), who isolated these progenitor cells from rat bone marrow and found that these
cells are able to differentiate into connective tissue lineage including bone, adipose
tissue, cartilage and muscle. MSCs have emerged in recent years as therapeutic tools
based on four important features: differentiation potential, capacity to modulate
immune responses, pro-angiogenic and repair promoting capacities, and low
immunogenicity, the latter feature may allow allogeneic treatments. Based on their
immunomodulatory properties and paracrine effects through trophic factors with anti-
fibrotic, anti-apoptotic or pro-angiogenic properties, MSCs are considered a promising
instrument for cell therapy, in particular for inflammatory diseases. MSCs regulate the
function of a broad range of immune cells, and are activated by inflammatory mediators
released from activated immune cells. The mechanisms involved in the
immunoregulatory activity of MSCs are still under investigation. Therefore, MSCs
become a potential treatment alternative for sepsis and for acute lung infection, which
may lead to the interruption of the sequence in the pathogenesis and cause mortality
reduction of both pathologies. The principal objective of this study was to evaluate the
therapeutic and immunomodulatory effect of MSCs in the treatment of sepsis and acute
lung injury and search for their possible mechanisms of action. Our results
demonstrated for the first time that the reduction of inflammation in sepsis caused by
treatment with MSCs is directly involved in the inhibition of the pathway of mitogen-
activated proteins (MAPKs) and that MSCs were unable to modulate the expression of
toll-like receptors. During acute lung injury (ALl), the immunomodulation caused by the
treatment and the decrease of the oxidative stress that consequently led to a decrease
in the formation of extracellular neutrophil network (NETs), leading to an increase in
the survival of animals with LPA. The promising results obtained in these studies are
encouraging and suggest that MSCs might be a therapeutic option to treat sepsis and
acute lung infection in patients in the future.

Keywords: Sepsis, acute lung injury, mesenchymal stem cells, inflammation.
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CAPITULO 1

INTRODUCAO
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1. Introdugao

1.1 Sepse

A sepse é uma sindrome complexa de origem infecciosa, ocasionando uma
resposta inflamatdria sistémica descontrolada do individuo. E caracterizada por
manifestacdes multiplas que podem determinar disfuncdo ou até mesmo a faléncia de
um ou mais érgdos, e consequentemente sua morte. Seus fatores fisiopatoldgicos
incluem, principalmente, o local da infeccdo, sendo os sistemas da coagulagdo,

fibrinolitico e inflamatério os determinantes de sua evolu¢do®.

O termo septicemia vem sendo usado desde a Grécia antiga para descrever casos
onde havia putrefacdo associado com doenca e morte?. Esta patologia foi descrita
primeiramente por Tilney et al* em 1973, como “faléncia sistémica sequencial”,
abrangendo trés pacientes que evoluiram para ébito por faléncia organica. Em 1975
Baue? descreveu trés pacientes como “faléncia orgénica sistémica progressiva, multipla

IH

ou seqliencia

Devido a esta grande quantidade de termos sinGnimos para designar a mesma
condicdo clinica e a sua gravidade, em agosto de 1991, uma nova definicao foi
estabelecida pelo American College of Chest Physicians e a Society of Critical Care
Medicine, determinando assim um consenso sobre as definicdes e os critérios para o
diagndstico da sepse®. Em 2001, a International Sepsis Definitions Conference (Tabela 1),
congregando um maior numero de pesquisadores e peritos de varias partes do mundo,
optou por ndo modificar as definicdes vigentes e sim por ampliar a lista de sinais e

sintomas da sepse®.

Tabela 1- Critérios para diagndstico na sepse

Infec¢ao documentada ou suspeita e algum dos seguintes critérios:
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— Varidveis gerais

Febre (temperatura central > 38,32 C)

Hipotermia (temperatura central < 362 C)

Freqliéncia cardiaca > 90 bpm ou > 2 DP acima do valor normal para a idade
Taquipnéia

Alteragao de sensdrio

Edema significativo ou balango hidrico positivo ( > 20 ml/kg/24 horas)

Hiperglicemia na auséncia de diabete (glicemia > 120 mg/dl)

— Variaveis inflamatérias

Leucocitose (contagem leucdcitos totais > 12.000 / mm?3)

Leucopenia (contagem leucdcitos totais < 4.000 / mm?3)

Contagem de leucécitos totais normal com > 10% de formas imaturas
Proteina C-reativa no plasma > 2 DP acima do valor normal

Procalcitonina plasmatica > 2 DP acima do valor normal

— Variaveis hemodinamicas
Hipotensao arterial (PAs < 90 mmHg, PAM < 70 mmHg, ou

Reducdo da PAs > 40 mmHg em adolescentes, ou PAs / PAM < 2 DP abaixo do normal

para idade)
Saturacdo de oxigénio venoso misto > 70% (ndo valido para criangas)

Indice cardiaco > 3,5 L/min (n3o valido para criancas)
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— Variaveis de disfuncdo de drgaos

Hipoxemia arterial (PaO2 / FiO2 < 300)

Oliguria aguda (diurese < 0,5 mL/kg/h)

Creatinina > 0,5 mg/dL

Alteracdes de coagulacdo (INR > 1,5 ou TPPA > 60 s)

fleo (auséncia de ruidos hidroaéreos)

Trombocitopenia (contagem de plaquetas < 100.000 / mm3)

Hiperbilirrubinemia (Bilirrubina total > 4 mg/dL)

— Varidveis de perfusao tecidual
Hiperlactatemia (> 1 mmol/L)

Enchimento capilar reduzido ou moteamento

BPM: batidas por minuto; DP: desvio padrdo; PAs: pressao arterial sistélica; PAM:
pressdo arterial média; PaO;: pressao parcial de oxigénio; FiO2: fracdo inspirada de
oxigénio; INR: razdo normalizada internacional; TTPA: tempo de tromboplastina parcial

ativada.

A Society of Critical Care Medicine (SCCM) e a European Society of Intensive Care
Medicine (ESICM) convocaram uma forga-tarefa internacional para revisar as defini¢cdes
de sepse e choque séptico em janeiro de 2014. Em fevereiro de 2016, este ultimo
consenso foi publicado no periddico JAMA’2 e posteriormente apresentado no 45th
Critical Care Congress em 2016. Para facilitar o diagndstico da sepse, foi identificado um
novo critério clinico que pode ser utilizado em emergénicas hospitalares, para

rapidamente avaliar e diagnosticar pacientes com sepse.

A nova ferramente diagndstica é denomida quickSOFA (escore sequencial de

faléncia organica) ou gSOFA. Consiste em 3 testes clinicos que sdo conduzidos no leito
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do paciente para identificar o risco para o desenvolcimento da sepse. O acesso ao qSOFA

é feito por 3 sinais clinicos:

- Alteracao do estado mental.

- Diminuigao da pressao sistodlica abaixo de 100 mmHg.

- Frequéncia respiratdria maior que 22 respiracées/min.

Dados indicam que pacientes com 2 ou mais destas condi¢gdes tem um
significante risco de prolongar sua estadia na UTI (3 ou mais dias) ou morrer no hospital.
Para esses pacientes, recomenda-se aos médicos uma investigacdo maior sobre a
disfuncdo organica, iniciem ou intensifiguem a terapia conforme apropriado e
considerem o encaminhamento para cuidados intensivos ou aumentem a freqiiéncia de
monitoramento dos pacientes. Se os pacientes possuem 2 ou 3 componentes do qSOFA,
devem ser examinados para faléncia organica e para tanto, dois novos critérios clinicos
foram identificados e devem ser utilizados para o diagndstico de pacientes com choque

séptico, que sdo’8:

- Persistente hipotensdo requerendo vasopressores para manter Pressdo Arterial

Media =65 mmHg.

- Lactato sanguineo =2 mmol/L, apesar de volume adequado de ressuscitagdo.

Os dados indicam que as taxas de mortalidade dos pacientes com estas duas
condigdes sao superiores a 40%, ou quatro vezes maior do que 0s pacientes com sepse.
As novas recomendagdes representam um importante avango, mas certamente nao o
Ultimo no estudo em evolucdo da sepse’. Essas defini¢cdes atualizadas denominadas
"Sepsis-3", devem oferecer maior consisténcia para estudos epidemioldgicos e ensaios
clinicos e facilitar o reconhecimento prévio e o manejo mais oportuno de pacientes com

sepse ou com risco de desenvolver a sepse.
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1.1.1 Epidemiologia

A sepse tem representado um grave problema epidemioldgico para os sistemas
de saude em todo o mundo, tanto do ponto de vista econ6mico como social. Atualmente
a sepse acomete cerca de 18 milhdes de pessoas por ano no mundo. De acordo com
um estudo epidemioldgico nos EUA, a incidéncia da sepse aumentou de 82,7 para
240,4/100 mil habitantes, bem como as mortes relacionadas a ela, ainda que a taxa de

mortalidade geral entre os pacientes com sepse tenha sido reduzida nesse periodo®.

A incidéncia da sepse relatada na literatura pode variar de acordo com as
caracteristicas de cada regido e local, sendo que nos EUA e Europa, a sepse é responsavel
por 2-11% das interna¢des em UTI. Andlise retrospectiva de Jacobs et al’?, em mais de
2.000 admissGes de uma UTI pediatrica, identificou 42,5% de pacientes com doenca
infecciosa, dos quais 63% destes evoluiram para o estado de choque séptico. Proulx et
al*, avaliando 1.058 admissdes em UTI pedidtrica do hospital universitario canadense,
identificaram 82% de sindrome da resposta inflamatdria sistémica (SRIS), sendo 23% de
etiologia infecciosa (sepse), das quais 2% com choque séptico. No Brasil a incidéncia da
mortalidade provocada pela sepse e suas conseqiiéncias varia de 40 a 45%, conforme

dados do Brazilian Sepsis Epidemiological Study*?

Estudos epidemiolégicos mais recentes revelam que as bactérias Gram-positivas
se tornaram a causa mais comum de sepse nos ultimos 25 anos *3. De acordo com as
estimativas mais recentes na sepse, ha cerca de 200.000 casos de sepsis Gram-positiva
(maior incidéncia de Staphylococcus aureus, Streptococcus pneumoniae, Enterococcus
spp) a cada ano, em comparac¢do com aproximadamente 150.000 casos de sepsis Gram-
negativa (maior incidéncia de Escherichia coli, Pseudomonas aeruginosa, Klebsiella

pneumonia) nos EUA 4,

Embora as causas bacterianas da sepse tenham aumentado com o aumento geral
da incidéncia, as causas fungicas da sepse tém crescido a um ritmo ainda mais rapido.
Isso pode representar um aumento geral nos casos de sepse nosocomial, promovendo

assim infeccBes fungicas para um papel mais importante?!3.
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1.1.2 Resposta do Organismo a Infec¢dao na Sepse

A inflamagdo é uma resposta normal do hospedeiro contra agentes infecciosos.
A sepse é caracterizada pela producdo excessiva de mediadores inflamatérios, assim
como pela expressiva ativacdao de células inflamatdrias, resultando em uma anarquia

metabdlica®>.

Quando a infeccdo ou bacteremia ocorre, a primeira linha de defesa do
hospedeiro é realizada por células fagocitarias (macréfagos, mondcitos e granuldcitos
polimorfonucleares) e pela via alternativa do complemento, agindo de maneira ndo
especifica. Posteriormente, as imunoglobulinas e as células imunocompetentes iniciam

a resposta imune especifical>1®,

Os componentes da parede bacteriana, onde se destacam as endotoxinas
(lipopolissacarideos) dos microorganismos gram-negativos (principalmente o lipidio A)
e o acido teicdico dos microorganismos gram-positivo sdo os principais ativadores da
resposta do hospedeiro. Eles desencadeiam a cascata inflamatdria através da inducao
da producdo de citocinas pelos macréfagos e mondcitos, que, quando ativados,
produzem sequencialmente, Fator de Necrose Tumoral Alfa (TNF-a), Interleucina-1 (IL-
1), Interleucina-6 (IL-6) e a Interleucina-8 (IL-8) que interagem com outras células e
elementos celulares (polimorfonucleares, células endoteliais, fibroblastos, plaguetas e
0s proprios mondcitos), induzindo a producdo e liberacdo de mediadores secundarios,

contribuindo para uma resposta inflamatéria tardia'®!’ (Figura 1).

Paralelamente a liberagao das citocinas pré-inflamatdrias, o organismo responde
a agentes infecciosos, liberando citocinas antiinflamatdrias como Interleucina 4 (IL-4),
Interleucina 10 (IL-10), Interleucina 13 (IL-13), Fator de Crescimento Tecidual Beta (TGF-

B), entre outras. Estes mediadores parecem tanto contrabalangar as ag¢des dos
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mediadores proé-inflamatdrios, através da reducdo da sintese e da liberagdo desses

mediadores, quanto antagonizar seus efeitos 181°,

AA
AL
Proinflammatory
cytokines

Figura 1 - Inicio da resposta séptica. Representacdo esquemadtica do reconhecimento do LPS e inicio da
resposta séptica por células hospedeiras. LPS e outros padrdes moleculares bacterianos sdo reconhecidos
pelas células hospedeiras e produzem uma resposta via TLRs e suas vias descendentes. A ativacdo de vias
associadas a TLR leva a ativacdo de factores de transcricdo incluindo NF-kB e o fator de liberacdo de
insulina (IRF-3). Isto resulta na produgdo de citocinas pré-inflamatdrias e espécies reativas de oxigénio
que desempenham um papel central na patogénese da sepse e podem propagar ainda mais a resposta

inflamatdria, por exemplo, através de receptores de factor de necrose tumoral °.

As células endoteliais possuem um importante papel na homeostasia, regulagao
do ténus vascular e fibrindlise?%?! e quando ativadas diretamente pelas endotoxinas ou
citocinas, adquirem fungdo pré-coagulante e protrombdtica, provocadas pela liberagao

de tromboplastina, inibidor do ativador do plasminogénio e do fator ativador
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plaquetario (PAF), além da diminuicdo da producdo de trombomodulina. Elas também
produzem mediadores inflamatdrios, tais como as Interleucinas (IL-1, IL-6 e IL-8),
prostaciclina, endotelina (capaz de aumentar o tdnus vascular) e o éxido nitrico??%3. A
destruicdo local do endotélio pela aderéncia de polimorfonucleares ativos causa
aumento da permeabilidade e edema tecidual, que contribui para a ampliacdo da reacao

inflamatdriaZl.

Alteragdes nas dimensOes dos pequenos vasos, juntamente com alteragdes
bioquimicas e fisioldgicas sangliineas, prejudicam a homeostasia da microcirculacdo
durante o choque séptico, sendo esse o principal sitio de ataque, podendo tornar-se
uma area fértil para o crescimento bacteriano descontrolado®. Um importante fator
precipitante é a diminuicdo da deformidade dos eritrécitos, que depende das
propriedades viscoeldsticas da membrana celular, viscosidade do citoplasma e da razao
entre a area de superficie corpdrea e o seu volume, podendo estar todos estes fatores
alterados, devido a acidose, hipotermia e alteracdes na geometria da hemadcia. Estas
alterac¢des, somadas a vasodilatacdo, levam a falta de oxigenacdo nos tecidos e a lesdao

celular?2.

1.1.3 MAPKs e Sepse

As proteinas quinases ativadas por mitédgenos (MAPK) sdo um grupo de proteinas
quinases serina/treonina que s3do altamente conservadas em todas as espécies
eucaridticas. As MAPKs tém papel importante nos processos celulares, tais como
proliferacdo, respostas ao estresse, apoptose e defesa imunoldgica. Em organismos
multicelulares, MAPKs sdao necessarios para diferenciacdo celular, desenvolvimento,
aprendizagem, memoria e secre¢do de fatores paracrinos e autdcrinos. Em células de
mamiferos, existem trés vias de MAPK bem definidos: a via da quinase regulada por sinal
extracelular (ERK), a via da c-JUN N-terminal quinase (JNK, também conhecida como

MAPKS) e a p38 (também conhecida como MAPK14) 24,

As MAPKs ativadas podem fosforilar uma vasta gama de alvos ‘downstream’,

incluindo proteinas quinases e fatores de transcricdo, que facilitam a transcricdao de
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genes regulados por MAPK. Além da regulacdo transcricional, as MAPKs também podem
regular a expressao génica de seus alvos, alterando a estabilidade, o transporte e a
traducdo do mRNA. Estas cascatas de sinalizacdo ndo estdo apenas envolvidas em
processos celulares normais, mas também tém sido implicadas na patologia de muitas

doencgas, incluindo cancro, aterosclerose, diabetes, artrite e choque séptico?>.

A produgao de muitos mediadores inflamatorios, tais como o fator de necrose
tumoral (TNF), interleucina-1B (IL-1B) e a IL-6, bem como a prostaglandina e o éxido
nitrico (sintetizados pela ciclooxigenase-2 (COX2) e Oxido sintase (iNOS)
respectivamente), sdo reguladas positivamente por MAPKs. Em varios modelos de
inflamacdo sistémica, incluindo a modelos de sepse em camundongos, foi demosntrado
que as MAPKs sdo mediadores chave que conduzem a producdo de citocinas

inflamatdrias durante a sepse?®.

1.1.4 Tratamento da sepse

A resposta inflamatdria sistémica da sepse pode se restringir a um fendmeno
auto-limitado ou pode progredir para quadros de maior gravidade, como sepse grave,
choque séptico e disfuncdo ou faléncia de um ou mais drgdos. Apesar da grande
guantidade de investigacOes e de relatos sobre sepse e sindromes correlatas nos ultimos
anos, o controle definitivo do foco infeccioso é imperativo no tratamento, sendo a
primeira prioridade. Contudo, além das medidas de suporte de vida, quando indicadas,
outras medidas devem ser tomadas de acordo com a gravidade de apresentacdo da

respectiva sindrome?’.

Os antimicrobianos (AMs) sdo os agentes mais especificos e acessiveis para o
tratamento do paciente com infec¢cdo, embora representem uma abordagem somente
parcial do problema. Nas ultimas quatro décadas, os estudos sobre o efeito do uso de
AMs nas infeccGes graves por germes gram-positivos ou gram-negativos tém
demonstrado uma considerdvel reducdo da morbidade e da mortalidade. Os AMs
podem ser mais Uteis no tratamento de estdgios clinicos precoces da sepse ou
bacteremia, antes que a producdo seqiiencial dos mediadores da inflamacdo do
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hospedeiro determine estagios mais adiantados na cascata inflamatoria, com eventuais
danos teciduais graves?®. Entretanto, alguns autores sustentam a idéia de que os AMs
podem exacerbar a resposta inflamatéria devido a lise dos microrganismos, com
liberagdo de material de sua parede celular e consequente produ¢ao de mediadores

inflamatérios enddgenos?®.

Nos ultimos 30 anos, 38 novos agentes terapéuticos experimentais foram
submetidos a ensaios clinicos avancados de Fase Il ou Fase Ill em doentes com sepse,
mas nenhum resultou em quaisquer achados positivos significativos. Mais
recentemente, a utilizagdo de Drotrecogin alfa ndo confirmou os resultados positivos
obtidos em estudos pré-clinicos3°. Atualmente, vem sendo testadas estratégias para
modular a excessiva geracao ou acdao de mediadores na sepse. A interven¢ao em
qgualquer passo da sequéncia dos eventos fisiopatoldgicos que caracterizam a resposta
inflamatdria sistémica da sepse, no sentido de modificar (modular) essa reagdo do
hospedeiro, parece ser a estratégia terapéutica com maiores perspectivas de mudar os
resultados na terapia da sepse. Infelizmente, o uso clinico de terapias blogqueadoras de
mediadores especificos tem falhado em reduzir a mortalidade geral associada a sepse.
Contudo, a interrupcdo da seqiiéncia, na patogénese, em multiplos pontos, é a melhor

chance na reducdo da alta mortalidade atual desta patologia3?.

1.1.5 Células-Tronco Mesenquimais (MSCs) e Sepse

As células-tronco mesenquimais foram identificadas primeiramente por
Friedenstein e Petrakova (1966), que isolaram estas células progenitoras a partir da
medula de ratos e observaram serem estas células capazes de se diferenciarem em

linhagem de tecido conectivo, incluindo osso, tecido adiposo, cartilagem e musculo32.

Nos ultimos anos, foi descoberto que as células-tronco mesenquimais sdo
potentes moduladoras da resposta imune. Estas células apresentam um elevado grau
de quimiotaxia, baseado em citocinas pré-inflamatdrias, localizando tecidos inflamados
e neopldsicos33343>, Acredita-se que a capacidade proliferativa e pluripotente destas
células seja independente do tecido de origem, desde que cultivadas em condi¢des
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adequadas. Morfologicamente, estas células apresentam-se fusiformes, assemelhando-

se a fibroblastos3®37.

O tecido adiposo representa uma fonte abundante e acessivel de células-tronco
adultas que podem se transformar em diversas linhagens celulares. As células derivadas
do tecido adiposo possuem grande similaridade com células mesenquimais encontradas

na medula dssea, e seu processo de coleta é menos invasivo38,

Em situagbes clinicas agudas, como a sepse, poderia ser impossivel a obtengao
de células-tronco autélogas em numero suficiente para ter um efeito terapéutico.

Entretanto, evidéncias sugerem que as MSCs podem ser "imunoprivilegiadas" na
medida em que estas células, mesmo alogeneticamente ou xenogénicas quando sdo
transplantadas, podem ter uma habilidade inata para evitar a detec¢do pelo sistema
imune do destinatario. Isto levanta a possibilidade para transplante nao autélogos de
MSCs como uma estratégia terapéutica. Embora mais pesquisas sobre o seu uso no
tratamento em diferentes patologias sejam necessarias, é possivel que MSC alogénicas
possam ser mantidas em "bancos de células" e utilizadas terapeuticamente quando

indicadas, eliminando assim a necessidade de obter células autélogas e expandi-las na

fase aguda324941,

As células-tronco sdo potentes fontes de citocinas antiinflamatdrias como fator
de crescimento tecidual-B (TGF- B), IL-10 e IL-13. Além disso, atenuam a inflamacao,

causando uma diminuicdo de citocinas pré-inflamatdrias como TNF-a, IL-1, IL-64%4344,

Acredita-se que a sua propriedade antiinflamatéria e citoprotetora aumenta
para um grau ainda maior quando as células-tronco sdo expostas a ambientes nocivos
semelhantes aos encontrados durante a sepse. Estas caracteristicas das células-tronco

podem ser Uteis no seu uso como agentes terapéuticos da sepse (Figura 2).
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Figura 2 - Atuacdo das células-tronco durante a sepse. Mecanismos propostos pelos quais as células-
tronco podem oferecer beneficio terapéutico na sepse. As células-tronco transplantadas, estimuladas
pelos ambientes nocivos encontrados na sepse, produzirdo fatores citoprotetores, antiapoptéticos e anti-
inflamatdrios que podem desempenhar um papel na atenuagéo da resposta inflamatéria do hospedeiro
e da lesdo tecidual resultante durante a sepse. Esta resposta pode ser mediada por TLRs e receptores de
fator de necrose tumoral em superficies de células-tronco. Os fatores de crescimento produzidos pelas
células-tronco, incluindo VEGF, FGF2, IGF-1 e HGF, podem melhorar a vascularizagdo do tecido hipdxico,
melhorar a cicatrizagdo e regeneracdo do tecido, estimular a proliferagdo de células estaminais residentes
e promover a auto-sobrevivéncia. Os mediadores anti-inflamatodrios produzidos pelas células-tronco tais
como o TGFB, IL-10 e IL-13 podem atenuar a inflamagdo e os seus efeitos potencialmente prejudiciais.
Alem disso, as células-tronco podem causar uma diminui¢cdo da apoptose e melhor remodelacdo da matriz

extracelular resultando em tecido mais saudavel e viavel®>.

Em um modelo de lesdo pulmonar induzida por LPS, niveis reduzidos de citocinas
pré-inflamatdrias apds o transplante de células-tronco foram associados com menor
formacao de edema pulmonar, reducdao da permeabilidade do epitélio alveolar, e um
tempo de sobrevida maior. Estes beneficios sdo reforcados através de fatores
citoprotetores e proangiogénicos, secretados pelas células-tronco como VEGF (fator de

crescimento vascular endotelial), fator de crescimento de hepatécitos (HGF), fator de
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crescimento semelhante a insulina (IGF-1), e fator de crescimento fibroblastico

(FGF)45:4,

A capacidade das células-tronco de reduzirem a apoptose celular pode conferir
ainda uma outra fonte de beneficio para o seu uso na sepse. As células-tronco tém
demonstrado aumento da regulacdo de expressao de proteinas anti-apoptéticas, tais
como a Bcl-2 e a diminuicdo da expressao de proteinas pré-apoptéticas, tais como

caspases®’.

Estudos ja demonstraram que em modelos experimentais de sepse, o
tratamento com células-tronco mesenquimais foi efetivo. Os principais fatores positivos
associados ao aumento da sobrevida animal durante a sepse nesses estudos estdo
relacionados ao fato destas células reduzirem a resposta inflamatdria local e
sistemicamente, inibirem a apoptose em tecidos lesados, estimulando a
neoangiogénese, aumento da depuragao bacteriana, reducao da atividade deletéria dos
neutrdfilos em tecido lesados e o favorecimento a formacdo de linfécitos regulatérios,

entre outros334849,50,

1.2 Lesdo Pulmonar Aguda (LPA)

A lesdo pulmonar aguda (LPA) e sindrome do desconforto respiratdrio agudo
(SDRA) descrevem sindromes clinicas de insuficiéncia respiratéria aguda com
substancial morbidade e mortalidade. Mesmo em pacientes que sobrevivem a LPA, ha

evidéncias de que a sua qualidade de vida ao longo dos anos é adversamente afetada®?.

Ashbaugh e colaboradores em 1967 foram os primeiros a usar a sindrome do
SDRA para descrever um estudo de coorte composto por 12 pacientes criticamente

doentes com insuficiéncia respiratéria aguda®2.

Em 1994, depois de décadas de diferentes definicbes foi estabelecida pelo
American-European Consensus Conference Comittees, e essa foi amplamente adotada

por clinicos e pesquisadores da area na identificacdo da LPA. Segundo o consenso, a LPA
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foi conceituada como uma sindrome caracterizada por inflamac¢do pulmonar aguda e
persistente, com edema pulmonar devido ao aumento da permeabilidade vascular,

associada a trés achados clinicos®3:
1. Infiltrado radioldgico alveolar bilateral;

2. Relagdo entre a pressdo parcial de oxigénio arterial e a fragdao inspirada de
oxigénio (Pa02/Fi02) entre 201 e 300 mmHg, independente do valor da pressdo

positiva expiratoria final (PEEP);
3. Auséncia de evidéncia clinica de elevacdo da pressao atrial esquerda.

A SDRA, por sua vez, apresenta definicao semelhante a LPA, exceto pela presenca
de hipoxemia grave, identificando-se uma relagdo entre PaO2/FiO2 igual ou menor a
200 mmHg, independente do valor PEEP. Portanto, considera-se que a SDRA representa

o0 estagio mais grave do espectro da LPA>%,

A probabilidade de um paciente desenvolver LPA aumenta a medida que um ou
mais fatores de risco estdo presentes. Por essa razao, é de fundamental importancia
identificar o paciente de risco, pois quanto mais precocemente se intervém na causa de

base, melhor serd o progndstico.
Os fatores de risco mais comumente relacionados a LPA s3o os seguintes >°:

e Dano direto: aspiracao, infeccdo pulmonar difusa (pneumonia), inalacdo toxica,
contusdo pulmonar, embolia gordurosa e toxicidade pelo oxigénio.

e Dano indireto: sepse, politraumatismo, politransfusao, choque, queimaduras,
pancreatite, “by-pass” cardiopulmonar, intoxicacdo exdgena, coagulacao

intravascular disseminada e excesso de fluidos.

Histologicamente, a LPA é caracterizada pela presenca de dano alveolar difuso.

O padrdo da lesdo envolve trés fases histopatoldgicas distintas>>:

e Fase exudativa: caracterizada por edema intersticial e alveolar, bem como pela
formacao de membranas hialinas. Ocorre na primeira semana de evoluc¢do do

guadro;
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e Fase proliferativa: caracterizada pela melhora do edema pulmonar, pela
proliferacdo de pneumacitos do tipo Il, infiltracdo intersticial por miofibroblastos
e deposi¢cao de colageno;

e Fase fibrdtica: ocorre em pacientes com doenga prolongada, caracterizada por

alteracdo da “arquitetura” pulmonar normal, fibrose difusa e formacao de cistos.

E importante salientar que as trés fases histolégicas da lesdo ndo

necessariamente ocorrem em todos os pacientes com LPA.

A incidéncia de LPA é dificil de ser mensurada devido as definicdes nado
uniformes, variagdes etioldgicas, variagao geografica, documentagdo inadequada e sub-
reconhecimento da entidade da doenca. A taxa de mortalidade dessa sindrome clinica
chega a 40%, sendo que a maioria das mortes ocorre por disfungdo de multiplos érgaos
e, apenas uma pequena porcentagem, morre propriamente por insuficiéncia

respiratoria®l°®,

1.2.1 Patogenicidade

A lesdo pulmonar aguda é uma doenca de inflamag¢do aguda que provoca
perturbacgdes do endotélio pulmonar e das barreiras epiteliais. A membrana alveolo-
capilar é formada pelo endotélio microvascular, intersticio e epitélio alveolar.
Caracteristicas celulares da LPA incluem a perda da integridade da membrana alvéolo-
capilar, a migracao excessiva de neutrdfilos transepiteliais, liberacao de citocinas pro-

inflamatérias e mediadores citotdxicos®” (Figura 3).

Biomarcadores encontrados no epitélio e endotélio e que estao envolvidas nas
cascatas de coagulagdo e inflamatdrios sao indicadores de morbilidade e mortalidade
na LPA. Apds uma infec¢do ou trauma, o aumento de citocinas pro-inflamatérias ocorre
como uma resposta direta e/ou como um marcador de lesdo celular em curso. Meduri
e colaboradores descreveram que os niveis plasmaticos persistentemente elevados de

interleucinas (IL-6 e IL-8) e do fator de necrose tumoral (TNF-a) estdo fortemente

27



associados a um aumento da mortalidade. Na figura trés podemos ver o processo

inflamatdrio pulmonar na LPA>%>960,

Com ainflamacao, as barreiras habitualmente responsaveis por impedir o edema
alveolar sdao perdidas, havendo escape de proteinas do espaco intravascular em dire¢ao
ao espago intersticial, promovendo edema intersticial e alveolar. O influxo de liquido
com elevada concentracao de proteinas para o interior dos alvéolos altera a integridade
do surfactante pulmonar, lesiona o tecido pulmonar e causa um colapso alveolar.
Alteracdes na coagulacdo e na fibrindlise também ocorrem na lesdo pulmonar,

especificamente na proteina C e o no inibidor do ativador de plasminogénio tipo 16162,

A migracdo de neutroéfilos transepiteliais é uma caracteristica importante de
lesdo pulmonar aguda pois os neutroéfilos sdo os primeiros envolvidos na inflamacdo. A
ativacdo excessiva e/ou prolongada de neutrdéfilos contribuem para a destruicdo da
membrana basal e aumento da permeabilidade da barreira alvéolo-capilar. A migracdo
de grupos de neutrdéfilos resulta na ampliagdo mecanica de rotas migratérias para
neutroéfilos paracelulares. Os neutrdéfilos também liberam mediadores pré-inflamatdrios
e pré-apoptéticos prejudiciais, que agem sobre as células adjacentes criando lesdes

ulcerosas®3.

1.2.2 Radicais Livres na LPA

Os radicais livres (RLs) sdo gerados em processos de oxidacdo biolégica e
exercem func¢des importantes no organismo. A reducdo do oxigénio a agua forma
radicais livres, sendo o0 02" (superdxido) o primeiro radical livre formado nesse processo.
A geracao de RLs, como o0 027, é outro importante mecanismo de lesdo provocado pelos

polimorfonucleares, principalmente pelos neutréfilos®46°,
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Figura 3. Processo inflamatdrio na LPA. O alvéolo normal (esquerda) e o alvéolo lesado na fase aguda da
lesdo pulmonar aguda (direita). Na fase aguda desta sindrome, ha desprendimento das células epiteliais
bréonquicas e alveolares com a formagdo de membranas hialinas ricas em proteinas na membrana basal
desnudada. Os neutréfilos sdo mostrados aderindo ao endotélio capilar machucado e marginando através

do intersticio para o espaco aéreo, que é preenchido com liquido edema rico em proteina *’.

Uma fonte importante de RLs é o sistema de transporte de elétrons mitocondrial,
sendo seu principal sitio de formacdo o complexo citocromo b-ubiquinona. Na
mitocondria, a citocromo oxidase promove a redu¢ao completa de uma molécula de
oxigénio (O2) em uma molécula de agua (H20) e, para isso, sdo necessdrios quatro

elétrons. Contudo, nem sempre o O; origina H,0 diretamente. Como consequéncia de
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sua configuracdo eletronica, a molécula de O, tem forte tendéncia, durante as reacdes,
de receber um elétron de cada vez, formando uma série de intermediarios toxicos e
reativos, tais como: radical superdxido (02), peréxido de hidrogénio (H203), e radical
hidroxila (OH"). O primeiro e o Ultimo destes apresentam elétrons desemparelhados e
sao classificados como RLs. Jd o H,0; ndo tem elétrons ndo-pareados na ultima camada

e é classificado como uma espécie reativa de oxigénio (EROs)%%¢7,

O Oz é o primeiro intermediario formado a partir da reducdo incompleta do
oxigénio molecular na formacdo da H20, e a partir dele podem se formar outras EROs
como o OH e o H;0,. Muitos sistemas enzimaticos catalisam a redug¢ao do O, a O3
Podemos citar como exemplos: xantina oxidase, flavina oxidase e peroxidases. Varias
outras enzimas como aquelas que catalisam a formagdao de prostaglandinas
(ciclooxigenases) e leucotrienos (lipooxigenases) também sdo fontes de O,. Quando os
RLs sdo produzidos em taxas que superam a capacidade antioxidante dos organismos

ocasionam uma situacdo de estresse oxidativo®86°,

A alteragdo no balanco antioxidante/oxidante parece ser muito importante na
fisiopatologia da LPA. Concentra¢cbes diminuidas de antioxidantes (acido dUrico,
glutationa, ascorbato) sdo observadas nas vias aéreas de pacientes com LPA.
Concentracbes elevadas de H;0, bem como de produtos da peroxidacdo de

fosfolipideos de membrana foram observados no ar exalado por pacientes com LPA%870,

1.2.3 Redes neutrofilicas extracelulares (NETs)

Os neutrdfilos, sob condi¢des fisiolégicas, tém meia vida curta, sendo
comprometidos com a morte celular programada (apoptose). A apoptose é essencial
para regulacdo das populacdes celulares adultas, porém em tecidos infectados pode ser

atrasada por componentes microbianos e por estimulos pré-inflamatérios’?.

Durante a inflamacgao, quando os neutréfilos chegam ao local inflamado, ja estao
equipados com as proteinas necessarias para matar o microorganismo presente no

tecido. O encontro com o patdgeno causa a ativacao de neutrdéfilos com a imersao do
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microrganismo em um fagossomo. No fagossomo ocorrem dois eventos: primeiro, ha
grande geracdao de espécies reativas de oxigénio ROS e, segundo, os granulos dos
neutrdfilos fundem-se ao fagossoma, descarregando peptideos antimicrobianos e
enzimas’2. Juntos, estes dois eventos levam a morte microbiana. Além disso, estudos
recentes mostram que os neutréfilos possuem outro mecanismo antimicrobiano, pois
quando ativados por substancias quimicas tais como, acetato miristato de forbol, LPS,
IL-8, por bactérias gram-positivas ou gram-negativas e fungos, liberam para o meio
extraceluar a cromatina associada a diferentes proteinas, formando um complexo de
armadilhas extracelulares chamadas redes neutrofilicas extracelulares (NETs). Estes
NETs sdo abundantes em locais inflamados, como encontrado em pacientes com

apendicite, pré-eclampsia e com infec¢do por Streptococcus pneumoniae’?73,

Os NETs sdo importantes em proceder e matar as bactérias provocando o
confinamento do patégeno no local da infec¢do. Entretanto, estudos recentes sugerem
gue esta acdo pode provocar danos teciduais. A exposicdo do tecido as proteases
associadas aos NETs podem provocar lesdes celulares e por essa razao podemos ver que
os NETs podem ter dois efeitos importantes. Em contrapartida, representam um
mecanismo fundamental para a morte de microrganismos, prevenindo que se
disseminem pelo organismo a partir do local da infec¢ao. Por outro lado, a formacgao dos
NETs pode ter efeitos deletérios para o hospedeiro devido a liberacdo de proteinas,

como as proteases, que podem lesionar os tecidos adjacentes’3.

Estudos experimentais tém ligado os NETs a lesdao pulmonar aguda. Um
mecanismo importante parece ser a interacdo entre neutrdfilos e de plaquetas, que
induzem rapidamente a NETosis, conduzindo o aprisionamento de neutrdéfilos no
endotélio, a ativacdo da coagulacdo, e aumento na permeabilidade vascular’. Estudo
recente realizado por Rossaint e colaboradores, utilizando um modelo de LPIV (lesdo
pulmonar induzida por ventilacio mecéanica), demonstrou que a inibicdo da NETosis,
bem como desintegracdo de redes por meio de tratamento com DNase, tinha funcao

protetora contra a lesdo pulmonar gerada pelo modelo de LPIV’>.
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1.2.4 Tratamento da LPA e a Utilizagdo de MSCs

O tratamento da lesdo pulmonar aguda é baseado em estratégias ventilatdrias e
ndao ventilatérias. Até o presente momento, os avangos mais significativos no
tratamento de suporte de pacientes com lesGes pulmonares s3ao associados com a

melhoria do controle da ventilagdo mecanica’®.

Recentes avangos na compreensdo da fisiopatologia da lesdo pulmonar aguda
levaram a investigacdes de varios potenciais tratamentos farmacoldgicos. Apesar das
evidéncias pré-clinicas demonstrarem certa efetividade no tratamento da LPA, ensaios
de fase clinica lll ndo demonstraram efetividade necessdria para o uso destas
alternativas. Dentre eles estdo: surfactante exdgeno, o Oxido nitrico inalado,
prostaglandina E1 intravenosa, glicocorticdides, cetoconazol, lisofilina, N-acetilcisteina,

e proteina C ativada’’7879,80,81,82,83

Entretanto, um novo tratamento promissor para LPA é a utilizacdo de células-
tronco mesenquimais (MSCs). MSCs secretam fatores paracrinos que reduzem a
gravidade da LPA, incluindo os fatores de crescimento, fatores que regulam a
permeabilidade da barreira e citocinas anti-inflamatdrias. Estudos demonstraram

propriedades anti-inflamatdrias das MSCs tanto in vivo como in vitro®48,

Em um modelo com camundongos, endotoxina de Escherichia coli foi instilada
nos espacos aéreos distais do pulmao, seguido por administracao intrapulmonar direta
de MSC 4h apds a instilagdo. As MSCs diminuiram o volume de liquido extravascular
pulmonar, a permeabilidade alvéolo-capilar e a mortalidade. A resposta pro-
inflamatdria foi regulada negativamente, enquanto que a anti-inflamatéria foi
aumentada®. Atualmente diversos trabalhos estdo sendo realizados a fim de agregar
novos dados para que seja possivel a conducdo de estudos experimentais e ensaios

clinicos Fase | e Il em pacientes com LPA grave.
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2. Justificativa

Estudos recentes apontam, como uma alternativa promissora, a utilizagdao de
células-tronco mesenquimais no tratamento da lesdo pulmonar aguda e da sepse. Seu
potencial imunomodulador e angiogénico contribui na interrupcao da seqiiéncia da
patogénese, reduzindo a mortalidade em modelos experimentais. Entretanto, os
mecanismos de acao que essas células exercem durante ambas a patologias ainda sao
incertos. Desta forma, a concentracdo de esforcos para desvendar como atuam estas
células e qual sua influéncia sobre diferentes vias sdo essenciais, para que futuramente
este tratamento possa ser utilizado como uma alternativa terapéutica para a sepse e

para a LPA.
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3. Objetivos

3.1 Objetivo Geral

Avaliar o efeito terapéutico e imunomodulador de células-tronco mesenquimais

no tratamento da sepse e da infecgao pulmonar aguda.

3.2 Objetivos Especificos
Sepse

- Avaliar a formacdo de edema através da andlise histopatoldgica do tecido pulmonar

nos diferentes grupos experimentais;

- Realizar andlise in vivo dos mediadores inflamatdrios (COX-2, NF-kB, IL-1, IL-6, TNF-a)

e antiinflamatdrios (IL-10) nos dos diferentes grupos experimentais;
- Realizar o cocultivo das MSCs com a linhagem de macréfagos pulmonares (RAW 264.7);
- Avaliar a capacidade de alteragao da via das MAPKs e do NF-kB no cocultivo celular;

- Avaliar a expressaio de mRNA mediadores inflamatérios (COX-2, IL-1B, IL-6) e

antiinflamatdrios (IL-10) no cocultivo celular;
- Avaliar a expressdo de COX-2 e NF-kB no cocultivo em 24 e 48h;

- Avaliar a expressao de COX-2 e NF-kB nos macrofagos pré-tratados com inibidores

especificos para MAPKs;

- Avaliar o perfil de expressdo de mRNA de diferentes receptores tipo toll (TLR2, 3,4 e
9) em cértex cerebral, célon, figado, rim e pulmdo dos animais nos diferentes grupos

experimentais in vivo;

Lesd@o Pulmonar Aguda (LPA)

- Avaliar a sobrevida dos animais nos diferentes grupos experimentais durante a LPA;
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- Avaliar a formacdo de edema, através da analise histopatoldgica do tecido pulmonar

nos diferentes grupos experimentais;

- Realizar a contagem total e diferencial de células no lavado bronco-alveolar dos

animais estudados;

- Realizar analise dos mediadores inflamatérios (COX-2, NFkB, IL-1, IL-6, TNF-a) e

antiinflamatdrios (IL-10) nos dos diferentes grupos experimentais;

- Avaliar e comparar o dano oxidativo no soro e no tecido pulmonar através da
determinacdo dos niveis de TBARS, DCF e grupos carbonil nos diferentes grupos

experimentais;

- Avaliar e comparar as enzimas antioxidantes no tecido pulmonar através da
determinacdo de alguns parametros como: catalase (CAT), superdxido dismutase (SOD)

e glutationa reduzida (GSH);

- Avaliar o efeito das células-tronco sobre a formacdo dos NETs e sua quantificacdo nos

diferentes grupos experimentais;

- Realizar a analise da funcdo mecanica do sistema respiratdrio dos animais para

determinar altera¢des na fun¢ao pulmonar.
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1| INTRODUCTION

Acute lunginjury (ALl) and acute respiratory distress syndrome (ARDS)

describe clinical syndromes of acute respiratory failure with substan-

Jarbas Rodrigues de Oliveira®

Acute lung injury (ALl and acute respiratory distress syndrome (ARDS) are syndromes of acute
hypoxemic respiratory failure resulting from a variety of direct and indirect injuries to the gas
exchange parenchyma of the lungs. During the ALl we have an increase release of
proinflammatory cytokines and high reactive axygen species (ROS) formation. These factors
are responsible for the release and activation of neutrophil-derived proteases and the formation
of neutrophil extracellular traps (METs). The excessive increase in the release of METs cause
damage tolung tissue. Recent studies have studies involving the administration of mesenchymal
stem cells (MSCs) for the treatment of experimental ALl has shown promising results. In this
way, the objective of our study is to evaluate the ability of MSCs, in a lipopolysaccharide (LPS)-
induced ALl model, to reduce inflammation, oxidative damage, and consequently decrease the
release of METs. Mice were submitted lunginjury induced by intratrachealinstillation of LPSand
subsequently treated or not with MSCs. Treatment with M5Cs was able to modulate pulmonary
inflammation, decrease oxidative damage, and reduce the release of NETs. These benefits from
treatment are evident when we observe a significant increase in the survivalcurve in the treated
animals. Our results demonstrate that M SCs treatment is effective for the treatment of ALL For
the first time, it is described that MSCs can reduce the formation of NETs and an experimental
maodel of ALL This finding is directly related to these cells modulate the inflammatory response
and oxidative damage in the course of the pathology.

KEYWORDS
acute lung injury, inflammation, mesenchymal stem cells, neutrophil extracellular traps,

oxidative stress

tial morbidity and mortality. Even in patients who survive ALl there is
evidence that their quality of life over the years is adversely affected
(Dowdy et al., 2006; Johnson & Matthay, 2010; Rubenfeld et al.,
2005). The mortality rate of this dinical syndrome reaches 40%, and

J Cell Physiol 2017, 9999: 1-13
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most of the deaths occur due to multiple organ dysfunction (Rubenfeld
et al., 2005).

Biomarkers found in epithelium and endothelium are involved in
coagulation and inflammatory cascades are indicators of morbidity and
mortality in ALL After an infection or trauma, increased proinflamma-
tory cytokines occurs as a direct response and like a marker of cellular
injury in progress. Meduri et al. have reported that persistently
elevated plasma levels of interleukins & and 8 (IL-6 and IL-8)and tumor
necrosis factor (TMF-a) are strongly associated with increased
mortality (Levitt, Gould, Ware, & Matthay, 2009; Parsons et al,
2005; Stuber et al., 2002).

With inflammation, the barriers usually responsible for preventing
alveolar edema are lost, with the escape of proteins from the
intravascular space into the interstitial space, promoting interstitial
and alveolar edema. The influx of fluid with a high concentration of
proteins into the alveoli alters the integrity of the pulmonary
surfactant, damages the lung tissue, and causes an alveolar collapse
(Pugin, Yerghese, Widmer, & Matthay, 1999 Ware et al, 2007).
Migration of transepithelial neutrophils is an important feature of
acute lung injury because neutrophils are the first involved in
inflammation. Excessive and prolonged neutrophil activation contrib-
ute to the destruction of the basement membrane and increased
permeability of the alveolar—capillary barrier. Neutrophils also release
proinflammatory and pro-apoptotic mediators, which act on adjacent
cells creating ulcerous lesions (Zemans, Colgan, & Downey, 2009).

It is believed that a key aspect of this pulmonary inflammatory
response is mediated by increased levels of reactive species. Previous
experimental studies demonstrate that mice subjected to pulmonary
injury present an increase in lipid peroxidation, oxidative damage to
the protein, and disrupted antioxidant defenses in the lung. Meutrophil
activation generates high concentrations of antimicrobial reactive
oxygen species (ROS) with superoxide anions (Os7) as the major
component to create an environment that is toxic for pathogens
(Cunha et al, 2015). In addition, high ROS5 concentrations are
responsible for the release and activation of neutrophil-derived
proteases and the formation of neutrophil extracellular traps (METs)
with expulsion of chromatin fibers from the nucleus of neutrophils as
additional strategies to effectively combat and kill invading micro-
organisms (Jiang et al, 2014). However, when these mechanisms
become overactivated either by persisting stimuli or by impeded
resolution, they turn out to be highly destructive for the surrounding
tissues and may cause severe damage and tissue break down as
ahserved in neutrophil dominated diseases (Cohen, 2009; Coxon et al.,
2001). A recent study by Rossaint et al. (2014) using an VILI
(mechanical ventilation-induced lung injury) model demonstrated that
inhibition of METosis as well as disintegration of METs by desoxy-
rribonuclease (DMase) treatment had a protective function against
lung injury generated by the VILI model.

Recently Jiang et al. (2016) described the ability of MSCs to inhibit
the formation and release of METs, in a vasculitis model, based on the
adaptive induction of antioxidant enzymes, particularly superoxide
dismutase 3 (50D3). Many studies have demonstrated that MSCs also
release anti-infllammatory cytokines that can dampen the severity of
inflammation in ALl (Geiser et al., 2001; Gonzilez et al., 2013; Ortiz

et al., 2003, 2007). These cells are potent modulators of the immune
response and present a high degree of chemotaxis, based on
proinflammatory cytokines, locating inflamed and neoplastic tissues
(Arrieta, Ritz, & Silberstein, 2011; Horie & Laffey, 2016; Uccelli,
Moretta, & Pistoia, 2008). M5Cs also secrete paracrine factors that
reduce the severity of ALl including growth factors, factors that
regulate barrier permeability, and anti-inflammatory cytokines (Rojas
et al, 2005, Wang et al, 2014). However, litte is unknown about
others immunological mechanisms of M5Cs during ALIL

In this study, we investigated the immunomodulatory and
antioxidant effects of MSCs in an endotoxin madel of ALl and try to
demonstrate for the first ime that these effects of this treatment may
contribute decrease the release of METs in this pathology.

2 | METHODS

2.1 | Animals

Male C57BL/& mice (B-12 weeks old) were kept on shelves with
ventilated cages that provide 60 air cycles per hour, relative humidity
ranging between 55% and 5%, a 12 hr light-dark cycle, temperature
of 22+ 2°C with free access to food and water. The animals were
maintained in accordance with the Guiding Principles in the Care and
Use of Animals approved by the Council of the American Physiological
Society. The experimental protocol was approved by the Ethics
Research Committee of Pontificda Universidade Catdlica do Rio
Grande do Sul (protocol number 14/00403).

2.2 | MSC culture and characterization

Male CA7BL/ & mice (8-12 week s old) were MSC donors. Under sterile
conditions, the animals were anesthetized (pentobarbital 50 mg/kg
intraperitoneally) and after the collection of the adipose tissue, mice
were killed by cervical dislocation. Adipose tissue was obtained from
the epididymal adipose tissue, cut into small pieces, collagenase
digested, filtered, and then cultured using DMEM Dulbecon's Modified
Eagle Medium (Invitrogen Corporation, Carlsbad, CA) without
ribonuclensides or deoxyribonucleosides containing 2 mM c-gluta-
mine and 20% fetal bovine serum (FBS) (Invitrogen) with 1%
penicllin-streptomycin. Cells were passaged every 3-4 days by
trypsinization when they reached 70-80% confluence and were used
forthe experiments between passages 3 and 4. Between each passage,
cell viability was measured using the trypan blue exclusion test. MSCs
were cultured in a humidified incubator at 5% COs and 37°C under
sterile conditions. Before each experiment, cells were trypsinized,
counted, washed twice with phosphate-buffered =zaline (PBS), and
resuspended in PB5 MSCs were characterized by expression of
cellular markers (CD 907, CD105%, CD 347, and CD457) (Bio-Rad,
Hercules, CA) was determined by flow cytometry analysis (Luna et al.,
2014). MSCs were induced to differentiate into adipocytes, osteo-
oytes, and chondrocytes by using cell differentiation kits from R&D
Systems (Minneapolis, MM) in accordance with the recommendation

of the manufacturer.
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2.3 | Experimental procedures

Mice were anesthetized with a mixture of ketamine (80 mg/kg) and
wylazine (20 mg/kg), intraperitoneally (IP), and lung injury was induced
by intratracheal instillation of LPS (Escherichio coll 02&:Bé Sigma
Chemical, 5t. Louis, M Q) at a dose of (200 pg/ 100 g) body weight. The
LPS group, after LPS instillation, were treated with PBS (100 plviaretro-
arbital injection). The LPS + M5C group, after the LPS instillation, were
treated with MSCs(5 = 10°/100 ul PBSvia retro-orbital injection). In the
Sham group, it was performed intratracheal instillation of PBS (50 ul)
and subsequently treated with PBS (100wl via retro-orbital injection).
Subsequently, 12 hr after the LPS instillation, mice were anesthetized
and bronchoalveolar lavage fluid (BALF) was collected with 1 ml of PBS.
The final BALF lavage volume retrieved was approximately 0.7 ml. The
BALF was then centrifuged (1,000g for 10 min) and the cell pellet was
resuspended in 350 pl saling, and then diluted with Turk's solution and
the total cell count was determined using a “Meubauer” counting
chamber to confirm the lung injury induction. For the differential cell
analysis, BALF suspension was centrifuged through a cytospin, and
slides were stained with Hematoxylinand eosin—HEE (Fanotioo Rapido
—Laborclin, Brazil). Four hundred cells were then counted under light
microscopy. Inordertoestimate the alveolar cell injury and the alveolar-
capillary membrane alterations, BALF total protein were measured
using the commerdal kit (Labtest Diagnéstica, Brazil) in a semi-
automatic spectrophotometer (Spectronic/Genesis 8). Subsequently,
the mice were killed by cervical dislocation and lung tissue was
colected. One lung sample was isolated and fixed in a 4% formalin
solution for histopathological analysis (see below) and the other was
isolated and tissue homogenates were immediately stored at -70°C

until assaying for oxidative stress.

2.4 | Survival curve

A survival curve for different experimental groups was performed.
After 7 days, animals that were still alive were anesthetized with an IP
solution of ketamine {100 mg/kg) and xylazine (50 mg/kg) and killed by

cervical dislocation.

2.5 | Histological analysis

The superior lobe of the right lung was ligated and prepared for
histological and morphological analysis. Lungs were perfused with 10%
buffered formalin on a gravity column (20 mmHg). Tissue specimens
were embedded in paraffin blodks, cut into 4-pm sections, stained with
H&E and examined by light microscopy. Others sections were
sequentially subjected to immunostaining analysis. After deparaffiniza-
tion, the sections were sequentially treated with 1% H0» for 10 min
and rinsed thoroughly with PBS. Sections were blocked with 2% normal
blacking serum in PBS at room temperature for 60 min to suppress any
nonspecfic binding of lgG, followed by incubation with anti-COX-2
rabbit méb (dclooxygenase-2) (dilution 1:200; Merck Millipore,
Darmstadt, GER), or MF-kB p&5 rabbit mab (dilution 1:200; Cell
signaling, Danvers, MA). After being probed with the primary antibody,
sections were washed in PBSfor 3 » 10min and then incubated with the

suitable fluorochrome-labeled secondary antibody Goat anti-Mouse

WILEY

Alexa Fluor® 488 (1:200 Thermo Fisher Scientific, Waltham, MA). The
cellular nucleus was stained using TO-PROES (dilution 1:1000; Thermo
Fisher Scientific). All of the slides were evaluated by confocal

ellular Phy

immunofluorescence microscopy a Zeiss LSM 5 Exciter (Zeiss,
Cberkochen, Germany) with magnification 100x. The Zeiss ZEM
2008 Imaging Software (Zeiss) was used for microscopy analysis.

2.6 | Cytokines quantification

Todetermine cytokine levels, serum samples were collected from mice
12 hrafter ALl induction. Multiple soluble oytokines: IL-46, TMF-a,and IL-
10 were simultaneously measured using a Luminex Multiplex Assay kit
(Thermo Fisher Scientific). We used a luminometer Luminex® 1007200
(Luminex Corporation, Austin, TX) and the results were analyzed using
the software x PONEMT® Solutions software (Luminex Corporation).

2.7 | Western blot analysis

Lung tissue were lysed in CHAPS bysis buffer (10 mM Tris-HCI, pH 7.5,
100 mM MNaCl,0.3% CHAPS, 50 mP MaF, 1 mM sodium vanadate, 1 mM
phenylmethylsulfonyl fluoride, 5 pg/ml leupeptin, 5ug/ml aprotinin,
1 pg/ml pepstatin A, 50 mM B-glycerophosphate, 100 pg/ml benzami-
ding) for 30 min at 4*C and equal amounts of proteins were separated by
electrophoresis. We used Tris-fAcetate PAGE systems as previously
described (Casas-Terradellas, Tato, Bartrons, Ventura, & Rosa, 2008;
Cubillos-Rojas et al., 2010). After running the gel, the proteins were
transferred to polyvinylidene fluoride (PVDF) membranes and viewed by
immunoblotting, as described elsewhere (Cubillos-Rojas et al., 2010).
Band intensities were analyzed with a gel documentation system (LAS-
3000 Fujifilm). The levels of COX-2 and MF-kB p65 were standardized
with respect glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
levels and all was expressed as a percentage of controls. We used these
antibodies for the experiments: anti-COX-2 rabbit mab (11000
dilution), MF-kB pé&5 rabbit maAb (1:1000 diution), and anti-GAPDH
mouse mab (1:3000 dilution) (Sigma-Aldrich, 5t Louis, MO).

2.8 | Oxidative stress

For determination of oxidative stress parameters, the lung tissue was
homogenized in 10 volumes (1:10, w/v) of 20mM sodium phosphate
buffer, pH 7.4, containing 140mM KCI. The homogenate was
centrifuged at 750g for 10min at 4%C. The pellet was discarded, and
the supernatant was immediately separated and used for the measure-
ments of oxidative stress studied in this artide (Cunha et al, 2015).
Protein was measured according toLowry, Rosebrough, Farr, and Randall
(1951) for all techniques. Serum bovine albumin was used as standard.

2.8.1 | 2'7'Dichlorofluorescein fluorescence assay

Reactive species production was measured according to the method of
LeBel, Ischiropoulos, and Bondy (199 2) and based on the oxidation of
27 -dichlorofluorescein (H2DCF). The sample was incubated in a
medium containing 100pM  2°7'-dichlorofluorescein  diacetate
(HZDCF-DA) solution. The reaction produces the fluorescent com-
pound dichlorofluorescein (DCF) which is measured at A, =488 nm
and A., = 525 nm. Results were represented as nmol DCF/mg protein.
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2.8.2 | Thiobarbituric acid-reactive substances (TBARS)

TBARS, an index of lipid peroxidation, were measured according
(Ohkawa, Ohishi, & Yagi, 1979). Sample was incubated in a medium
contained 8.1% SDS, 20% acetic acid, and 0.8% thiobarbituric acid.
The mixture was vortexed and the reaction carried out in a boiling
water bath for 1hr. The resulting pink-stained TBARS were
determined spectrophotometrically at 535nm. A calibration curve
was generated using 1,1,3,3-tetramethoxypropane as a standard and
the results were represented as nmol TBARS/mg protein.

2.8.3 | Protein carbonyl content

Cxidatively modified proteins present an enhancement of carbonyl
caontent. Inthis study, proteincarbonyl content was assayed by amethod
based on the reaction of protein carbonyls with dinitrophenylhydrazine,
forming dinitrophenylhydrazone, a vellow compound, measured
spectrophotometrically at 370 nm (Reznick & Packer, 1994). Results
were represented as protein carbonyl content (nmol/mg protein).

2.8.4 | Superoxide dismutase assay (SOD)

The S0D activity is based on the capacity of pyrogallol to autoxidize, a
process highly dependent on superoxide, which is substrate for 50D
(Aebi, 1984). Theinhibition of autoxidation of this compound occursin
the presence of SOD, whose activity was then indirectly assayed at
420 nm. A calibration curve was performed with purified 50D as
standard, in order to calculate the activity of 50D present in the
samples. The results were represented as SOD units/mg protein.

2.8.5 | Catalase assay (CAT)

CAT activity was assayed using a SpectraMax M3/M5 Microplate
Reader (Molecular Devices, MDS Analytical Technologies, Sunmyvale,
CA). The method used is based on the disappearance of hydrogen
peroxide (Hz02) at 240nm in a reaction medium containing 20 mM
Hz 02, 0.1% Triton X-100, 10 mM potassium phosphate buffer pH 7.0,
and 0.1-0.3 mg protein/ml One CAT unit is defined as 1 pmol of H,O,
consumed per minute and the results were represented as CAT units/
mg protein {Marklund, 1984).

2.8.6 | Glutathione peroxidase assay (GPx)

GPx activity was measured using tert-butyl-hydroperoxide as substrate.
MADPH disappearance was monitored at 340 nm (Wendel, 1981). The
medium contained 2 mM glutathione, 015 U/ml glutathione reductase,
0.4 mM azide, 0.5 mM tert-butyl-hydroperaxide, and 0.1 mi NADPH.
Cne GPx unit is defined as 1 pmol of MADPH consumed per minute; the
specific activity is represented as GPx units/mg protein.

2.9 | Quantification of NETs release, DNA
guantification and apoptosis assay

METs were quantfied in BALF using Quant-iT dsDMA HS kit
(Invitrogen), according to manufacturer's instructions. After the
TCC count, BALF cells (2 x 10%) were stimulated with PMA (50 nM)
for 2 hr at 37°C, in 8-chamber culture slides (BD Bioscience, Franklin
Lakes, MJ). After this period, cells were fixed in 4% paraformaldehyde,

and stained with anti-mvyeloperoxidase mouse mab (anti-MPO)
(1:200; Life Technologies, Carlsbad, CA), followed by anti-mouse
FITC antibody(1:500; Life Technologies) and Hoechst 33342 (1:2000;
Invitrogen). Images were obtained with a Zeiss LSM 5 Exditer confocal
microscope (Zeiss, Oberkochen, Germany). Cells isolated from BALF
(1= 107) were analyzed for apoptosis and necrosis with annexin-\ and
propidium iodide, respectively, according to manufacturer's instruc-
tions [BD PharmingenTM). Briefly, cells were washed twice, stained
with annexin WV-FITC, and propidium iodide for 15 min at room
temperature and analyzed by flow cytometry ([FACS Canto Il, BD
Bioscience) within 1 hr. Cells were then gated on both side scatter and

forward scatter singlets, ensuring individual cell staining.

2.10 | Assessment of respiratory mechanics

Twelve hours after LPS instillation, the mice were anesthetized, as
described above, tracheostomized and a rigid-type cannula was
inserted into the trachea and firmly tied in place. The cannula was
connected to a animal ventilator (flexi Vent, SCIREQ, Montreal, PQ,
Canada). Lung mechanic was measured using a modification of the
forced oscillation technique. During pauses in wventilation, an
oscillatory signal containing frequencies (4-38 Hz) was generated by
a loudspeaker and passed through a wave tube to the mouse via the
tracheal cannula. The respiratory system impedance Zrswas measured
asthe load impedance on the wave tube. A four parameter model with
constant phase tissue impedance was fitted to the Zrs data to obtain
measures of Raw, the Mewtonian resistance which is equivalent to
airway resistance in the mouse due to the compliance of the chest wall,
G (tissue damping), which represents the resistance of the small
airways where air movement occurs primarily by diffusion, and H
[tissue elastance), which is the stiffness of the lung parenchyma
(Hantos, Daroczy, Suki, Magy, & Fredberg, 1992; Zosky et al, 2008).

2.11 | Statistical analysis

Thedatawere analyzed by one-way analysis of variance (AN OWVA). For
comparison of significance, Tukey's test was used as a post hoc test
according to the statistical program GraphPad Prism. Survival data
were presented as Kaplan-Meier curves and the statistical significance
was assessed by Mantel-Cox test. Quantitative data are presented as
means + SEM. Differences were considered significant at *p< 0.05,
**p<0.01, and ***p = 0.001. Ns: no significant difference.

3 | RESULTS

3.1 | MSCs treatment improve survival

We wanted to know if the systemic treatment with MSCs could
increase survival in the model studied. Over 72 hr, mice that received
MSCs had a significantly higher survival rate compared to the LPS
group (Figure 9). This difference between the two groups became
apparent after the initial 36 hr. We followed the animals up to 120 br

to confirm that this result was maintained.
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3.2 | MSCs treatment reduces cell migration to the
lung during ALI

We investigated, using a model of endotoxin-induced acute lung
injury, the disruption of the alveolar- capillary barrier. We evaluated
parameters such as total cell count, differential count of cells, and total
protein in BALF. We observed that the LP5 group had a significant
increasze in the total cell count when compared with the Sham group.
This increase found inthe LPS group was reduced in the MSC-treated
group (Figure 1A). In addition, M5Cs were able to reduce the amount
of macrophages, as well, the number of neutrophils in BALF when
compared to the LPS group (Figure 1B and C). We also observed a
reduction inthe amount of total proteins in the LPS + MSC group when
compared to the LPS group (Figure 2). Mo significant change in the
number of ymphocytes was observed between the tested groups
(Figure 1D).

3.3 | MSCs administration ameliorates inflammation
in lung

Mext, we tried to wverify the ability of MSCs in decreasing the
pulmonary inflammation. We perform the H&E staining 12 hr after ALl
induction, it was observed that induction using only LP5 was able to
cause inflammation in the lung (Figure 3A). We calculated the score
inflammatory lung tissue using the software Image-Pro Plus (Medical
Cybernetics). It was possible evaluate in the LPS group that we had an
increased in the inflammatory score, peribronchial and perivascular,
when compared with the Sham group. The MSC-treated group had a
reduced score when compared with the LPS group, demonstrating the
ability of MSCs to decrease inflammation in the lung tissue (Figure 3B).

Wemeasured the concentration of two inflammatory markers, IL-
& and TMF-a, and ane anti-inflammatary, IL-10, in serum and BALF.
The concentration of IL-10 in the LPS group had an increase when
compared to the Sham group, however, a higher increase of this anti-
inflammatory interleukin in the MSC group was not observed when
compared to the LPS group in serum and BALF (Figure 44 and D). In

Survival
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FIGURE 1 Administration of M5Cs improved survival during ALL
MSCs was administered intravenous (i.v.) after instillation of
endotoxin (2 mg/kg). Kaplan-Meier survival curve showed that the
ALlinduced mice treated with MSCs had a significantly improved
survival rate at 72 hr compared to the LPS group. Data represent
the mean £5EM, n = 15. ***Significant difference (p < 0.001)
between the groups
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addition, IL-& and TMF-a were significantly increased in LPS group
when compared with the Sham group and this increase was reduced in
the ALl group treated with MSCs. The same profile was observed in the
serumand in the BALF. These results demonstrate the immunomodu-
latory potential of these cells (Figure 4B, C, E, and F).

3.4 | M5Cs reduce COX-2 and NF-kB expression in
lung tissue

Due to the results found in the inflammatory markers, we performed
COx-2 and MF-&B analysis in ALl model. Expression of COX-2 mRENA
and protein s often enhanced in wvarious human cell types by
inflammatory cytokines such as IL-1f and tumor THF-o (Kuwano etal.,
2004). We performed the COX-2 analysis through Western blot and
observed a higher expression in the LPS group when compared to the
Sham and LPS+MSC groups (Figure 5A). We also performed
immunofluorescence staining and we observed the same expression
profile (Figure 5B).

Subsequently we evaluated the expression of MF-kB, which & a
transcriptional regulator and induces the expression of several genes
including COX-2. When we performed the Western blot, we
compared a reduction in the expression of NF-kB in the group treated
with MSCs when compared to the LPS group (Figure &4). We also
conducted the immunofluorescence staining to confirm this decrease
and abtained the same result (Figure 4B).

3.5 | Oxidative stress during ALl is attenuate by
MSCs

Therefore, we resolved to investigate whether M5Cs would be able to
prevent the induction of oxidative stress in the lungs of mice. First, we
evaluated the effect of ALl and the treatment with MSCs on reactive
species production in lung, as indicated by DCF formed from the
axidation of H2ZDCF. The LPS group had an increased production of
reactive species that was inhibited by treatmentwith MSCs (Figure 7A4).

Mext, we evaluated the effects of lung injury on lipid peroxidation,
as measured by TBARS levels and damage to protein measured by
carbonyl content. We observed that MSCs were able to prevent the
increase in TBARS and carbonyl levels when compared to the LPS
group (Figure 7B and C). The lung enzymatic antioxidant defense was
evaluated by the activities of S0OD, CAT, and GPx in the lung of mice
submitted to ALl and treatment with MSCs. We observed a significant
reduction in the SOD and CAT activity in LPS group when compared
with the Sham group. However, the M5C-treated groups were not able
to reverse this decrease found in the LPS group (Figure 70 and E). In
addition, GPx activity was not altered in the lung of mice submitted to
ALl and LPS-treated with MSCs (Figure 7F).

3.6 | NETs formation is reduced in ALl by M5Cs

Extracellular deoxyribonucleic acid (DMA) forms METs, which act like a
danger-assodated molecular pattern and are associated with inflam-
mation and tissue injury (Huang et al., 2015). We conducted an
investigation to find out if MSCs were able to reduce MET s formation
during ALL We performed an immunchistochemistry in BALF cells to
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FIGURE 2 Mice treated with M5Cs reduced cell infiltrate in lung. (A) Total cells count (TCC). (B-D) Differential cells counts (macrophages,
neutrophils, and lymphaocytes) in BALF of mice. The total cell count after 12 hr showed a significant increase in the number of cells in the LPS
group compared with the levels in the Sham group. A significant decrease in number of cells was observed in the LPS + MSC group compared
with the levels in the LPS group. Also, the differential cells count showed a significant increase in the number of neutrophils and macrophages
in the LPS group compared with the levels in the Sham group and a reduction in the LPS + MSC group when compared with the LPS group.
Data represent the mean +5EM, n = 10. *Significant difference (p < 0.05), **significant difference (p <0.01), and ***significant difference

(p = 0.001) between the groups
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FIGURE 3 Mice treated with M5Cs show reduced protein
concentration in BALF. BALF levels protein were measured using
the commercial kits in a semi-automatic spectrophotometer after
12 br. There was a significant increase in protein concentration in
the LPS group compared with the Sham group. Protein
concentration was decreased in the LFS + MSC group compared
with the LPS group. Data represent the mean + SEM, n= 10.
*Significant difference (p < 0.05)

see if we had less formation of these traps in treated animals with
MSCs. The results show that the LPS+MSC group has a great
reduction in the formation of NETs when compared to the LPS group,
indicating a possible action of MSCs via neutrophils (Figure 84A). To
confirm this result, a DNA extracellular assay was performed on the
BALF and the results demonstrate that the LPS group had asignificant
increase of DMNA extracellular when compared to the Sham group. This
increase is severely reduced in the group treated with MSCs,
corroborating the results founded in confocal microscopy (Figure 8B).

To discard the possibility of this DNA extracellular found in BALF
to be derived from a larger number of cells in apoptosis, we performed
flow cytometric analysis of the Annexin Y labeling assay to identify the
percentage of cellsin apoptosisin all groups (Figure 8C). Mo difference
in the number of cells in apoptosis was found between the groups,
indicating that the large amount of DMA extracellular found in the LPS
group possibly comes from the release of the METs.

3.7 | Respiratory mechanics are not affected during ALI

Finally, we evaluated whether the treatment was capable of improving

respiratory mechanics during acute lunginjury. Three parameters were
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(x200 magnification). After 12 hr data represent the mean + SEM, n = 5. ***Significant difference (p < 0.001) between the groups
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FIGURE 5 Mice treated with MSC show reduced inflammatory markers. The proinflammatory factors TNF-q, IL-6 and the anti-inflammatory
IL-10 in the serum and BALF were detected by luminescence after 12 hr. (A and D) We had a significant increase in IL-10 in the LPS group
compared with the levels in the Sham group. This profile was also observed in both, serum and BALF. No significant difference was observed
between the LPS group and the ALl + MSC group at IL-10 levels. (B, C, E, and F) The results showed a significant increase in TNF-q, IL-6 in
the sepsis group compared with the levels in the Sham group, in both, serum and BALF. A significant decrease in TNF-a and IL-6 was
observed in the LPS + MSC group compared with the levels in the LPS group, in both, serum and BALF. Data represent the mean +SEM,
n=10. Ns:non significant difference, *significant difference (p < 0.05), **significant difference (p < 0.01), and ** *significant difference

(p < 0.001) between the groups
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evaluated: airway resistance, tissue elastance, and tissue damping.
Surprisingly, none of the studied parameters were altered in the LPS
group when compared to the Sham group, in the same way no
difference was found in the LPS + MSC group when compared with the
LPS group (Figure ?A-C). These results may be related to the time

(12 hr) used to perform this analysis in this model.

4 | DISCUSSION

ALl and its more severe form, ARDS are syndromes of acute
hypoxemic respiratory failure resulting from a variety of direct and
indirect injuries to the gas exchange parenchyma of the lungs (Mei
et al., 2007). In the present study, we demonstrate in a murine model of
ALl that systemic administration of M5SCs prevented LPS-induced lung
inflammation, oxidative stress, and METs formation.

First we perform the survival curve. After 72 hr we can observe a
large difference in the percentage of live animals treated with MSCs
when compared to ALl The MSCs-treated animals present a survival
of around 70% and untreated 35%, demonstrating the full potential of
these cells during acute lung injury. Through this result we began to
investigate the beneficial effects and possible pathways of action of
MSCs during ALL

We evaluate the lung cell migration during ALl to determine if
MSCs were able to inhibit this process and maintain endothelial
barrier. When we analyzed cell count, a massive decrease in the
number of total cell counts in BALF was evident. In the differential
count, it was evident the decrease of the cellular infiltrate of
neutrophils and macrophages in the group treated with MSCs. In
addition, we found an increase in protein concentration in BALF
demonstrating loss of endothelial and epithelial barriers. Edema
accumulates in the alveoli through some combination of increased
permeability to protein of the endothelial and epithelial barriers, and
reduced (or insufficient) alveolar fluid clearance (AFC) (Gotts &
Matthay, 2011). A number of groups have reported that M5Cs reduce
the increase in endothelial permeability associated with ALl and our
results corroborate with these findings.

The beneficial effect of MSCs appears to derive more from their
homing capacity to injured tissue, interact with injured host cells,
and secrete paracrine soluble factors that modulate immune
responses as well as alter the responses of endothelium or
epithelium to injury through the release of growth factors and
antimicrobial peptides (Leea, Fang, Krasnodembskaya, Howard, &
Matthay, 2011). Many studies have demonstrated that MSCs also
release anti-inflammatory cytokines that can dampen the severity of
inflammation in ALl {(Wang, Li, & Wang, 2013; Xu et al,, 2007). We
evaluated proinflammatory cytokines (IL-& and TNF-a) and IL-10
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FIGURE 7 PMSCs treatment reduced oxidative stress in lung during acute lung injury. Lung sections were collected 12 hr after ALl induction
and all the measured were performed as previously described using a spectrophotometer. We evaluated reactive species production by DCF
the lipid peroxidation by TBARS and damage to proteins by carbonyl levels. The activity of antioxidant enzymes were also measured: (A-C)
DCF, TBARS, and carbonyl levels were increased in the LPS group and decreased after M5Cs administration. (D) Superoxide dismutase
activity (E) Catalase activity. (F) Glutathione peroxidase activity. Mo significant change in GPx activity was observed between groups.
However, a significant decrease in catalase and superoxide dismutase activity in the LPS group compared with the Sham group. Data
represent the mean +5EM, n = 10. Ns:non significant difference, *significant difference (p < 0.05), **significant difference (p< 0.01), and

significant difference (p <0.001) between the groups

anti-inflammatory cytoline. It was possible to observe a decrease in
the production of the inflammatory cytokines in the group treated
with stem cells, demonstrating the anti-inflammatory potential of
these cells during the course of the ALL However, we did not
observe a greater increase of IL-10 in the treated group when
compared to the LPS group and this result is somewhat controversial
when compared with other studies, it is possible that in the
evaluated time (12 hr) we do not yet have a peak IL-10 stimulated by
stemn cells.

Due to this immunomodulation caused by stem cells, we decided
to evaluate two factors directly involved in the production of
inflammatory mediators: MF-xkB and COX-2, Cyclooxygenase (COX),
the prostaglandin H synthase enzyme, has been implicated in the
mechanisms of a wide variety of inflammatory diseases, including lung
injury. COX-2, as the inducible isoform of COX, is found to be
increased markedly during inflammation (Minghetti, 2004). COX-2
could be upregulated by proinflammatory cytokines and further
aggravates the inflammatory immune response in lung injury (Wang
et al., 2014). In addition, pharmacologic inhibition of COX-2 has been
proven to be able to decrease the proinflammatory cytokines and
chemokines and thus protect against ALl (Sio, Ang, Lu, Moochhala, &
Bhatia, 2010). Our, Western blot and immunohistochemistry, results
demonstrate that MSCs can inhibit the expression of COX-2 by

ameliorating the inflammatory condition during ALL

Another important mediator of the inflammatory process is the
MF-kB. This nuclear transcription factor is a regulator of inflammatory
processes and plays an important role in the pathogenesis of lung
diseases (Lawrence, 2009). When evaluated their expression we also
observed adecrease in its expression. Expression of MF-kB is required
for maximal transcription of numerous cytokines, including THF-a,
IL-1f, and IL-& (Yang et al., 2012). In this way, the correlation between
the reduction of the inflammatory cytokines in the animals treated
with M5Cs and the decrease of the expression of this factor is evident.

It is believed that a key aspect of this pulmonary inflammatory
response is mediated by increased levels of reactive species (Bowler
et al, 2003). In this framework experimental demonstrate that mice
subjected to pulmonary injury presentan increase in lipid peroxidation,
oxidative damage to the protein and disrupted antioxidant defenses in
the lung. The presence of these antioxidant enzymes and reducing
factors in lung illustrates how the lung adapts to maintain a redox
balance and can respond to oxidizing conditions that may threaten the
structural and functional integrity of the lung (Cunha et al., 2013).

When we observed our results on oxidative stress, an increase in
the amount of carbonyls in the LPS group is evident, demonstrating
that we have damage to proteins in addition to an increase in the
production of TBARS, which demonstrates a greater damage to
membrane lipids. In addition, the number of reactive species, mosthy
ROS, is also increased and can be observed through DCF.
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FIGURE 8 MS5SCs reduce the release of neutrophil extracellular traps. (&) Cells isolated from BALF 12 hr after ALl induction were incubated
in eight-chamber culture slides, fixed with 4% paraformaldehyde stained with anti-MPO, followed by anti-mouse FITC antibody and Hoechst
33342, Images are representative of at least three independent experiments. Images were taken with a Zeiss LSM 5 Exciter microscope. Scale
bars = 10 um. (B) Extracellular DM A quantification in BALF supernatants from the all groups was performed with Qubit dsDMNA HS assay kit
Data represent the mean +5EM, n = 10. ***Significant difference (p < 0.001) between the groups. (C) Flow cytometric analysis of annexin-V
hinding and propidiumiodide uptake in BALF cells from the all groups. Data are representative of four separate experiments with similar
results. There was a significant increase in METs release and concentration of DMNA in BALF in the LPS group compared with the Sham group.
MSC-treated group when compared to the LPS group demonstrated a reduction in the release of METs and a decrease in circulating DNA in

BALF. The number of cells in apoptosis had no difference between the groups

The increase in the number of reactive species leadsto an increase
in the consumption of the 50D enzyme to detoxify the excess of O,
formed, which would justify the decrease found inthe LPS group. The
detoxification caused by 50D can generate large amount of H.O,
which, the CAT enzyme is able to neutralize. In the same way as 50D,
the CAT enzyme is also decreased in the LPS group, possibly because it
is being consumed in this process. We did not have significant changes
inthe GPxenzyme, this antioxidant enzyme is the most expressed and
most active in the lung and possibly does not change like the others
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(Asikainen, Raivio, Saksela, & Kinnula, 1998; Lubos, Loscalzo, & Handy,
2011). Treatment with M5Cs was not able to alter or improve the
activity of antioxidant enzymes, however, it was able to decrease ROS
production, damage to membrane lipids, and carbonyl proteins
indicating that M5Cs can prevent LPS-induced lung injury by from
ROS exposure.

These results on oxidative stress and massive neutrophil migration
led us to perform experiments to evaluate whether MSCs could reduce

the formation of METs during ALl. Experimental studies have linked
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FIGURE ¢ Pulmonary function parameters in ALl are not affected. Animals exposed to LPS-induced ALl after 12 hr were submitted a small
animal ventilator (flexi Vent, SCIREQ, Montreal, PQ, Canada) for assessment of respiratory mechanics. The evaluation of three parameters
was performed: (&) airway resistance (Raw); (B) tissue elastance (H); (C) tissue damping (G). Data represent the mean £ SEM, n = 4. We did not

abserve any significant change between the groups
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acute lung injury to METs formation and their ROS-dependent
production (Chen et al, 2014). High ROS5 concentrations are
respansible for the activation and release of neutrophil-derived
proteases and the formation of METs (Amulic, Cazalet, Hayes, Metzler,
& Fychlinsky, 2012; Rayment, Upton, & Shooter, 2008).

Recently, it has been described in a vasculitis model that MSCs
were able to inhibit the formation of these networks. Based on the
adaptive induction of antioxidant enzymes, particularty SOD3, MSCs
were able to efficiently dampen the oxidative burst outcome of
neutrophils, to suppress their release of destructive enzymes, such as
peroxidases and proteases, and to inhibit METs formation (Jiang et al,
20164). In experimental transfusion-related acute lung injury (TRALI) in
vivo degradation of MET-derived DMA structures using DMAsel
reduced the severity of lung injury and mortality in the murine TRALI
model (Abrams et al, 2013). Another study using blocking antibodies
against histones H2A and H4 and also disrupting the MET scaffold with
DM ase were effective in redudng lung injury and mortality (Caudrillier
et al, 2012). We conducted the evaluation of METs in the BALF to
verify if we had a higher formation in the LPS group when compared to
the MSCs-treated group. It was evident the decrease in the formation
of these METs in the LPS + MSC group when we made the evaluation
by immunofluorescence The decrease of these networks is a positive
point, because it reduces the tissue damage caused by the excess
formation of the same ones during the ALl

We also performed the DMA extracellular assay on BALF to
confirm that we had an increase in circulating DMA extracellular by the
lung and that it was possibly from the METs. The result shows a
massive increase of DMA extracellular in LPS group that is not found in
the group treated with M 5SCs. The count of cell numbers on apoptosis
in BALF was also analyzed to confirm that this DMNA extracellular found
was not derived from the inrease of dead cells circulating in the lung.
Mo difference was observed in the number of cells in apoptosis
between the groups demonstrating that the DMA found in BALF
possibly comes from the release of METs.

Finally, we conclude that lung injury is accompanied by impaired
respiratory mechanics and edema formation, which contribute to the
respiratory failure. In this way, we have extended our investigation to
evaluate if treatment could lead to an improvement of lung mechanical
parameters. However, despite all the benefits of the treatment, when
we performed the analysis of elastance, ainwvay resistance and tissue
resistance, itwas not possible to verify any significant alterations in the
LPSgroup and also in the group treated with MSCs. It is possible thatin
the short time of 12 hr it is still not possible to identify any changes in
these parameters, perhaps in the long term it is possible to better

evaluate changes in pulmonary mechanics.

5 | CONCLUSIONS

In conclusion, our study demonstrates the effectiveness of MSCs in
the treatment of ALl decreasing oxidative stress and inflammation.
Through our experiments it was possible to demonstrate for the first
time that M5Cs treatment can reduce the formation of NETs during

ALl and thus contribute to a better prognosis in the course of the
disease. Further efforts to elucidate the various mechanisms to which
MSCs are invalved during ALl are essential to take this promising
treatment to dinical stage.
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Abstract

Ohbjective and design Experimental animal models and
human clinical studies support a crucial role for TLRs in
mnfectious diseases. The aim of this smudy was to test the
ability of MSCs, which have immunomodulatory effects, of
altering the mRNA expression of toll-like receptors during
a experimental model of sepsis in different tissues.
Materials and methods Three experimental groups (male
C57BL/6 mice) were formed for the test: control group,
untreated septic group and septic group treated with MSCs
(1 x 10% cells/animal). Lungs, cortex, kidney, liver and
colon tissue were dissected after 12 h of sepsis induction
and TLR2/3/4/9 mRNA were evaluated by RT-gPCR.
Resulis We observed a decrease of TLR2 and 9 mRNA
expression in the liver of the sepsis group, while TLR3 was
decreased In the lung and liver. No change was found
between the sepsis group and the sepsis 4+ MSC group.
Conclusions In this model of experimental sepsis the
MSCs were unable to modity the mRNA expression of the
different toll-like receptors evaluated.
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Introduction

Septic syndromes are defined as the presence of infection
associated with a systemic inflammatory response. The initial
phase of the disease 1s dominated by an exacerbated inflam-
matory response responsible for successive organ failures and
ultimately refractory hypotension leadin to shock [1].

Sepsis is one of the leading causes of death worldwide.
Incidence of severe sepsis 1s increasing and mortality rates
remain significantly high despite early care management.
Moreover, more than 30% of survivors develop long-term
functional disabilities and cognitive impairments [2, 3].

Based on their immunomodulatory properties, adult
mesenchymal stem or stromal cells (MSCs) can be a novel
therapeutic tool to treat sepsis [4]. MSCs reduce mortality
in experimental models of sepsis by modulating the dys-
regulated inflammatory response against bacteria through
the regulation of multiple inflammatory networks, the
reprogramming of macrophages and neutrophils towards a
more antl-inflammatory phenotype and the release of anti-
microbial peptides [3].

Toll-like receptors (TLRs) are pattern recognition
receptors playving a fundamental role in sensing microbial
invasion and initiating innate and adaptive immune
responses. The discovery of TLRs and their involvement in
innate iImmune responses has attracted much interest into
the development of dmgs for controlling infections and
improving sepsis management [7].

TLR expression 1s not exclusively limited to immune
cells (i.e., macrophages, dendritic cells, neutrophils, T
cells, and B cells) but has also been reported in multiple
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other cell types under physiological conditions, including
nervous, muscular, reproductive, colonic, adipose, renal,
hepatic, and alveolar tissue [#]. Thus, the objective of our
study was to evaluate the expression of four toll-like
receptors (TLR2, 3, 4, 9) in a sepsis model and the ability
of the treatment with MSCs modity the mRNA expression
of these receptors in ditferent tissues.

Materials and methods
Animals

Male C57BL/6 mice (8-12 weeks old) were kept on
shelves with ventilated cages that provide 60 air cycles per
hour, relative humidity ranging between 55 and 65%. a
12 h light—dark cycle, temperature of 22 + 2 °C with free
access to food and water. The animals were maintained in
accordance with the Guiding Principles in the Care and Use
of Animals approved by the Council of the American
Physiological Society. The experimental protocol was
approved by the Ethics Research Committee of Pontificia
Universidade Catolica do Rio Grande do Sul (protocol no.
14/00403).

Cell culture

MSC's were characterized by expression of cellular markers
(CD 904, CDI054, CD 34—, and CD45—) (Bio-Rad,
Hercules, CA) was determined by flow cytometry analysis
[9]. MS5Cs were induced to differentiate into adipocytes,
osteocytes, and chondrocytes by using cell differentiation
kits from R&D Systems (Minneapolis, MN) in accordance
with the recommendation of the manufacturer. Prior to the
collection of the adipose tissue, mice were killed by cer-
vical dislocation.

Adipose tissue was obtained from the epididymal adi-
pose fissue, cut into small pieces, collagenase digested,
filtered and then cultured using DMEM Dulbecco’s Mod-
ified Eagle Medium (Invitrogen Corporation, California,
USA) without ribonucleosides or deoxyribonucleosides
containing 2 mM r-glutamine and 10% fetal bovine serum
(FBS) (Invitrogen, USA), with 1% penicillin—streptomycin.
Cells were passaged every 3— days by trypsinization when
they reached 70-80% confluence and were used for the
experiments between passages 3 and 4. Between each
passage, cell viability was measured using the trypan blue
exclusion test. MSCs were cultured in a humidified incu-
bator at 5% CO2 and 37 “Cunder sterile conditions. Before
each experiment, cells were trypsinized, counted, washed
twice with PBS and resuspended in phosphatebuftered
saline (PBS) (Gibco, USA). In all in vivo experiments,
MSCs were used between passages 3 and 4.

@ Springer

Sepsis induction and treatment

The animals were welghed and then anesthetized with a
mixture of ketamine (80 mg/kg) and xvlazine (20 mg/kg)
intraperitoneally (1.p). The abdomen of each animal was
shaved and cleaned with povidone—iodine solution. A | cm
midline abdominal incision was made to expose the linea
alba. The peritoneum was opened by blunt dissec-
tion. Sepsis was induced by introducing a sterile gelatin
capsule size 17 in the peritoneal cavity containing another
sterile capsule size “2" with the Escherichia coli (3 pL,
ATCC 25922) suspension and a non-sterile fecal content
{20 mg). This experimental model was developed by our
laboratory [10, 11]. The animals were then divided into
three groups: (1) sham (mice were implanted with an
empty capsule and received retro-orbital injection of 100
pL PBS), (2) sepsis (sepsis-induced and received retro-
orbital injection of 100 pL PBS), (3) sepsis + MSC (sep-
sis-induced and treated with 1 x 10° MSCs in retro-orbital
injection of 100 pL PBS at the time of induction).

RT-qPPCR analysis of gene expression

Lungs, cortex, kidney, liver and colon tissue were dissected
and store in 300l of TRIzol Reagent (Sigma: St Louis,
USA) at —80 °C until use. The total RNA was isolated
with Trizol reagent (Invitrogen, Carlsbad, California, USA)
in accordance with the manufacturers’ instructions. The
total RNA was guantified by spectrophotometry and the
cDNA was synthesized with ImProm-II Reverse Tran-
scription System (So Paulo, Brazil, Promega) trom | pg of
total RNA, following the manufacturers’ Instructions.
Quantitative PCR was performed using SYBR Green I
{Invitrogen; Carlsbad, USA) to detect double-strand in a
final volume of 25 pl using 12.5 pl of diluted cDNA and
containing a final concentration of 0.2 x SYBR Green I,
100 uM dNTP, 1 PCR Buoffer, 3 mM MgCI2, 0.25 U
Platinum Tagq DNA Polymerase (Invitrogen:; Carlsbad,
USA) and 200 nM of each reverse and forward primers.
The primers used were TLR-2 (forward 5'-TGCTTTCCT
GCTGGAGATTT-3; reverse 5'-TGTAACGCAACAGCT
TCAGG-3") [12]. TLR-3 (forward 3'- AGCTTTGCTGGG
AACTTTCA-3, reverse 3-GAAAGATCGAGCTGGGTG
AG-3") [13], TLR-4 (forward 5-ATGGAAAAGCCTC-
GAATCCT-3'; reverse 5'- CTTAGCAGCCATGTGTTCC
A-3") [14], TLR-4 (forward 5'-CTTTGGCCTTTCACTCT
TG-3"; reverse 5 -ACCACGAAGGCATCATAAGG-3)
[15, 16] Hprtl (forward 5'-CTCATGGACTGATTATG-
GACAGGAC-3"; reverse 5'- CAGGTCAGCAAAGAACT
TATAGCC-3) [17] (GenBankTM accession number
NM_013556) and TBP (forward5- CCGTGAATCTTGGC
TGTAAACTTG -3; reverse 5'- GTTGTCCGTGGCTCTC
TTATTCTC-3") [17] (GenBankTM accession number
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NM_013684). The PCR cycling conditions started with an
initial polymerase activation step for 5 min at 95 °C for
denaturation, and four cycles 15 s at 95 °C for denatura-
tion, 35 s at 6 “C for annealing and 155 at 72 °C for
elongation. At the end of the cycling protocol, a melting
curve analysis was included and fluorescence measured
from 60 °C to 99 °C.

Relative expression levels were determined with 7500
tast real-time system sequence detection software v.2.0.5
(Apphed Biosystems; Carlsbad, USA) and were analyzed
by the 2744CT method using tbp and hprt as reference
genes. The efficiency per sample was calculated using
LinReg PCR Software v20161 (http//LinRegPCR.nl).

Statistical analysis

The data were analyzed by one-way analysis of variance
(ANOVA). For comparison of significance, Tukey's test
was used as a post hoc test according to the statistical
program GraphPad Prism. Quantitative data are presented
as mean + SEM. Differences were considered significant
at *p < (.05 between the sham and sepsis group and
#p <2 .05 between the sham group and sepsis + MSC

group.

Results

Twelve hours atter the treatment with M5Cs, we performed
the tissue collection to evaluate the mRNA expression of
tour different TLRs (TLR2, 3, 4, 9). When we analyzed the
level of expression in the cerebral cortex and the colon
(Table 1A, B), we found no significant change between the
groups studied.

However, when we performed the expression analysis of
the receptors in the kidney of the mice, we observed a
decrease in TLR2 expression in the sepsis group when
compared to the sham group (Table 1C). No significant
difference was found between the sepsis group and the
sepsis 4+ MSC group.

We also evaluated the mRNA expression In the liver,
and it was possible to observe a decrease in TLR3 and
TLR9 in the sepsis group compared to the sham group and
no change between the sepsis group and the MSCs-treated
group. In contrast, we had an increase in the expression of
TLR4 in the sepsis group relative to the sham group and no
significant difference between the sepsis group when
compared to the sepsis + MSC group (Table 1D).

Finally, in the lung, our analyses indicated a decrease in
TLR3 in the sepsis group compared to the sham group, and
no significant difference between the sepsis group and the
MSCs-treated group (Table 1E).

Discussion

This i1s the first report of mRNA expression profile in a
sepsis model and the possible influence of MSCs mn dif-
ferent  tissues. Mesenchymal stem cells have
immunomodulating properties and inhibit function of
immune cells [18]. There is evidence that the capability to
modulate immune responses rely on both cell contact-de-
pendent mechanisms and paracrine effects through the
release of soluble factors. Several studies have reported
beneficial eftects of MSC treatment in animal models of
sepsis [11, 19-21].

TLRs play a fundamental role in the primary response
against invaders connecting both innate and adaptive
immune responses [6]. Activation of TLRs in inflammatory
diseases underpins their pathophysiology wvia aberrant
secretion of pro-inflammatory cytokines and chemaokines,
which In turn creates an inflammatory feedback loop.
Breakage of this feedback loop should dampen the
inflammation and reestablish an appropriate Immune
response to pathogens [22].

Targeting TLRs 1s a promising field for sepsis man-
agement and infection control. In general, strategies
utilized to downmodulate the overactivation of TLRs
involve the use of antagonists that block the binding of
ligands or proteindigand complexes to the receptors, or
antagonists that interfere with the intracellular adaptor
molecules of the common signaling pathways, neutralizing
their effects and blocking the activation of TLR signaling
cascade. Given their pivotal role in orchestrating the
immune response, the main challenge tor the development
of TLR-blocking agents 1s to reduce the excessive
inflammation without affecting innate iImmunity [6].

In our work we observed a decrease in mRNA expres-
sion of different TLRs in different organs; however, we
found an increase in TLR4 in the liver. Under normal
circumstances, the liver negatively regulates TLR4 sig-
naling at different levels, contributing to a process known
as “liver tolerance™ [23]. Our results show a breakdown of
liver tolerance by increased exposure of TLR4 to LPS,
from septic induction, with a increased expression of
TLR4. These results suggest that the liver may react to LPS
infection and aggravate inflammatory conditions.

We found no evidence that MSCs could modulate the
expression of these receptors in this preclinical model in
any way. It is possible that TLRs are up-regulated in dif-
ferent tissues In early stages. However, our model of sepsis
1s very severe, the animals begin to die in 15 h [11] and we
perform the tissue collection at 12 h. Probably, in this
period the animals are in a very advanced phase of the
sepsis course. Previously studies with severely septic
with APACHE 11

patients, especilally patients SCores
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Table 1 TLR2, TLR3, TLR4 and TLR? relative expression levels of mRNA determined 12 h after sepsis induction in (A) cerebral cortex,
(B) colon, (C) kidney. (D) liver and (E) lung. The experimental conditions are described under “Materials and Methods™

TLR2 TLR3 TLR4 TLRY

(A). Cer.cortex

Sham 1.45 = 0.05 146 = 0.05 1.11 £0.03 1.32 £ 0.05

Sepsis 135 £ 0.02 135 £ 0.02 1.12 £ 0.03 1.14 = 0.01
Sepsis + MSC 130 = 0.15 139 = 0.20 1.21 £ 0.07 1.52 £ 0.19
(B). Colon

Sham 1.26 = 0.10 1.18 = 0.12 073 £0.17

Sepsis 1.17 £ 0.10 1.11 £ 0.07 073 £ 0.16

Sepsis + MSC 1.12 £ 0.11 1.12 £ 0.11 1.09 = 0.18
(C). Kidney

Sham 1.15 £0.21 0.97 £0.03 0.68 £0.12 094 £ 0.02

Sepsis 041 £ 0.05% 0.99 £ 0.02 0.36 £ 0.07 118 £ 0.07

Sepsis + MSC 053 £0.12% 092 +0.03 043 £0.11 1.12 £ 0.09
(D). Liver

Sham 1.09 = 0.04 204 £0.19 0.81 £0.02 1.71 £ 0.16

Sepsis 096 +0.02 128 = 0.00% 1.02 + 0.02% 1.12 £ 0.28%

Sepsis + MSC 097 £0.04 131 £0.12#* 0.96 + 0.05* 1.21 + 0.05%
(E). Lung

Sham 1.08 = 0.02 135 = 0.00 1.09 £ 0.03 1.02 = 0.0

Sepsis 0.97 £0.01 116 = 0.06% 1.01 £0.02 1.03 = 0.02

Sepsis + MSC 0.96 £0.02 122 £ 0.07* 0.97 £0.05 0.94 £ 0.03

Data represent the mean = SEM, n= 5

*p < 0.05 between the sham and sepsis group or between the sham group and sepsis + MSC group

greater than 20 and an unfavorable clinical outcome, did
not have increased expression of TLRs relative to less
severely injured patients. The assoclation between TLR
expression and the severity of illness in septic patients,
however, remains elusive, and further investigations will
be necessary [24].

Further investigation in experimental animal models is
required to clarify the correlation between TLRs and MSCs
during sepsis. This work opens new ways for future research
and elucidations about this promising treatment for sepsis.
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7. Consideragoes Finais

Alertado nos ultimos anos pela morbidade e mortalidade decorrentes da sepse
e da LPA, principalmente por deficiéncias dos atuais regimes terapéuticos,
pesquisadores se voltaram a terapia baseada em células como uma nova abordagem
para o tratamento destas patologias. Embora inicialmente acreditava-se que o maior
potencial de células-tronco residia na sua capacidade de enxertar e se diferenciar em
tipos de células de 6rgaos lesados, elas também exibem uma gama de habilidades
benéficas, incluindo migracdo para locais lesionados, modulacdo da cascata
inflamatdria, prevengao de apoptose celular nos tecidos, promog¢ao da neoangiogénese,
ativacdo de células-tronco residentes e a modulacdo da atividade de vdrios tipos

celulares do sistema imunolégico.

Considerando nossa experiéncia em estudos anteriores° utilizando estas células
como tratamento em modelo experimental de sepse, este trabalho teve como objetivo
elucidar mecanismos aos quais estas células estdo envolvidas durante a sepse e durante

a lesdao pulmonar aguda.

Trabalhos anteriores demonstraram que as células-tronco eram capazes de
reprogramar macréfagos de um estado proé-inflamatério a um estado anti-inflamatério,
provocando um aumentando a liberacdo da interlecuina anti-inflamatéria IL-1033,
Entretanto, os mecanismos alterados nas células efetoras do sistema imune ndo estdo

completamente elucidados.

Desta forma, o primeiro objetivo do nosso trabalho foi identificar um modelo
pelo qual nés poderiamos verificar de que maneira as células-tronco mesenquimais
afetam os macréfagos do hospedeiro modulando a resposta inflamatéria a ponto de

diminuirem a liberagao de mediadores inflamatdrios.

Primeiramente, nés testamos dois modelos de sepse, um deles utilizando
apenas LPS e outro, desenvolvido pelo nosso laboratério °%%7, utilizando uma capsula
contendo suspensdo de Escherichia coli e fezes. Os nossos primeiros resultados
indicavam que o modelo utilizando apenas LPS ndo era capaz de provocar uma

inflamacdo pulmonar concisa e que o modelo desenvolvido pelo laboratério
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apresentava melhores resultados para a sequéncia do trabalho. Ficou evidenciado
também que as MSCs eram efetivas na redu¢ao do score inflamatério peribronquial e

perivascular durante a sepse.

Subsequentemente para verificar se as células MSCs possuiam efeito importante
sobre o quadro inflamatério, nés avaliamos diversos marcadores inflamatdrios e anti-
inflamatdrios envolvidos durante a sepse. O tratamento com as MSCs foi efetivo na
reducao dos marcadores inflamatdérios (IL-6 e TNF-a) e aumento na produgdo da
interleucina anti-inflamatdria IL-10, o que apenas corroborava com resultados
anteriores. N&s ainda realizamos a andlise da COX-2 e do NF-kB que estdo diretamente
envolvidos na estimulacdo da producao dos mediadores inflamatodrios e ficou evidente

a capacidade destas células em inibirem a expressao de ambos.

Estes resultados iniciais nos conduziram a buscar o mecanismo pelo qual isto
ocorria durante nosso modelo experimental. Desta forma, nds resolvemos iniciar o
trabalho in vitro que nos possibilitava estudar com mais clareza o que observdvamos in
vivo. Neste momento do trabalho nés iniciamos a colaboracdo com o laboratério de

biologia molecular do Centro de Ciéncias Fisioldgicas da Universidade de Barcelona.

Incialmente o nosso objetivo era retirar os macréfagos pulmonares e conduzi-los
para a cultura celular e dar sequéncia aos experimentos in vitro. Entretanto devido a
limitagdes das técnicas e ao numero elevado de experimentos que queriamos realizar
se tornou inviavel ao longo do tempo dar sequéncia ao trabalho dessa forma. Entdo, nds
optamos por utilizar uma linhagem celular de macréfagos pulmonares de camundongos

(RAW 264.7) o que possibilitou o melhor desenvolvimento do trabalho.

Sabe-se que as MAPKs estimulam producdo de muitos mediadores inflamatérios,
tais como o fator de necrose tumoral (TNF-a), interleucina-1p (IL-1B), IL-6, COX-2 e do
NF-kB?°. Desta maneira, nds resolvemos investigar se as células-tronco poderiam de
alguma forma influenciar a fosforilagdo de duas vias das MAPKs (ERK 1/2, p38) e diminuir

a producdo dos mediadores inflamatérios.

O primeiro passo dos nossos experimentos in vitro foi verificar se nosso modelo
era efetivo em ativar a via das MAPKs nos macrofagos e encontrar o melhor tempo para

gue pudéssemos identificar possiveis alteracdes. Nossos resultados indicaram que o
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modelo utilizando LPS era efetivo e que tempos curtos eram mais efetivos para

verificacdo das fosforilacGes, o que nos fez optar pelos tempos de 15’, 30’ e 60’.

Dando sequéncia ao trabalho, para verificarmos se as MSCs eram capazes de
influenciar a rota das MAPKs, nés realizamos o cocultivo celular entre os macréfagos e
as MSCs. No6s tentamos de duas maneiras, contato direto , célula-célula, e o contato
indireto através da utilizacdo de uma membrana denominada ‘trans-well’ o que impedia
o contato entre as células, permitindo apenas a troca de fatores liberados no meio de
cultivo. O contato direto se mostrou mais efetivo e continuamos os experimentos com

este modelo.

Nos primeiros experimentos realizados com o cocultivo é visivel a capacidade das
MSCs em diminuir a fosforolicdo das MAPKs, tanto para ERK como para p38. Além disso,
é possivel observar a reducao de RSK (substrato da ERK) e de NF-kB. Estes resultados
indicavam que possivelmente as células-tronco agiam por essa rota para diminuir a
producdo e liberacdo de mediadores inflamatérios provenientes dos macréfagos. Para
maior robustez dos resultados nds analisamos por duas metodologias diferentes

(western blot e imunofluorescéncia) e em ambas obtivemos resultados semelhantes.

Antes de darmos sequéncia a investigacdo para verificar se os mediadores
inflamatérios estavam realmente diminuindo, nds decidimos realizar todos os
experimentos de cocultivo novamente e incluir um grupo apenas com MSCs para
verificar se a expressao de cada proteina analisada era apenas dos macréfagos e ndo das
MSCs. O resultado demonstra que a influéncia da expressao proveniente das MSCs no
western blot é minima e que o que tinhamos encontrado anteriormente realmente era

proveniente dos macréfagos.

Prosseguindo com a nossa investigacdo, nds procuramos identificar se a inibicdo
da via das MAPKs provocada pelas MSCs em tempos curtos poderia influenciar a
expressao de COX-2 e NF-kB em periodos longos de tempo, portanto, nds resolvemos
avaliar a expressdo de mediadores inflamatdrios a longo prazo (24 e 48h). Nossos
experimentos demosntram uma clara diminuicdo na expressdo destes marcadores nas
células que sdo cocultivadas com MSCs. Além disso, nds realizamos a andlise de outros

mediadores inflamatérios (IL-1B e IL-6) e anti-inflamatdrio (IL-10) e fica evidente a
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imunomodulacdo provocada pelas MSCs nos macréfagos cocultivados, corroborando

com os resultados encontrados in vivo.

Entretanto, apesar de todos estes nossos esforcos, de alguma maneira faltava
demonstrar que realmente a inibicdo dessa via pelas MSCs estava diretamente
envolvida na diminui¢do da liberacdo de fatores pro-inflamatdrios dos macréfagos e que
isto poderia contribuir para o controle da inflamacdo no decorrer da sepse. Sendo assim,
nos resolvemos realizar um experimento diferente substituindo o cocultivo celular e
tratando os macréfagos com dois inibidores de MAPKs diferentes (SB203580 para p38 e
U0126 para ERK 1/2) que mimetizassem o papel que nds achdvamos que as MSCs
estavam desempenhando. Quando observamos a expressdao de COX-2 e NF-kB pds
tratamento com ambos inibidores, foi possivel observar que ha uma diminuicao
significativa quando comparado com as células ndo tratadas, demonstrando que a
inibicdo desta rota possivelmente é capaz de modular a inflamacgao e que os resultados
obtidos com as MSCs provavelmente sao devido a sua capacidade de inibir a via das

MAPKSs.

Terminado este primeiro trabalho nds resolvemos investigar outros possiveis
mecanismos das MSCs no processo inflamatério. Os resultados obtidos no primeiro
artigo avaliando a diminuicdo do edema pulmonar e o dominio das técnicas para estudo
desse tecido nos fez optar por investigar a atuacao das células em um modelo agudo e

pontual no pulmao, desta maneira optamos por utilizar a LPA induzida por LPS.

No primeiro momento realizamos uma curva de sobrevida e identificamos que
as MSCs aumentavam a sobrevida dos animais quando comparado com o grupo nao-
tratado. Este primeiro resultado promissor nos conduziu a investigar o que levava a esse

aumento na sobrevida dos animais.

Nés iniciamos realizando um experimento semelhante ao do artigo anterior,
verificando se nosso modelo era efetivo e se poderiamos novamente observar a
efetividade das MSCs na modulag¢do da inflamagdo pulmonar. Os primeiros resultados
indicavam que sim, porque o tratamento sistémico com as células foi capaz de diminuir
o score inflamatério peribronquial e perivascular no tecido pulmonar. Além disso, foi

possivel observar que os animais tratados tinham menos migracdo celular, ja que,
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tinhamos uma reducdo significativa na contagem de células totais, macrdéfagos e

neutrdfilos além da diminuicdo das proteinas no lavado bronco-alveolar.

Dando sequéncia aos nossos experimentos, nds resolvemos confirmar se a
reducao de células efetoras do sistema imune no tecido pulmonar e diminui¢do na
formacao do edema se refletia nos marcadores inflamatdrios. Nossos resultados
indicaram que sim, como na sepse aqui também temos a reducdo de IL-6 e TNF-a tanto
sistemicamente (soro) quanto local (BALF). Entretanto, ndo observamos alteragbes na

IL-10, anti-inflamatdria, o que diferencia dos nossos resultados obtidos na sepse.

Como ja se sabe que a resposta inflamatéria pulmonar é mediada por niveis
aumentados de espécies reativas, nds resolvemos avaliar parametros de estresse
oxidativo no pulmdo e verificar se as MSCs poderiam estar alterando essa via. O
tratamento com MSCs ndo foi capaz de alterar ou melhorar a atividade de enzimas
antioxidantes, no entanto, foi capaz de diminuir a producdo de ROS, danos aos lipidos
de membrana e de proteinas carbonil, indicando que MSCs podem prevenir a lesdao

pulmonar induzida por LPS.

As concentracOes elevadas de ROS sdo responsaveis pela liberacdo e ativacdo de
proteases derivadas de neutrdéfilos e pela formagcdao de armadilhas extracelulares de
neutrdéfilos (NETs) com a expulsdo de fibras de cromatina do nucleo de neutréfilos como
estratégias adicionais para combater e matar eficazmente microorganismos invasores®®,
No entanto, quando esses mecanismos estdao excessivamente ativados tornam-se
altamente destrutivos para os tecidos. Desta forma, todos experimentos iniciais
serviram de base para chegarmos na hipdtese central deste segundo artigo, que foi
verificar se as MSCs poderiam influenciar a formacdo dos NETs, e que até o momento

ndo se tinha descrito na lesdo pulmonar aguda.

Quando nés realizamos o experimento para a verificagdo da formagdo dos NETs
nos neutroéfilos retirados dos animais tratados com MSCs, nds observamos uma
diminuicdo da formacdo dos NETs quando comparado com os animais ndo tratados. Nds
realizamos ainda a dosagem de DNA extracelular no BALF e a reducdo no grupo tratado
foi significativa. Nés ainda realizamos um ensaio de apotose celular para verificar que

este DNA extracelular encontrado ndo provinha de um aumento de células apoptéticas
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e/ou necréticas devido a LPA. Nenhuma diferencga foi encontrada entre os grupos o que
corrobora com os nossos resultados e demonstra que este DNA é proveniente da
liberagdo dos NETs. N&s ainda tentamos realizar a analise de formagdo dos NETs
diretamente no tecido pulmonar, entretanto, por limitagdes da técnica a vizualizagao do
gue realmente eram formacgdes de NETs no tecido pulmonar era pouco especifica, entdo

optamos por ndo utilizar estes resultados.

Para concluirmos este trabalho nés ainda resolvemos investigar se estes efeitos
benéficos provocados pelo tratamento MSCs era capaz de melhorar a funcdo pulmonar
através da avaliagdo da mecanica respiratéria. Infelizmente, nosso modelo ndo se
mostrou efetivo para que observdssemos qualquer diferenca entre os grupos, estudos
recentes com metodologia semelhante ao nosso trabalho também ndo obtiveram
nenhuma diferenca nos pardmetros de mecanica respiratdria em 24h®. Possivelmente
estudos futuros realizando curvas de tempo possam elucidar melhor esta avaliagdo

neste modelo.

Em um udltimo momento para um terceiro artigo nds retomamos o estudo das
MSCs na sepse e realizamos uma anadlise de expressao de mRNA de receptores tipo toll
em diferentes 6rgdos (cortex cerebral, cdlon, rim, figado e pulmdo). Os receptores tipo
toll s3o receptores de reconhecimento de padrdoes que desempenham um papel
fundamental na detecg¢do de invasdao microbiana e no inicio de respostas imunes inatas
e adaptativas. Nés conduzimos a andlise de quatro receptores diferentes (TLR2, 3, 4, 9)
e nao foi possivel observar nenhuma alteragao entre o grupo tratado com MSCs e o
grupo ndo tratado em nenhum dos érgaos analisados. N&s tivemos algumas limitacdes
nesse estudo, dentre elas, o tempo em que realizamos a analise. Devido ao nosso
modelo ser um modelo muito grave de sepse possivelmente em 12h seria complicado
encontrar alguma alteracdo, talvez a realizacdo dos experimentos em tempos mais
curtos possa ser possivel observar alguma diferenca. Entretanto, o estudo é valido pois
até o presente momento nao temos publicada nenhuma analise de diversos receptores

tipo toll em um modelo de sepse experimental e a influéncia do tratamento com MSCs.

Por fim, de acordo com todos os nossos resultados, ficou evidenciado claramente
no trabalho que as MSCs atuam durante a sepse modulando o sistema imune através

da via das MAPKs e consequentemente reduzindo a producao e liberacao de mediadores
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inflamatdrios. Além disso, ficou clara a efetividade das MSCs no tratamento da LPA,
através da diminuicdo de mediadores inflamatdrios e reducao do estresse oxidativo
ocasionando assim uma inibicdo da formacdo dos NETs. Cabe salientar que mais estudos
devem ser realizados para aprofundar o conhecimento de outros mecanismos pelos
guais estas células atuam para que futuramente possamos utilizar estas células como

uma possivel alternativa para o tratamento da sepse e da LPA em pacientes.
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ABSTRACT

A mutation in the HERC2 gene has been linked to a severe neurodevelopmental
disorder with similarities to the Angelman syndrome. This gene codifies a protein
with ubiquitin ligase activity that regulates the activity of tumor protein p53 and is
involved in important cellular processes such as DNA repair, cell cycle, cancer, and iron
metabolism. Despite the critical role of HERC2 in these physiological and pathological
processes, little is known about its relevance in vivo. Here, we described a mouse with
targeted inactivation of the Herc2 gene. Homozygous mice were not viable. Distinct
from other ubiquitin ligases that interact with p53, such as MDM2 or MDM4, p53
depletion did not rescue the lethality of homozygous mice. The HERC2 protein levels
were reduced by approximately one-half in heterozygous mice. Consequently, HERC2
activities, including ubiquitin ligase and stimulation of p53 activity, were lower in
heterozygous mice. A decrease in HERC2 activities was also observed in human skin
fibroblasts from individuals with an Angelman-like syndrome that express an unstable
mutant protein of HERC2. Behavioural analysis of heterozygous mice identified an
impaired motor synchronization with normal neuromuscular function. This effect was
not observed in p53 knockout mice, indicating that a mechanism independent of
p53 activity is involved. Morphological analysis showed the presence of HERC2 in
Purkinje cells and a specific loss of these neurons in the cerebella of heterozygous
mice. In these animals, an increase of autophagosomes and lysosomes was observed.
Our findings establish a crucial role of HERC2 in embryonic development and motor
coordination.
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INTRODUCTION

Angelman syndrome (AS) is a severe
neurodevelopmental disorder that occurs in approximately
one out of every 12,000 births. Patients with AS exhibit
developmental delay, speech impairments, intellectual
disability, epilepsy. abnormal electroencephalograms,
puppet-like ataxic movements, prognathism_ tongue
protrusion, paroxysms of laughter, abnormal sleep
patterns, hyperactivity, and a high prevalence of autism
[1.2]. Genetic studies revealed that AS 1s associated with
maternal deletions of chromosome 15q11-q13, paternal
chromosome 15 uniparental disomy, or rare impnnting
defects that affect the transcription of genes within the
15q11-q13 region. Specific loss-of-function mutations in
the matemally mherited UBE34 gene which resides within
this chromosomal region have been identified in a subset
of affected individuals [3]. The UBE34 gene encodes an
E3 ubiquitin ligase called UBE3A or E6-associated protein
(E6AP). More recently, a mutation in the HERC?2 gene has
been linked to neurodevelopmental delay and dysfunction
in both AS and autism-spectrum disorders among the
Old Order Amish [4,5]. Molecular analysis associated
a missense mutation in the HERC? gene (c.1781C>T,
p-Pro594Leu) with the disease phenotype. Although the
HERC? gene also resides in the 15q11-q13 region, it seems
that 1t 15 not imprinted [6]. HERC? encodes an ubiquitin
ligase that binds to UBE3A and stimmlates its ubiquitin
ligase activity [7]. Deregulation of the activity of UBE3A
1s well recognized as contnbuting to the development of
AS [2.3]. Thus, disruption of HERC? function by this
mutation s associated with a reduction in UBE3A activity
resulting 1n neurodevelopmental delay with Angelman-like
features [4.5].

Genetic vanations i the HERC2 gene are
associated with eye pigmentation. Although multiple genes
contribute to eye colour in humans, most variation can be
attnibuted to a strong mteraction between HERC? and
adjacent OC4 2 on chromosome 15 [8]. A distal regulatory
element of the (CA42 promoter 15 within intron 86 of the
HERC? gene and three different sequence variants of
HERC? have been identified, such as predictors of eye
colour in humans [9,10].

HERC? belongs to the HERC gene family that
encodes a group of proteins that contain multiple structural
domains. All members have at least one copy of an
N-terminal region showing homology to the cell cycle
regulator RCC1 and a C-terminal HECT (homologous to
the E6-AP carboxyl terminus) domain found in a number
of E3 ubiquitin protein ligases. These two domains define
the HERC family (HERC = HECT + RCC1) [11]. In
humans, six members form the HERC farmly. They are
classified into two groups: large (HERC1-2) and small
(HERC3-6) protems. Structurally, small HERC proteins
contamn the two characterisic domamns HECT and
RCC1, whereas large HERC proteins are giant proteins

(approximately 5,000 ammno acid residues) contaming
additional domains, including several RCC1 domains.
Functionally, the HERC protein family regulates
ubiquitination and ISGylation processes associated with
membrane trafficking, 1mmune response, DNA repair,
cell stress response and cancer biology [11-20]. Recently,
several substrates of HERC?2 have been identified. HERC?
targets ubiquitin-dependent proteasomal degradation to
xeroderma pigmentosa A (XPA) duning circadian control
of nucleotide excision repair [21] and the breast cancer
suppressor BRCAL1 during the cell cycle [22]. These data,
together with the interaction of HERC2 with RINF8 [23],
indicate a regulatory role for HERC2 in DNA repair by
nmucleotide excision and by homologous recombination
of DNA double-strand breakage More recently, other
substrates, such as NEURL4, USP33 or FBXLS, have
been reported that also indicate the participation of
HERC?2 i other important cellular processes such as
centrosome architecture, f-adrenergic receptor recycling,
RalB signaling, cancer cell migration, and iron metabolism
[24-26].

HERC? may also interact with proteins in a manner
independent of proteasomal degradation. The tumor
suppressor p53 1s a transcription factor that coordinates
the cellular response to several kinds of stress through the
regulation of a wide range of genes [27.28]. In response
to stress, p53 transcoptional activation 1s dependent
of its ohgomenzation state [29]. Thus, p53 mutations
that impair its oligomenzation have been associated
with a rare hereditary cancer predisposition disorder
called Li-Fraumem syndrome [30.31]. HERC?2 interacts
with p53 and modulates its transcriptional activity by
regulating 1ts oligomenzation [32]. RNA interference
experiments showed that HERC2 knock-down inhibited
P53 oligomerization affecting its transcriptional activity.
Under these conditions, up-regulation of cell growth and
increased focus formation were observed, suggesting
an important role of HERC? in proliferation [32]. In
agreement with these observations, an association of
frameshift mutations of HERC? with gastric and colorectal
carcinoma has been described [18]. Despite the critical
role of HERC? in cellular processes regulated by p53,
little is known about its physiological relevance. The
mutation of HERC? found among the Old Order Ammish
with features similar to Angelman syndrome also suggests
an important role for HERC? in neurodevelopment [4,5].
To determine the physiological importance of HERC2, we
decided to generate a mouse with targeted mactivation of
the Herc? gene.
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RESULTS using a gene trapped embryonic stem (ES) cell line from
The Sanger Institute. These ES cells, here called Herc2%°,
contain a pGTOlxr expression vector with a strong splice

Characterization of the Here2* mice acceptor site integrated within intron 2 of the mouse
Herc2 gene, which resulis in the expression of a truncated
mRNA. PCR. experiments with genomic DNA from the

To study the physiological role of HERC2, we tails of mice generated with these ES cells confirmed the
generated a novel mutant allele at the Herc2 locus by integration of the trap between exon 2 and 3 (Figure 1A).
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Figure 1: Generation of the Herc2**® mice. A. Schematic representation of the Herc2? wild-type allele (Herc2+) and Herc2#
allele and the designed primers to identify both alleles (left). The Herc2** allele contains the pGT0lxr vector that expresses the fusion of
P-galactosidase and neomycin transferase within intron 2. The mtegration of the trap was determined by genotyping using the mdicated
primers (right), 530K001/530K.004 for the wild-type allele and Gal7/Gal8 for the 530 allele. B. Exon structure of Here2* and Here2™
(left). RT-PCR experiments with mRNA from liver, spleen and kidney of Herc2+ and Here2** mice was performed using the indicated
primers. C. PCR products from B were sequenced. The trap was mserted after exon 2, for which the mutant protein contains the first 24
amino acids of the HERC?2 and p-galactosidase protein. D. f-galactosidase expression in Herc 2** mice. The activity of p-galactosidase was
determined in the testes, brain, heart and kidney of Herc2™*" mice and detected by X-gal staining. E. Scheme of HERC? protein and the
expected product from the Herc2%* allele. The P594L pathological mutation is indicated (*). RLD: RCC1-like domain.
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RT-PCR experiments with mRNA from different tissues that the HERC2 new mutant allele Herc2** is functionally

showed the formation of a truncated mRNA of Herc2 deleted (Figure 1E).

fused to B-galactosidase (B-geo) (Figure 1B). Sequencing

analysis confirmed these results and revealed the fusion Herc2? is an essential gene during embryonic
of p-galactosidase after amino acid residue 24 of HERC2 development

(Figure 1C). p-galaciosidase activity was determined n
several tissues (Figure 1D), confirming the expression of

a fused transcript of the first 24 amino acid residues of 91 offspring bom from the intercross heterozygous
HERC? with P-galactosidase. Because mouse HERC2 mice were ge.n_otyped by PCR. Among these mice, 34
protein has 4,836 amino acid residues, we can consider (37%) were wild-type for Herc2, and 57 (63%) were

heterozygous for Herc2*"° (Figure 2A). We could not

A
Analysis of mice from a Herc2**x Herc2*/530 cross
) Expected Observed
Variable frecuency, % (n)  frecuency, % (n)
Herc2™™* 25 (23/91) 37 (34/91)
Herczt/530 50 (45/91) 63 (57/91)
Herc2930/530 25 (23/91) 0/91
B
Analysis of progeny from a Here2*930x Herc2*930 cross
Genotypes
Observed Placentas with Placentas without
Stage  placentas embryo embryo Herc2¥*  Herc2*530  Hareo530/530
E10.5 8 ] 3 2 3 0
E85 11 8 3 1 7 0
E75 15 7 8 4 3 0
c Experiment 1 Experiment 2

E16 PO P5 P15  AD E16 FO P5 P15  AD

- - P HERC2

b‘-----.- ®  jeactin

Figure 2: Analysis of progeny from the Herc2***" cross. A. Analysis of offspring bom from the intercross of Herc2+## mice.
Ninety-one ammals were genotyped by PCR of genomic DNA isolated from mouse tails. The expected frequencies for Herc 2™ and
Herc2+%% were obtained; however, no homozygous mice (Herc2**%%%) were identified. B. Analysis of embryonic lethality in Here2#%9%
mice. Embryos from Herc2*** pregnant females at different stages were isolated and genotyped. The Herc2** and Herc2*** genotypes
were identified, but not the Herc2'%0%%_The placentas without embryos could not be genotyped. C. Analysis of HERC2 protein levels during
development. Lysates from brains at different stages were analyzed by immmoblotting for HERC? and p-actin. E16 (embryonic day), PO,
P5 and P15 (post-natal day 0, 5 and 15. respectively) and AD (adult animal).
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identify any wviable homozygous Herc2¥%0 These
data suggested an embryonic lethality for null mce. To
determine the time of embryonic lethality in Herc23%%%
mice, genomic DNA was isolated from embryos
harvested at different stages (E7.5, E8.5 and E10.5) of
pregnancy from Here2*"? mice. We isolated 34 placentas
and observed 14 (41%) without embryos (Figure 2B).
Among the embryos, we identified both wild-type and
heterozygous mice, but not homozygous mice. At day 7.5
and 8.5 1n placentas without embryos, we observed some
tesiduals. At day 10.5, these residuals were completely
tesorbed. Most likely, these residuals were rests of
embryos homozygous for Herc2**? These results indicate
that the expression of at least a normal Herc? copy is
essential for the completion of embryomc development
before day 7.5.

Genes important for development are usually
highly expressed during embryonic stages. To determine
the expression pattern of the HERC2 protein during

development, we analyzed the levels of the endogenous
protemn i samples from brains at embryomic day E16,
postnatal days P1, P5 and P15, and adult mice (8 weeks).
Anti-HERC? antibodies detected a double band that
decreased during development, with the highest levels in
the embryonic stage and lower levels in the adult animal
(Figure 2C). Similar expression profiles were observed for
other members of the HERC family, such as HERC1 or
HERCS3 (data not shown), suggesting an important role of
the HERC proteins during embryonic development.

P33 inactivation did not rescue embryonic
lethality of homozygous Herc2** mice

Growth curves and survival rates were analyzed 1n
Herc2"" mice. The growth curve was not significantly
altered in Herc2**"mice during the time studied (Figure
3A). The survival rate was also similar to wild-type mice
during the period studied (Figure 3B).

A B
50 120
B Hercz™
40 oS0 100 1
= - R
g i 3 e = Horc2™”
£ ., 2 & i = Hercz™*
i v ps3”
é 3'._. 404 . P
197 204 i
‘
:
0 T Ay T T
4 8 12 18 20 24 48 0 20 40 60 80 100
Time (weeks) Time (weeks)
c
Analysis of mice from a Herc2*/530p53*~ x Herc2*/530p53*- cross

Variable Herc2¥*  Herc2™930  Here2330530  Tota)
p53*/* 3 21 0 24
p53*” 10 49 0 59
p537- 2 8 0 10
Total 15 78 0 93

Figure 3: p53 inactivation did not rescue the lethality of Herc2***** homozygous mice. Graphs of growth rate A. and survival
B. from Herc2+* and Herc2*** mice. Growth and survival were analyzed in male mice (n>10) at the indicated weeks. The survival for
P53+ mice also was analyzed. C. The analysis of mice from a cross of double heterozygous Herc2™* p53* animals. The offspring was
genotyped by PCR. of genomic DINA with the appropriate primers, indicating that the embryomic lethal phenotype of Herc2*%* embryos

was not rescued by crossing with p53+ mice.
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Figure 4: Herc2">*’ mice show reduced levels of HERC?2 protein. A. HERC2 protein levels were analyzed by immunoblotting
using specific antibodies against HERC2 in several tissues from 8 week old mice. The levels of HERC2 were quantified (7 = 8) and
normalized with respect to B-actin levels. B. -galactosidase expression in brain from Herc2** mouse. The B-galactosidase activity was
detected ubiquitously in all areas using X-gal staining. However, there were forebrain cortical and subcortical areas in which B-galactosidase
labeling was the most intense (asterisks). C. The levels of HERC2 were analyzed by immunoblotting in lysates of cerebellum, cerebral
cortex and diencephalon from Herc2** and Herc2*** mice at P4 (post-natal day 4). BA, basal amygdala. CA1, pyramidal cell layer
of the hippocampal comu ammonis 1. DEn, dorsal endopiriform nucleus. DG, granular cell layer of hippocampal dentate gyrus. DM,
dorsomedial nucleus of the hypothalamus. Pir, piriform cortex. PV, paraventricular thalamic nucleus. RSG, retrosplenial granular cortex.
VM, ventromedial nucleus of the hypothalamus.
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It had been previously demonstrated that knockout
mice for the E3 ubiquitin ligases of p53, such as MDAM2?
or MDM4, are lethal in embryonic stages due to growth
mhibition and apoptosis. Interestingly, this lethality could
be rescued by concomitant p53 depletion [33-35]. Because
HERC? 15 an E3 ubiquitin ligase that regulates p53 activity
[32], we asked whether p53 mactivation might also rescue
the lethality of Herc2*%*** homozygous mice. We crossed
double heterozygous Herc2 and p53 mice (Herc2"™¥ p53+-
mice) to obtain double homozygous mice. We analyzed
the genotype of the offspring by performing an adequate
PCR assay on of genomic DNA samples but did not
observe any viable Herc2*%7* mouse (Figure 3C). These
data suggest the non-involvement of p53 in the embryonic
death caused by the depletion of Herc2.
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Partial inactivation of the Herc2 gene is sufficient
to reduce HERC?2 protein levels and activity

We analyzed protein levels of HERC? in Herc2 %0
animals by immunoblotting. We observed that the levels
of HERC? were decreased approximately 50% i the brain
and kidney of Herc2**¥ animals (Figure 4A). The analysis
of B-galactosidase activity in Herc2" mice allows the
analysis of Here? expression m more detaill Ubiquitous
expression of HERC2 was observed in all tissues analyzed
(Figure 1D). In the bram, this expression was higher in
the hippocampus (pyramidal cell layer and granular layer
of dentate gymus), hypothalamic nucleus (dorsomedial and
ventromedial), amygdaloid nucleus (basal and medial),
piriform cortex, dorsal endopiriform nucleus, entorhinal
cortex, retrospenial cortex, paraventricular thalamic
nucleus, and cerebellum (Figure 4B and data not shown).
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Figure 5: Herc2™** mice show reduced activity of HERC?2. A. USP33, a substrate of ubiquitination of HERC2, was analyzed in
lysates (cerebellum. cerebral cortex and diencephalon) from 8 week old mice by immunoblotting. Higher levels of USP33 were observed
in all areas of Herc2*** mice. Levels of USP33 were quantified and normalized with respect to B-actin levels. B. Herc2*** mice show
reduced levels of p2] mRNA. RT quantitative PCR analyses were performed in forebrain and cerebellum from Herc2+* and Herc2+** mice
to quantify p2] gene expression (n = 10). The levels of expression were normalized with respect to G4PDH gene expression.
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Table 1: Behavioural tests of Herc2"? mice

i . Test Values: mean + error (n)
Cognitive task |Behavioural tests Hare2 ™ Here2 0 Pvalue
Time outside of the dark box (s) |235+£13 (9) 232+9(8) 0.83
Anxiety g-‘lm(‘:)b‘le“me suspended by the | 55 4 14 (g) 173 + 14 (19) 0.11
Object STM 024+ 008 (6) 023+0.05(10) 0.87
e LT™ 026+0.09 (6) 032+0.06 (10) 0.60
Lo i 22500 e
Memory Step ugh | s 292+024(6) 221+037(15) 0.12
passive
avoidance
test (Lat ) LTM 284+031(7) 3.04+032(19) 0.66
Open field (total activity) 1649 = 108 (8) 1612+ 199 (16) 0.87
Motor function |Rotarod (#Falls) 1.14 =046 (7) 4.21+0.90 (19) **0.0058
Forelimb Grip strength (s) 7.00+ 098 (6) 796+ 0.78 (8) 0.46

STM: Short Term Memory; LTM: Long Term Memory; DI: Discrimination index; n: number of animals

These observations were confirmed by immunoblotting.
We dissected the cerebellum, cerebral cortex and
diencephalon, detecting HERC?2 protein in all these areas
(Figure 4C). The levels of HERC? protein were reduced
in Herc2*%% animals (Figure 4C) with respect to control
mice (Herc2™).

These data show that the levels of HERC?2 protein
are reduced almost 50% in Herc2""*’ mice tissues and
suggest that the HERC2 activity must also decrease in the
brain of heterozygous ammals. Two activities have been
associated with HERC2 protein; an E3 ubiquitin ligase
activity which regulates protein levels of USP33, BRCA1
or XPA [21,22,25], and an activity as a stimulator of the
p53 oligomenization that regulates the transcriptional
activity of p53 [32]. To analyze the activity of E3 ubiquitin
ligase, we performed immunoblotting expeniments in
the mouse brain areas with antibodies against substrates
ubiquitinated by HERC2. Only the USP33 protein was
detected by mmmunoblotiing mn these mouse samples
(Figure 5A). Interestingly, m Herc2*™ mice, the
levels of USP33 were igher than in control mice. To
examine the activity stimulating p53 oligomenization and
transcriptional activity, we analyzed the levels of p27
mRNA by RT quantitative PCR analysis. A decrease in p27
mRNA levels was observed in Herc2*%*° mice (Figure 5B).
Altogether, these data show that the partial inactivation of
the Herc2 gene in Herc2**’ mice is sufficient to reduce
HERC?2 protein levels and activity.

A homozygous mutation in human Herc2 causes
an Angelman-like syndrome and reduces the
activity of the HERC?2 protein

HERC? has been implicated 1 a human disorder
with some features similar to Angelman syndrome. The
substitution of proline by lencine at amino acid position
594 in HERC2 caused HERC2™* instability and almost

total loss of the protein in homozygosis [4,5]. Based on
our data from heterozygous ammals, we hypothesized
that these patients would have lower levels of HERC2
activity. To test this hypothesis, we analyzed the levals
of USP33 proten from fibroblasts denved from an
affected mdrvidual and a healthy control. We observed
a igh increase of USP33 levels in fibroblasts from a
patient (Figure 6A). To confirm that HERC?2 activity was
diminished, we also analyzed the levels of p21 protemn.
We observed a decrease i the p21 protem levels
fibroblasts from this patient (Figure 6A). However, the
p53 and o-tubulin levels did not sigmificantly change.
The p2] mRNA levels also confirmed the decrease in
p53 transcriptional activity in fibroblasts from the patient
(Figure 6B). The level of p53 protein is regulated by the
proteasome. In the presence of the proteasome mhibitor
MG132, we observed a similar stabilization of p53 protein
levels in fibroblasts from the patient and the control
(Figure 6C). Under these conditions, we also detected
a decrease mn p21 protein levels in fibroblasts from the
patient (Figure 6C), indicating a decrease mn its p53
activity. These data show the low activity of HERC2 in
individuals carrying the HERC2™*L mutation.

In conclusion, the low HERC? activity found in
Herc2*"" mice (Figure 5) and in individuals with the
HERC2P%L ntation (Figure 6A-6C) correlated with an
increase i levels of the USP33 protemn and a decrease
in levels of the p21 protein. These data suggest that
in conditions with low levels of HERC? protemn, cells
could contain more USP33 and less p21. To confirm this
point, human U208 cells were depleted of HERC?2 using
interference RNA, and USP33 and p21 were analyzed
by immunoblotting (Figure 6D). HERC2? knockdown
increased levels of the USP33 protein and decreased levels
of the p21 protein.
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Figure 6: A homozygous mutation in human HERC2 that causes an Angelman-like syndrome reduces the activity of
the HERC?2 protein. A. Fibroblasts derived from individuals with HERC2 wild-type or HERC?2 with the mutation P594L were analyzed
by immunoblotting for the indicated antibodies. Levels of USP33 and p21 proteins were quantified and normalized with respect to o-fubulin
levels. B. Levels of p2] mRNA were analyzed by RT quantitative PCR. analysis and normalized with respect to /85 gene expression. C.
The levels of HERC2, p53, p21 and a-tubulin proteins were analyzed in the presence or absence of the proteasome inhibitor MG132. D.
U20S cells were transfected with non-targeting (NT) or HERC?2 siENAs and analyzed by immunoblotting against the indicated proteins.
The levels of USP33 or p21 were quantified and normalized with respect to Ran levels.
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HERC?2 regulates motor coordination a reduction of approximately 50% in HERC?2 protein
could have some features found in HERC2™* patients.

. . . To examune this question, behavioural tests to measure
Individuals HERC?2"%L putati
ying the €2 on different cognitive tasks were performed in Herc2**? and
present a severe T tal y with an - tal?le wild-type mice. Except for the rotarod test, no significant
gait [4,5]. We wondered whether Herc27* mice with
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Figure 7: Impaired motor coordination in Herc2™ mice. A.-B. The number of falls from the rotarod increases in Herc2+#%
mice at 6 months of age in comparison with control littermates. C. No difference was found in p53* and p53+ mice in comparison with
WT. (D-E) EMG measurements of CMAP amplitudes in the MG of control and Herc2+** mice show normal neurotransmission efficacy
in postnatal heterozygous mice. D). Representative recordings during a train of stimuli at 100 Hz in a control and a Herc2****mouse. E.
Depression of CMAP amplitudes (normalized to the first response) during a train of stimmli of 300 ms at 100 Hz in control (n = 7) and
heterozygous mice (# = 18). The train index F.. corresponding to the depression at the end of the train, and PPF (Pair -Pulse Facilitation)
G., are similar between groups.
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differences between the two groups were found (Table 1:
video). Herc2**" mice displayed a statistically significant
increase in rotarod falls compared to wild-type mice
(Herc2**: 1.14 =046, n =7 and Herc2"%%%: 421 + 0.90,
n =19, p=0.0058) (Figure 7A-7B), suggesting a role for
HERC? in motor coordination. Because HERC?2 tegulates
p53 actiity, we asked whether p53 inachvation could
produce effects similar to Herc2"™ mice. We performed
the rotarod test in p53*" and p53 mice. No significant
differences were observed compared to wild-type mice
(Figure 7C). These data mdicate that the impaired motor
coordination in Herc2™** mice 1is specific and independent
of p53. Next, we analyzed whether muscular function was
affected in Herc2*** mice. The electrical neuromuscular
properties of the Herc2*"¥ mice were studied in vive
by performing electromyography (EMG) on the medial
gastrocnemius (MG) muscle using short frain stimuli at
100 Hz (Figure 7D). The depression at the end and the
facilitation at the beginning of a train of 30 stimuli were
similar i mutant and wild-type mice when measured by
normalization of the CMAP (Compound Muscular Action
Potentials) amphitude (p = 0.8 and p = 0.85, respectively)
(Figure 7E-7G). These results indicate a normal muscular
function.

The cerebellum regulates motor coordmation,
and alterations in its structure have been associated
with i1mpaired motor coordination. To examine whether
the deficit of motor synchronization in Herc2"* mice
was caused by an alteration of cerebellar structure,
we performed immunohistochemistry analysis of the
spectfic marker of Purkime cells calbindin-D28 k
(CaBP) (Figure 8). CaBP immunoreactive Purkinje cell
somata form a continuous cell layer i the cerebellar
cortex of Herc2™ mice (Figure 8A-8C). In Herc273%
mice, parasagiital zones devoid of mmnmnoreactrvity
throughout the cerebellum indicative of Purkinje cell
loss were observed (arrows and arrowheads in Figure
8D-8F). These symmetrical Purlanje cell-depnived bands
-characterized by the presence of wide spaces lacking
cell somata in the Purkinje cells layer (astenisks in Figure
8H) and dendritic debnis through the molecular layer
(mol m Figure 8H)-, were distributed differently along a
medio-lateral gradient (see comparison between Figure
8D-8F from a Herc2**" mouse and Figure 8A-8C from
a Herc2™ mouse). Thus, vermal and paravermal Purkinje
cells were less affected than in the cerebellar hemispheres.
In the vermis and paravermus, the loss of Purkinje cells
was disiributed in narrow gaps (arrows i Figure 8D and
8E), while at the hemispheres, the areas of Purkinje cells
loss reached a great extension (arrowheads i Figure 8D
and 8F), m which remain some surviving Purkinje cells
(small arrows in Figure 8F). Epifluorescence microscopy
analysis showed that HERC2 immunoreactivy in Purkinje
cells colocalize with CaBP (Figure 9). In Herc2™" mice,
HERC? mmmunchistochemistry confirmed the loss of

Purkinje cells in narrow gaps at the vermis/paravermis or
in a greater exiension at the hemispheres (Figure 9C-9E).

CaBP mmmunohistochemustry also revealed the
presence of pathological signs in Herc2™*# Purkinje
cells. Rounded thickenings resembling axonal torpedoes
were observed in Purkinje cell axons, which contrast with
the fine gramed morphology of nommal Purkinje cells
axonal plexuses (see arrows in the comparison between
Herc2** and Herc2™*? in Figure 10A-10C). Phenotypic
alterations of Herc27 Purkinje cells were also observed
m the 1.5 pm thick sections stained with toluidine blue
(Figure 10D-10E). Disappeared Purkimje cells somata
were substituted by glial Golgi-epithelial cells (Figure
10D: arrows, Purkinje cells; small arrows, Golgi-epithelial
cells). High magnification allowed to detect degenerative
dark accummlations within the cytoplasm of the soma
(arrowheads i Figure 10E) and the dendrites (arrows in
Figure 10E) of the Purkinje cells. Electron microscopy
analysis of cerebella confirmed these degenerative signs in
Here27% mice (Figure 10F-10H and 11). The cytoplasm
of Herc2"%%® Purkinje cells contamed a high number of
lysosomes and electron-dense debns (Figure 10F-10H,
asterisks), and autophagosomes with different degrees
of evolution (Figure 10G, arrows). Damaged cisterns
of Golgi apparatus and numerous cisterns of the rough
endoplasmic reticulum fused to the cytoplasmic face of
the nuclear membrane were also observed (not shown).
The difference between mice Herc2™* and Herc2***! was
even most evident 1n the principal Purkinje cell dendrites
(Pcd in Figure 11). Thus, numerous degenerative signs
were present in Herc2**¥ Purkinje cells dendrite (Figure
11B and 11E). while were almost absent in wild-type
ones (Figure 11A, 11C and 11D). These degenerative
signs were found 1 2 and 9 month-old anmmals (Figure
10F-10H), with a slight increase of these alterations in the
older mice (not shown). These data show that the partial
inactivation of HERC?2 in Herc2**¥’ mice causes Purkinje
cell loss, which explain motor incoordination detected
here in rotarod test. The increase of antophagosomes and
lysosomes observed in Herc2**? Purkinje cells (Figure
10 and 11) led us to wonder whether HERC2 may be
mvolved m the regulation of autophagy To this end,
we have analyzed the adaptor-substrate p62/SQSTMI1
by laser confocal microscopy. HERC? immunostaining
colocalized with p62 (Figure 12). This colocalization, 1t
was observed both i wild-type animals as in Herc2™*#
animals (Figure 12, arrows and arrowheads in the merged).
In Herc™™ mice, p62 immunostaining showed a punctate
labeling pattern that concentrated in Purkinje cells somata
(Figure 12, arrows). This pattern was altered in Here2**0
animals; thus, in addition to the somatic labeling, p62
immunostaining was also evident within the dendritic
trees and the axonal torpedoes of Purlanje cells (Figure
12, arrows and arrowheads) indicating a dysregulation
of autophagy in Herc2?*** Purkinje cells. Altogether,
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Figure 8: Purkinje cells loss in Herc2***" mice. Microphotographs of coronal sections through the cerebellar cortex of 9 months old
wild-type (wr, A-C, G) and 9 months old Herc2*** mice (+/530, D-F, H). Calbindin immunohistochemistry shows as Purkinje cell somata
form a continuous cell layer in the Herc2+* (wf) cerebellum A.-C. However, parasagittal zones lacking of immunoreactivity throughout
the Herc2*** cerebellum indicative of Purkinje cell loss are observed (arrows and arrowheads, in D.-F.). These symmetrical Purkinje cells
deprived bands, characterized by the presence of wide spaces lacking Purkinje cell somata (H, asterisks) and dendritic debris through the
molecular layer (H, mol), distribute differently according a medio-lateral gradient. In the vermis and paravermal zones the immunonegative
zones are sagittaly distributed in narrow gaps (D-E, arrows); while at the hemispheres the areas devoid of Purkinje cells, also bilateral,
reach a greater extension (D, F, arrowheads) in which remain some surviving Purkinje cells (F, small arrows). G, illustrates the Herc2**
(wf) immunostaining of normal Purkinje cells; note as dendritic trees fulfill the molecular layer (G, mol), while Purkinje cells somata align
in a continuous row. PCL, Purkinje cells layer. Bars = 600 um (A, D), 400 um (B-C, E-F), and 30 ym G.-H.
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Figure 9: HERC2 is present in Purkinje cells. Microphotographs of coronal sections through the cerebellar cortex of 9 months old
Herc2*"* (wt, A.-B.) and 9 months old Herc2*** mice (+/530, D.-E.). Epifiuorescence microscopy analysis shows that HERC2 is expressed
in all the adult Purkinje cells colocalizating with the general marker of Purkinje cell calbindin (CaBP) (A-E) in the cerebellar cortex (A,
Cc,), and their axonal endings in the cerebellar nuclei (A, Cn, arrow). Herc2*** cerebellum displays parasagittal bands of Purkinje cells
loss in the vermis and paravermal zones (C., arrows; D, arrowheads), and areas of extensive Purkinje cell loss in the cerebellar paraflocculus
(asterisks). The arrows in E illustrate the co-expression of both proteins in the Purkinje cell dendritic tree. Bars = 750um (C), 200 pm (A),
100pum (D), 75um (E), and 50 pm (B).
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Figure 10: Purkinje cell degeneration in Herc2"** mice. Microphotographs of transmitted light A.-E. and electron microscopy
F.-H. of parasagittal sections through the cerebellar cortex of 9 months Herc2** (wt, A), and 2 (H) and 9 months old Herc2*** mice
(+/530, B.-G.). Calbindin immunohistochemistry reveals the presence of rounded thickenings resembling to axonal torpedoes in Herc2+*%
Purkinje cell axons (B-C, arrows), which contrast with the fine grained morphology of normal Purkinje cells axonal plexuses (A, arrows).
1.5 pum thick sections illustrated Purkinje cells (D, arrows) limiting a zone in which disappeared Purkinje cells were substituted by glial
Golgi-epithelial cells (small arrows in D and E). High magnification allows detect degenerative dark accumulations within the cytoplasm
of the soma (E, arrowhead) and the dendrites (E, arrows) of the Purkinje cells. Herc2*** Purkinje cells cytoplasm possesses lysosomes,
electron-dense debris (F-H, asterisks), and autophagosomes with different degrees of evolution (G, arrows). Pen, Purkinje cell nucleus. Bars
=50 pm (A-D), 25 pm (E), and 1 pm (F-H).
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Figure 11: Ultrastructural analysis of Herc2"** mice indicates accumulation of autophagosomes and lysosomes in
Purkinje cells. Electron photomicrographs of parasagittal sections through the cerebellar vermis of 9 months old Herc2** (wt, A., C.-
D.) and 9 months old Herc2*% mice (+/530, B., E.). An important difference in the presence of autophagic (arrowheads), and lysosomal
(arrows) organelles can be observed between wild-type (A) and Herc2*** (B) Purkinje cells cytoplasm. The difference is even most evident
in the principal Purkinje cell dendrites. Thus, numerous degenerative signs are present in Herc2*+** Purkinje cells dendrite (E), while are
almost absent in wild-type ones (C-D). Pcd, Purkinje cell dendrite. Pen, Purkinje cell nucleus. Bars = 2 pm (A-C, E), and 1 pm (D).
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these findings suggest that HERC?2 plays an active role
in regulating the Purkinje cells homeostasis, whose
deregulation elicits alterations in motor coordination.

DISCUSSION

We have generated a new mutant allele of the
HERC?2 ubiquitin ligase, Herc2*’, which has led us
to identify Herc2? as an essential gene for embryonic
development. The HERC? gene encodes an unusual long
polypeptide chain of almost 5,000 amino acid residues.
The maintenance during evolution of this single and long
polypeptide chain suggests an important physiological role
for the giant HERC? protein. Here, we showed that the
inactivation of Herc2 causes embryonic lethality before
7.5 days. At that time, we observed a high number of
abnormal placentas, probably indicating resorption of
unviable embryos. Although we have not studied the cause
of this embryonic lethality, a possibility could be defective
implantation. The unviability of embryos when HERC? is
inactivated would be indicative of the difficulty of finding
human individuals homozygous for mutations of this gene.

To our knowledge, only the HERC2* mutation found
in the Amish community has been reported in humans
[4,5]. In these individuals, the HERC?2 protein is unstable
and low levels are detected, although apparently high
enough to avoid embryonic lethality. Ubiquitin ligases
that interact with p53, such as MDM2 or MDM4, had also
been identified as essential during embryonic phases. The
absence of MDM?2 induces embryonic lethality in mice
at the peri-implantation (E4-E5.5) stage of development,
whereas mice deficient for MDM4 die in mid-gestation
(E7.5-E8.5) [33-35]. The lethality duning these phases was
rescued by a double knockout of the ubiquitin ligase and
p53 [33-35]. Because HERC?2 is also an ubiquitin ligase
that interacts and regulates p53 activity [32], we analyzed
whether the double knockout of HERC?2 and p53 could
also rescue the lethality. Our results show that the double
knockout did not rescue the embryonic lethality, indicating
a pS53-independent role for HERC2 in development.
Moreover, these data also confirm, at a genetic level, the
different functions of MDM2 (or MDM4) and HERC2 in
p53 regulation.

HERC? acts as an ubiquitin ligase tagging for
degradation by the proteasome of substrates such as XPA,

+/530" NG

Figure 12: p62/SQSTMI in Herc2" mice. Laser confocal microphotographs of coronal sections through the cerebellar cortex of
the vermis of 9 months Herc2** (wt, A) and 9 months old Herc2*** (+/530, B) mice double labeled with HERC?2 and p62 antibodies.
Colocalizations of HERC?2 and p62 are indicated by arrows in dendrites and cell somata A., B., and by arrowheads in the axonal torpedoes
of Herc2*** Purkinje cells (B). Asterisks in B indicate the absence of Purkinje cell bodies. Bar = 50 pm (A-B).
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BRCAIL, NEURIL4, FBXL5 or USP33 [21.22.24-26].
HERC?2 may also positively regulate p53 activity through
stimulation of its oligomenzation [32]. The analysis
of levels of USP33 and p21 led us to analyze these two
activities, respectively. These activities had been reported
i culiure cell but not in physiological conditions. The
generation of Herc2*™*’ mice containing approximately
one-half of the HERC2 protemn (Figure 4) led us to
analyze the role of HERC2 in vivo. Herc2"? mice had
higher levels of USP33 protemn and lower levels of p21
mRNA (Figure 5). These results show for the first time the
inhibition of HERC?2 activity in physiological conditions.
Individuals from the Amish commmmity with a punctual
mutation in HERC2, HERC2™*L suffer a developmental
disorder with features similar to Angelman syndroms
[4.5]. These individuals produce an instable HERC2P#4L
protein. Skin fibroblasts obtained from these indniduals
also had higher levels of USP33 protein and lower levels
of p21, in agreement with a loss of HERC? activity. We
showed how these results can be exirapolated to other
human cells through interference RNA experiments.
HERC? knockdown caused an increase in the levels of
USP33 protein and a decrease n the levels of p21. In
conclusion, we show how the loss of HERC? protein
correlates with the loss of its activities, confirming the
mvolvement of HERC? in cellular processes regulated by
USP33 [25] and ps3 [32].

The tumor suppressor gene p53 i1s mutated
approximately 50% of human sporadic cancers and m
inherited cancer predispositions, such as Li-Fraumem
syndrome [27.28]. Homozygous p33* mice are highly
prone to cancer, particularly T-cell lymphoma and
sarcoma [36.37]. Expenments with heterozygous
P53 mice indicate that a mere reduction in p53 levels
may be sufficient to promote tumorigenesis [38]
The p53 transcriptional activation is dependent of its
oligomerization state [29], and p53 mutations that impair
its oligomerization have been associated with the Li-
Fraumeni syndrome [30,31]. Because HERC? interacts
with p53 and modulates its transcriptional activity by
regulating its oligomerization [32] and Herc2**" mice
have less p53 activity (Figure 5), we would expect
Herc2**" mice to show an increased susceptibility to
developing spontaneous tumors. However, we have
not observed a greater number of tumors in Herc2*¥
mice (data not shown). In agreement with these data, an
increased susceptibility to develop spontaneous tumors
in individuals from the Amish commumty with the
HERC2™ punctual mutation [4,5] and lower p53 activity
(Figure 6) has not been reported. The hypothesis that
loss of transcription i p53 1s the drving force selected
during tumonigenesis needs to be reevaluated. as 1t 1s
far from straightforward. For example, mice expressing
P53 mutants transcriptionally defective for growth arrest,
senescence and apoptosis, are not prone to cancer [39.40].

Moreover, cells from mice deficient for the three p53 target
genes, p2], Puma and Noxa, are deficient 1n their abality
to undergo p53-mediated cell-cycle amrest, apoptosis, and
senescence, although the animals remain tumor-free [41].

Qur study identifies a new function for the HERC2
ubiquitin higase as a regulator of motor coordination
through regulation of Purkinje cells homeostasis. HERC2
protein 15 expressed in Purkime cells (Figure 9). The
decrease of its protemn levels correlates with the loss
of Purkinje cells in the vermus and hemuspheres of the
cerebellum that would explain the motor incoordination
detected in Herc2"’ mice with rotarod experiments
(Figure 7 and 8). The Purkinje cell loss is bilateral
and symmetrical as in other mutations characterized
by the Purkinje cells loss [42], demonstrating the
specificity of the degenerative process. This loss 1s not
homogeneously distributed; thus, the loss of Purkinje
cells appears as discrete gaps in the continuous staining
of the molecular layer of the vermis, while at the
hemispheres, the loss reaches a great extension (Figure
8). Despite their homogenous shapes and common
morphological features, these results suggest some
difference between Purkimje cells and 1s m agreement
with previous observations indicating that these
neurons do not constitute a biochemically homogenous
population [42 43]. Pathological signs, such as varicose
enlargements resembling axonal torpedoes and widespread
accumulations of dense cytoplasmic matenal, were
observed in Purkinje cells of Herc2"%*% mice. Proliferation
of Golgi epithelial cells 1s also indicative of Purkinje cell
degeneration. Electron microscopy analysis of Herc2™7%0
cerebella showed Purkinje cells containing numerous
degenerating signs i autophagosomes, lysosomes
and Golgi cisterns (Figure 10 and 11, and data not
shown). These results resemble those obtained from
a different mutant mouse called tambaleante [44,45].
In these amimals, a progressive and specific loss of
Purkinje cell was observed with a very similar pattern of
neurodegenerative signs. Interestingly, the Purkinje cell
degeneration in tambaleante mutant mice is a consequence
of a missense mutation in HERC1 [44], the structural
homolog of HERC2. In this regard, it seems that the
functional alteration of one of them it is not compensated
by the other. In agreement with this independent role of
HERC1 and HERC?2, the essential role of HERC1 for
normal development and for neurotransmission at the
mouse neuromuscular junction [46] was not observed mn
Herc2*™ mice (Figure 7). Thus, both ubiquitin ligases
seem to have a crucial and independent role i Purkinje
cell physiology. This functional simlanty of HERC1
and HERC2? was unexpected, because despite their
structural homology, endogenous proteins do not interact
between them, do not have common known mteractors,
have different subcellular locations and were mvolved in
different pathways of cell signaling [11,12,32]. However,
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an interaction between the first 1,000 amino acid residues
of HERC?2 and HERC1 has recently been detected using
mass spectrometry analysis [47], suggesting a possible
mnteraction in some unknown circumstances.

A functional role of cerebellar p53 protein
adult walking synchromization has been reported [48].
Because HERC? positively regulates p53 activity [32] and
Herc2*% mice had less HERC?2 activity, it was plausible
that the impaired motor synchronization in Herc2*%*° mice
was caused by a decrease in p53 activity. For this reason,
we analyzed motor coordination in p53 knockout mice.
‘We did not observe significant differences with rotarod
experiments in these animals (Figure 7). Our results are
in agreement with other studies where no differences in
motor synchronization were detected by Tomasevic ef
al. [49] in p53 knockout mice. These authors described a
role for p53 in the recovery of neuromotor function after a
traumatic brain injury but not before the myury [49]. Thus,
the motor coordination regulated by HERC? seems to be
independent of p53 activity.

Pioneenng studies associated mmtations at the
mouse Herc? locus induced by ethylmitrosourea or
ionizing radiation with a runty, jerky, sterile phenotype
(775). also known as the juvemile development and
fertility phenotype (jfd2), characterized by reduced size,
jerky gait, fertility problems, mcluding spermatocyte
and oocyte abnormalities, defective maternal behaviour,
and reduced lifespan with juvenile lethality [50-52].
More recently, a mutation mn the HERC? gene has been
linked to the neurodevelopmental delay and dysfunction
seen in Angelman syndrome and autism-spectrum
disorders among the Amish commumty [4.5]. Now, our
study demonstrates an important role of HERC? in the
regulation of motor coordination through Purkanje cells
homeostasis that would explain some features observed
in #jsjjdf2 mice and individuals with the HERC2P#L
mutation. It is important to note that, different to the above
studies, the impaired motor synchronization 1s observed
in mice with only a mutated allele of Herc2 (Herc2%
mice), indicating the relevance of HERC2 activity in
motor function coordination.

Studies of spontaneous mouse mutants have
implicated autophagy in the death of Purkinje neurons.
Lurcher mice with mutations in the delta? glutamate
receptor, ped mice with loss of mmal expression or
tambaleante mice with mutation in the HERC1 protein
show an increase of autophagy associated with Purkinje
cell death [44,53-55]. While conditional inactivation
of autophagy genes such as Afg5 or 4fg7 from Purkinje
cells i mice yields Purkinje cell degeneration and death
[56.57]. This dual role of the autophagy 1n Purkinje cells
degeneration seems to indicate that these neurons are very
sensitive to the dysregulation of autophagy. Although
more studies will be necessary to establish the role precise
of HERC? 1n autophagy, our results are in agreement with
these previous observations in other mouse models, and

reveal a dysregulation of autophagy in Herc2™ Purkinje
cells. A recent study also suggests the involvement
of HERC2? in Parkinson’s disease [58], it would be
interesting to analyze in future studies the HERC? role
in the midbrain dopaminergic neurons of Herc2™* mice.

In summary, the generation of a mutant mouse of
Herc2 led us to identify the HERC?2 ubiquitin ligase as
essential for embryomc development and an important
regulator of motor coordination. These results may also
explain some features observed among the Old Order
Amish with a homozygous missense mutation in HERC?2.
Future studies will be necessary to identify additional
partners mvolved m HERC?2 physiology and 1ts role in
human diseases.

MATERIALS AND METHODS
Animals

The ES cell line AR0530 from The Sanger Institute
containing a gene trap f-galactosidase/neomycin (f-geo-
Neo) cassette that has integrated between exons 2 and
3 in the Here2 gene was used. We choose this ES cell
line to study Herc? gene expression by p-galactosidase
activity and to avoid the vanability of the already existing
Herc2? mutations (deletions, pomnt mutations, DNA
rearrangements) [50]. ES cells were injected into 4.5 day
C57BL/6] blastocysts, which were then implanted into
pseudopregnant females. The resulting 90-95% coat color
chimeras were crossed with C57BL/6 mice to generate
the heterozygous animals Herc2/Herc2*® (Herc2+930).
53 knockout mice B6.129S2-Trp53™ /T from Jackson
laboratonies [37] were kindly provided by Dr. J. Martin-
Caballero. All ammal experiments were performed 1n
accordance with guidelines approved by the Ethical
Committee for Animal Experimentation of the University
of Barcelona.

Genotyping

Taill DNA or embryo samples were purified
using the WNucleoSpin Tissue kit (MACHEREY-
NAGEL) according to the manufacturer’s protocol.
PCR. amplification was performed using the primers:
530K01 5"GGCTGCCCAGTCTCGCCTTGY and
530K004 5’CTGTCACCTCTCCGGGAGAACS3®
for the amplification of the Herc? wild-type allele;
Gal7 5 TTTCCATATGGGGATTGGTG3' and Gal8
S’ TGTCTGTTGTGCCCAGTCAT3’ for the Herc2 530
allele; and p53036 5 ACAGCGTGGTGGTACCT3’
and p53037 5 TATACTCAGAGCCGGCCT p53038 5°
CTATCAAGGCATAGCGTTGG for the genotype of p53.
The PCR settings were 94°C for 3 munutes, 94°C for 1
minute, annealing at 60°C for 1 minute and elongation at
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72°C for 1 minute, for 35 cycles.

RT-PCR

To assess trap expression, total RNA was 1solated
from mice tissues or cells using TRIsure reagent
(Bioline). Two pg of total RNA was reverse-transcribed
using the cDNA Reverse Transcroiption kat (Applied
Biosystems) and random prnmers. To assess the trap
insertion, PCR was carmed out with pnmers: 530K002
5S'CAGGTCTGACCACCCGGAGG3™: 530K009
5'GGGAGTTCTCGATTTTGTGCS3; and [-geod0/60
5"AGGGTTTTCCCAGTCACGAC3S . The PCR settings
were 94°C for 3 munutes, 94°C for 1 minute, annealing
at 55°C for 30 seconds and elongation at 72°C for 45
seconds, for 30 cycles. Additionally, cDNA was sequenced
using BigDye 3.1 on an ABI 3130XL genetic analyzer
(Applied Biosystems). To analyze the expression of p21,
RT quantitative PCE. was carried out using the ABI Prism
7900 HT fast-real Time PCR system and commercially
available Tagman assays (Applied Biosystems): CDKNI4
(mouse p21: MmO04205640_g1; human p21: Hs00355783_
ml); GAPDH (mouse GAPDH: Mm99999915_g1; human
GAPDH: Hs99999905_m1): and 785 (Hs99999901_s1).
The PCR data were captured and analyzed usmg the
Sequence Detector software (SDS version 2.3, Apphed
Biosystems).

Histology and immunochemistry

X-gal staining of p-galactosidase activity. Mice were
anesthetized and perfused via the left ventricle with 2%
paraformaldehyde in a phosphate buffer (0.12 M). All
tissues were dissected and fixed in the same solution for 3
hours at 4°C, and later were cryopreserved by immersion
in 30% sucrose for 48 h at 4°C. Whole tissues were then
embedded mnto an 8% gelatin and 15% sucrose solution,
frozen in liquid nitrogen and stored at -80°C. Before
staming for P-galactosidase activity, the tissues were
sliced (7-10 pm), prepared on polylysinated slides, and
permeabilized with PBS-0.3% Tmton After washing in
PBS, the slices were incubated in staining solution (2 mM
X-gal, 4 mM K Fe(CN),. 4 mM K,Fe(CN),, 2 mM MgClL,
in PBS) overnight while shaking in the dark at 4°C_ After
washing in PBS, the slices were stained with neutral red
and mounted for microscopic observation.

The protocol to study the cerebellar Purkinje
cells was reported previously [46]. Boefly, two and
nine month old mice were deeply anaesthetised with
pentobarbital (80 mg/'kg 1.p.), and perfused transcardially
with 4% paraformaldehyde m 0.12 M phosphate buffer
(PB., pH 7.2). After dissection, the brams were post-
fixed overnight in the same fixative and transferred to
30% sucrose in PB until they sank. Sagittal and coronal
sections of the cerebellum (40 pum thick) were cut on a

freezing microtome, and collected in PBS. The sections
were incubated overnight with a polyclonal anti-calbindin
D-28k antibody (1:10,000). After washing, the sections
were incubated for one hour in a biotinylated secondary
antibody (1:500) followed by incubation for one hour in
the ABC elite kit (1:400). A mixture of 0.3% DAB-0.6%
nickel sulfate-0.1% hydrogen peroxide in PBS was used to
reveal the immunoreaction. For double labeling analyses
the sections were incubated overnight with the following
primary antibodies mixtures: polyclonal anti-HERC2
(1:400)/monoclonal anti-calbindin D-28k (1:1000), and
polyclonal anti-HERC2 (1:400)/moncclonal anti-p62
(1:100). After washing, the sections were mcubated for
one hour 1n a mixture of Alexa Fluor® 488 donkey-anti-
rabbit (1:500) and Alexa Fluor® 594 donkey-anti-mouse
(1:500). Images were acquired in a Zeiss Axio-Imager M1
microscope. Laser confocal analyses were made on an
Olympus FluoView 1000 upnight microscope.

Electron microscopy

Two and mine month old mice were deeply
anaesthetized with pentobarbital (80 mgkg 1p),
and perfused transcardially with a mixture of 1%
paraformaldehyde and 1% glutaraldehyde in 0,12 M
phosphate buffer (PB, pH 7.2). Thereafter, the brains were
dissected out and immersed overmght 1n the same fixative.
Sagittal slices of the cerebella were cut and 1mmersed 1n
2% 0sO, m PB, stained 1n a block with ethanolic 0.5%
uranyl acetate, dehydrated with an increased gradient of
ethanol, and embedded in Durcupan (Fluka®). Semithin
and ultrathin sections were obtamed on a Leica EM UC7
ultramicrotome. Semuthin sections were stained with
1% tolmdine blue. Ultrathin sections were collected 1n
copper gnds (150 and 300 mesh) and observed without
counterstaming in a Zeiss Libra EM at 80 kV (CITIUS).

Behavioural tests

To evaluate mice anxiety, two different protocols
were used [59]. Tail suspension: mice were suspended
above the floor by fixing the end of the tail to wire netting
and immobility was scored by manual observation during
a 5 min test session. Time outside the dark box: mice were
placed in a rectangular arena (55x40x40 cm®) with a dark
box with a door. The time mside/outside the box was
scored by manual observation during a 5 min test session.
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Learning and memory

Object recognition memory

Mice were tested as described previously [60].
Brefly, mce were placed in a rectangular arena (55x40x40
cm?®) and two identical objects were placed in the arena
during the training phase. Subsequently, the animal’s
memory of one of the original objects was assessed by
comparing the amount of time spent exploring the novel
object as compared with that spent exploning the familiar
one. The relative exploration of the novel object was
expressed as a discrimination index [DI 5 (t, . - to .V
(g teamaiar) -

Step-through passive avoidance test

The test was performed as described previcusly
[60]. Briefly, in the habituation phase, the mice were
handled and allowed to move freely for 1 min in a
chamber (47x18x26 cm’, manufactured by Ugo Basile).
In the trammng phase, the mice were confined to the light
compartment and then 30 s later, the door separating the
dark-light compartments was opened. Once mice entered
the dark compartment, the door closed automatically and
the mice recerved an electrical stimulation (0.5 mA_ 5 s)
delivered through the metal floor. In the retention tests, the
latency to enter into a dark compariment (escape latency)
1s a measure of mnformation leaming or memory retention.
To compare the results obtained in different experiments,
the fold change in escape latency with respect to the
latency obtained 1n the training session 1s calculated.

Maotor function

Motor activity in the open field

To evaluate locomotor and exploratory activity, mice
were placed for 5 minutes in an open field (38x21x15 cm)
(Cybertec S.A). This apparatus consisted of a walled
platform contaming infrared emitters and sensors (IR)
coupled to an altimeter, and the movement sensor was
comnected to a computer that recorded the number of times
the mouse mnterrupted the TR beams/min.

Fore limb grip strength

To evaluate fore limb strength, mice were held
above a honizontal wire and lowered to allow the fore
limbs to gnp the wire. The ability of the mice to remain
attached by the fore limbs was scored during 10 s.
Rotarod

To habituate mice to the rotarod (Ugo Basile
Biological Research Apparatus), the animals were placed
on the roller at a speed of 20 rpm until they could remain
on it for one minute without falling off. To assay motor

coordination, ammals were then tested at a rotational
speed of 20 rpm, accelerating to 60 rpm in increments of 5
rpm, and quantifymg the number of falls at each increase
in speed.

Electrophysiological analysis of the medial
gastrocnemius (MG) muscle in mice

Compound mmscular action potentials (CMAPSs)
were recorded in anesthetized mice (tribromethanol 2 %,
0.15 ml/10 g body weight, 1.p) as descnibed previously
[46,61]. Briefly, the recording needle elecirode was placed
into the medial part of the MG muscle and the reference
electrode was situated at the base of the fifth phalanx
A ground electrode was placed at the base of the tail
Stimulating needle electrodes were placed at the sciatic
notch and the head of the fibula. Stimulation protocols of
supramaximal current pulses (0.05 ms duration, 5-10 mA
amplitude) were applied as a short train of 100 Hz pulses
generated by an 1solated pulse stimulator (Pulse Train
Stimulator Cibertec ¢s-20). The outputs recorded were
differentially amphfied (P511 AC Amplhfier Astro-Med,
INC), digitally acquired at 10,000 samples/s (CED 1401
Plus; Cambridge Electronic Designed, Cambnidge, UK)
and stored on a computer for later analysis. The analysis
consisted of measuring the amplitude from the positive to
the negative peak of the CMAPs recorded dunng a train
of stimuli, normalizing the amplitude to the first response.

Cell culture and transfection

Human fibroblasts and ethical statements were
previously described [5]. U20S cells were obtained
from ATCC. Cells were cultured at 37°C m Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 100 units/ml penicillin,
100 pg/ml streptomycin and 2 mM glutanune.
Transfection of cells with siRNAs (Non Targeting,
NT: UAGCGACUAAACACAUCAA; HERC2, H2:
GACUGUAGCCAGAUUGAAA) purchased from
GenePharma was carned out using calcium phosphate.
Transfected cells were analyzed 72 hours post-transfection.
MG132 (Z-Leu-Leu-Leu-al) (Sigma-Aldrich) was added
to the cells for 6 hours to a final concentration of 10 pM.

Antibodies used

The following antibodies were used: anti-HERC?2
monoclonal (BD Biosciences); anti-HERC? polyclonal
[32]; anti-p21 (C-19); anti-p62 (SQSTMI1 (D-3): sc-
28359); ant1 B-actin (Santa Cruz Biotechnology, Inc );
anti-calbindin D-28k polyclonal (Cb-38a, Swant); anti-
calbindin D-28k monoclonal (Cb-955, Sigma); anti-p53
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Ab-5 (DO-7) (Neo Markers); anti-USP33 (Proteintech);
anti-Ran [62]; ant1 a-tubulin (Ab-1, Calbiochem); Alexa
Fluor® 488 donkey-anti-rabbit (A21207), and Alexa
Fluor® 594 donkey-anti-mouse (A21203) (Invitrogen);
horseradish peroxidase-conjugated secondary antibodies
(Invitrogen); biotin-conjugated secondary antibodies
(Vector); and the Avidine-Streptavidine Elite Kit (Vector).

Lysate and immunoblot

Mice were euthanmized by cervical dislocation.
The organs were collected and frozen mn hiqud nitrogen
and stored at -80°C until analysis. Tissues, human
fibroblasts or U20S cells were prepared in lysis buffer
(consisting of 50 mM TrisHCL pH 7.5, 150 mM NaCL,
0.5% NP40. 50 mM PB-glycerophosphate. 50 mM NaF,
1 mM sodium vanadate, 1 mM phenyl-methylsulfonyl
fluoride, 5 pg/ml leupeptin, 5 pg/ml. aprotinin, 1 pg/
mL pepstatin-A and benzamidine 100 pg/ml) and the
tissues were homogenized in a motor-driven Polytron
PT3000. The lysates were incubated on ice for 20 minutes
and centrifuged at 13,000 g for 10 minutes at 4°C. Total
protein levels were measured by BCA (Pierce). Equal
amounts of supernatant proteins were analyzed using the
Trs-acetate PAGE system [63]. Band mtensities were
analyzed using a gel documentation system (LAS-3000,
Fuyifilm). Proteins levels were normalized and expressed
as a percentage of controls.

Statistical analysis

The results are expressed as meantSEM. The data
were analyzed by one-way analysis of vaniance (ANOVA)
or Student’s #-test. For comparison of significance, Tukey’s
test was used as a post hoc test according to the statistical
program GraphPad Prism. Differences were considered
significant at p values of less than 0.05: *p < 0.05, **p <
0.01, and ***p < 0.001.
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