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Resumo

A bactéria Gram negativa Helicobacter pylori, além de estar associada ao cancer
gastrico e duodenal, esté relacionada a patologias extra gastricas. Entre essas estdo as
doencgas cardiovasculares. Os mecanismos pelos quais o H. pylori pode causar, ou agravar
essas doengas, ainda ndo sdo claros. A urease de H. pylori (HPU) é considerada um fator
de viruléncia, visto que sua atividade catalitica cria um microambiente de pH mais
elevado, possibilitando a sobrevivéncia do patégeno no estdmago. A HPU ¢é capaz de
ativar plaquetas de coelho através da inducdo da secre¢do de seus granulos densos com
liberacdo de ADP, culminando na agregacao plaquetéria. Esse fenémeno ocorre via 12-
lipoxigenase, rota de sinalizagcdo também utilizada pelo colageno, um importante agonista
intrinseco desse sistema. Demonstramos previamente que também as duas subunidades
da HPU, HpUreB e HpUreA, interagem com membranas de plaquetas de coelho, sendo
que a HpUreB contém o dominio da holoenzima responsével pela agregagdo plaquetaria.
Essa interacdo entre HPU e plaquetas pode ser mediada por GPVI, o principal receptor
de colageno dessas células. No presente trabalho, estudamos a interacdo da HPU e suas
subunidades com plaquetas humanas, através de citometria de fluxo. Demostramos que
HPU ativa plaquetas humanas sem exposicao significativa de P-selectina. O bloqueio com
anticorpos especificos para o receptor de membrana GPlIbllla, mas ndo para GPVI,
interfere na ativacdo plaquetéria induzida por HPU. Em plaquetas ativadas por HPU
ocorrem modificacdes do processamento pré-mRNA de proteinas pro-inflamatorias,
aumentando os niveis de mMRNASs que codificam IL-1 e CD14, indicando que plaquetas
passam a apresentar um fendtipo pro-inflamatdrio apds exposicao a urease. No conjunto,
nossos dados sugerem que a HPU, além de permitir a sobrevivéncia bacteriana na mucosa
gastrica, pode ter um papel importante, e até agora negligenciado, nos estados

inflamatorios associados com a infeccéo por H. pylori.
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Abstract

The Gram negative bacterium Helicobacter pylori, besides its association with
gastric and duodenal cancer, correlates positively to several extragastric diseases suchas
cardiovascular pathologies. However, the mechanisms by which H. pylori can cause or
aggravate these diseases are still unclear. H. pylori urease (HPU) is considered a virulence
factor, since its catalytic activity creates a microenvironment, of higher pH, that allows
survival of the pathogen in the stomach. HPU is able to activate rabbit platelets by
inducing the secretion of their dense granules with release of ADP, culminating in platelet
aggregation. This phenomenon occurs with activation of the 12-lipoxygenase pathway,
which is also used by collagen, an important intrinsic agonist of this system. We have
previously demonstrated that both subunits of HPU, HpUreB and HpUreA, interact with
rabbit platelet membranes, and that HpUreB contains the domain responsible for platelet
aggregation. This interaction of HPU and platelets could be mediated by GPVI, the main
collagen receptor in these cells. In this work, by using flow cytometry assay, we have
studied the interaction of HPU and of its subunits with human platelets. HPU was shown
to activate human platelets without significant P-selectin exposure. Blockage with
antibodies against the membrane receptor GPIIbllla, but not against GPVI, interfered on
platelet activation induced by HPU. The processing of pre-mRNA of proinflammatory
proteins was evaluated in HPU-activated platelets and increased levels of mMRNAs
encoding IL-1p and CD14 were found, indicating that platelets acquire a pro-
inflammatory phenotype when exposed to the urease. Altogether, our data suggest that H.
pylori urease, besides allowing bacterial survival within the gastric mucosa, may have an
important, and so far overlooked role in the inflammation associated to the infection by

H. pylori.






1

INTRODUCAO

1.1 Helicobacter pylori

A bactéria Helicobacter pylori microaerofila, Gram negativa, possui de 2,5 a 5,0
pum de comprimento e 0,5 a 1,0 um de largura, com até 6 flagelos de aproximadamente
30 um de comprimento (Goodwin e Armstrong, 1990). Esse microrganismo coloniza a
mucosa estomacal de humanos (Yoshiyama e Nakazawa 2000), tendo sido isolada pela
primeira vez, em 1982, por Marshall e Warren (Marshall e Warren, 1984). Relatos do
século X1X, como o de Bizzozero em 1893, que descreveu uma espiroqueta colonizando
células gastricas de cdes, ja indicavam a existéncia de uma bactéria capaz de colonizar o
ambiente acido do estdmago de mamiferos. Essa bactéria é encontrada na mucosa
estomacal, e por conta de sua alta motilidade, ela penetra a fina camada de muco e adere
as células do epitélio gastrico, de modo a impedir que as mesmas sejam lavadas pelo
estdmago.

A infeccdo por H. pylori tende a persistir por toda a vida do hospedeiro; por isso,
ndo é surpresa que essa bactéria tenha evoluido juntamente com populacdes humanas
(Covacci et al., 1999). Estudos indicam que, ha pelo menos 60 mil anos, antes das
primeiras migragdes, o estomago do Homo sapiens moderno estava infectado com
Helicobacter pylori (Linz et al, 2007). Essa interagdo tdo antiga resultou em distintos
padrdes filogeograficos, a que possibilitou estudos das migracGes das populagdes
humanas (Burucoa e Axon, 2017). Como exemplo disso, um estudo recente comparativo

entre populagdes portuguesas e outras populaces ndo europeias que falam portugués,
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mostrou que 25% das cepas de H. pylori presentes nos brasileiros € de origem europeia,
assim como em metade da populacdo de Cabo Verde (Oleastro et al, 2017).

Ainda se discute como se da a transmissdo desse agente entre as pessoas. Estudos
sugerem que a contaminacdo por H. pylori pode ocorrer basicamente de duas formas:
através da saliva de portadores e através da &gua contaminada com matéria fecal (Burucoa
e Axon, 2017), justificando o porqué desta bactéria ser mais prevalente em populacdes
menos desenvolvidas. Estima-se que mais da metade da populagdo mundial esta
infectada por esse patdgeno, sendo que em paises pobres ou em desenvolvimento, com
mas condicOes sanitarias, a infeccdo por H. pylori pode atingir 90% da populacao
(Hopkins et al., 1996, Fischbachet al., 2005). Atualmente, o H. pylori é reconhecido
como um agente etioldgico de gastrite crbnica, Ulcera péptica, e de cancer gastrico e
duodenal (IARC, 1994). Muito embora alguns autores considerem que a simples presenca
da bactéria ndo seria suficiente para causar cancer (Brenner et al., 2004), existem estudos
com a populacdo japonesa que mostraram que todos os casos de cancer de estdmago
estavam ligados a presenca de H. pylori (Uemura et al., 2001). Entre europeus e
australianos, 89% dos casos de cancer gastrico estavam associados a esse patdgeno (de
Martel et al., 2012). Roberts e colaboradores, em 2016, descreveram que, entre 1993 e
2007, ocorreu um decréscimo de 3,1% dos casos de infec¢Bes por H. pylori anualmente
na populagdo europeia, acompanhando uma diminui¢do de 2,1% nos casos de cancer
gastrico registrados no mesmo periodo. Assim como ja descrito para outras regides do
mundo, a prevaléncia da infeccdo por H. pylori é variavel entre as regibes da Europa
conforme as condi¢bes sanitarias, sendo maior nas regides com piores condicdes
sanitarias (Roberts et al., 2016). Em média, 20% da populacdo infectada pela espiroqueta

apresenta sintomas clinicos, sendo essa baixa casuistica atribuida a variacbes de
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viruléncia entre as cepas de H. pylori (Yamaoka et al., 2010; Peek et al, 2010), presenca
ou auséncia de fatores de viruléncia da bactéria, e pelos habitos alimentares dos
individuos.

No mundo, o cancer gastrico € o quinto tipo de cancer mais comum, sendo que
em 2012 foram diagnosticados 953 mil novos casos (IARC 2014), destacando o H. pylori
como um importante problema para a satde mundial. No Brasil, sdo estimados 20 mil
novos casos de cancer gastrico anualmente, a maioria dos casos associados ao H. pylori,
0 que gera um alto impacto para a satde publica (INCA 2016).

A infeccdo por H. pylori caracteriza-se pela associacdo dessa bactéria as células
da mucosa gastrica, mas ndo ao epitélio do intestino delgado ou em metaplasia intestinal.
Outras espécies do género Helicobacter ja foram descritas como capazes de colonizar o
intestino, figado e pancreas humanos, sendo responsaveis por gastroenterites, pelas
doencas inflamatorias intestinais (inflammatory bowel diseases) e alguns casos de
colangiocarcinoma (Malfertheiner et al., 2016). A infeccdo é acompanhada de inflamacao
cronica, infiltracdo de células inflamatérias polimorfonucleares no epitélio, sem
associacao especifica com modificacGes metaplasicas e formacao de granuloma (Dixon,
1995). Em geral ha degeneracdo das células epiteliais, com deplecdo de mucina,
vacuolizacdo citoplasmatica e desorganizacao de glandulas da mucosa. A infec¢do por H.
pylori pode induzir a producdo de citocinas inflamatérias como IL-1, IL-6, IL-8,
RANTES, TNF-a e NF-xB (Lamb e Chen 2013). A infiltracdo do tecido gastrico por
neutréfilos € uma marca caracteristica das doencas inflamatorias agudas e crénicas
causadas pela persisténcia de H. pylori na mucosa gastrica (Elliott e Wallace 1998). O

grau dos danos na mucosa, correlaciona-se com o grau de infiltracdo de neutrofilos
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(D'Elios et al., 2007), prolongando a inflamacéo e podendo levar a formacao de tumores
(Mantovani et al., 2008).

Muitos fatores de viruléncia estdo envolvidos no mecanismo patogénico da
infeccdo por H. pylori, entre os quais destacam-se: urease, catalase, lipopolissacarideo
(LPS), citotoxina vacuolizante (VacA), citotoxina associada a ilha de patogenicidade
CagPAI (CagA) e os flagelos (Yamaoka et al., 2010). Mais de 32 genes responsaveis pela
viruléncia do H. pylori estdo localizados na cagPAl, entre estes, os que codificam a
expressao de um conjunto de proteinas formadoras de um sistema de secrecdo do tipo IV
(T4SS). A proteina CagA € codificada pelo gene cagA, localizado na ilha de
patogenicidade. Injetada pelo T4SS dentro das células do epitélio gastrico, a CagA induz
a expressao de I1L-8 (Censini et al., 1996; Figueiredo et al., 2005), e causa uma serie de
outras modificacdes que danificam as juncdes célula-célula, levando a alteracdes do
crescimento e da motilidade das células epiteliais (Peek, 2016). Cepas cagPAl-positivas
sdo mais virulentas (Parsonnet et al., 1997), e estdo fortemente associadas ao
desenvolvimento de doengcas mais severas, como 0 cancer gastrico (Peek, 2016). A
citotoxina VacA induz vacuolizacdo citoplasmatica nas células epiteliais gastricas, o que
aciona mecanismos de apoptose, inflamacdo, e modulacdo de funcbes das células T
(Yamaoka, 2010), sendo considerada outro fator associado ao desenvolvimento de cancer
(Peek Jr, 2016). Ao contrério de CagA, todas as cepas de H. pylori sdo VacA positivas;
porém, existem grandes diferencas na regido 5’ do gene de VacA, diferengas essas
relacionadas ao potencial de viruléncia da bactéria, com algumas variantes com maior
capacidade de induzir metaplasias e cancer (Peek 2016).

Estudos epidemioldgicos correlacionam ainda a infecgdo por H. pylori com

patologias ndo relacionadas ao trato gastrointestinal, como doencas cardiovasculares e
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cerebrovasculares, neurodegenerativas, hepatoldgicas, de cavidade oral e uro-
ginecologicas (Goni 2016; Franceschi 2015; Kyburz 2017; Goni e Franceschi 2016). A
infeccdo por H. pylori estd correlacionada ao linfoma géastrico (MALT) e patologias
hematoldgicas como puarpura trombocitopénica idiopatica, anemia por deficiéncia de
ferro, leucemia infantil e aumento de risco de hemorragia em pacientes com problemas

de coagulacao (Papagianakins et al., 2013).

1.2 Ureases como fatores de viruléncia
Ureases (ureia amidohidrolases, EC 3.5.1.5) sdo enzimas niquel-dependentes que
catalisam a hidrolise da uréia em amonia e dioxido de carbono (Riddles et al., 1991), a
uma taxa 10 vezes mais rapida que a reacdo nio catalisada (Andrews et al., 1984;
Mobley et al., 1995). Ureases bacterianas, ao contrario das ureases vegetais e fungicas,
sdo multimeros formados por complexos de 2 ou 3 subunidades (Mobley et al.,1995 e
Sirko e Brodzik, 2000)(Figural).

Canavalia ensiformis T g4

- - [
Helicobacter pylori o, T 238/569

Bacillus pasteurii ] I T 100/126/56
5o%%  41% =0

Klebsiella aerogenes  [] I ] 100/101/56

60%  53% 54%
Proteus mirabilis ] I e 100/109/56
58%  51% 53%

Figura 1. Estrutura das ureases: Ureases vegetais, como a de Canavalia ensiformis, possuem apenas um
tipo de subunidade, enquanto que as ureases bacterianas possuem dois (H. pylori) ou trés (K. aerogenes;
P. mirabilis; B. pasteurii). O nimero de aminoécidos de cada subunidade esta indicado ao lado direito. A
percentagem de identidade em relacdo a regido correspondente da urease de C. ensiformis estéd indicada

abaixo das barras. Adaptado de Scopel-Guerra (2013)
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As ureases bacterianas, vegetais e fldngicas possuem estrutura tercidria e
mecanismo catalitico semelhante, evidenciando a evolucdo de todas ureases a partir de
uma mesma proteina ancestral (Mobley et al., 1995; Sirko e Brodzik, 2000; Ligabue-
Braun et al., 2013).

Em bactérias, estas enzimas estdo envolvidas em Varios processos patogénicos
(Mobley et al., 1995). Konieczna e colaboradores, em 2012, revisaram o papel das
ureases como fatores de viruléncia, e observaram que, entre 0s microrganismos, as cepas
produtoras de ureases sdo consideradas mais virulentas e infeciosas que as nao
produtoras. Assim, cepas de Clostridium sp., Vibrio sp. e Escherichia coli urease-
positivas sdao mais infeciosas e virulentas que as negativas. Proteus mirabilis € um
exemplo de microrganismos patogénico que tem a urease como importante fator de
viruléncia, sendo que esta atua na formacéo de calculos urinarios a partir da precipitacéo
de ions na urina alcalinizada, contribuindo assim para o desenvolvimento da pielonefrite
(Follmer, 2010; Konieczna et al., 2012). Além disso, a urease de Mycobacterium bovis
(Rutherford, 2014) diminui a internalizacdo (cell surface traffiking) desses
microorganismos por macréfagos. Também em fungos patogénicos, a presenca da urease
é um reconhecido fator de viruléncia. No género Cryptoccocus, por exemplo, a urease
pode causar danos a juncdes célula-célula, possivelmente facilitando a passagem de C.
neoformans através da barreira hematoecefalica, e também aumentando a disperséo dessa
levedura pelos demais orgaos do hospedeiro (Rutherford, 2014). Em C. gatti somente as
cepas urease positivas sdo capazes de se multiplicar dentro de fagossomos (Feder et al.,

2015).
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1.3 Urease de Helicobacter pylori

Em H. pylori, a urease é abundante, podendo compor de 10% a 15% das proteinas
totais dessa bactéria. Possui massa molecular de aproximadamente 1,1 MDa, e uma
organizacdo quaternaria dodecamérica, formada por heterodimeros compostos de uma
subunidade menor HpUreA, com 30 kDa, e uma subunidade maior HpUreB, com 62 kDa

(Dunn et al., 1990; Hu e Mobley, 1990; Ha et al.,2001) (Figura 2).

Figura 2. Esquema representativo da estrutura cristalografica de urease de Helicobacter pylori (PDB
id 1E9Z). Em A) o mondmero funcional da HPU (cinza), em verde estd representada a HpUreA, e em
amarelo, a HpUreB. Em B) ¢ vista a representagdo do dodecamero, composto por 12 repeticbes do

mondmero representado em cinza em A. (Adaptado de Carlini e Ligabue-Braun 2016).

Pelo menos sete genes envolvidos na producdo da urease de H. pylori foram
descritos. Os genes ureA e ureB codificam as duas subunidades que compdem a enzima,
enquanto os genes urek, ureF, ureG e ureH codificam proteinas acessorias, responsaveis

pela incorporagdo do niquel no centro ativo da urease (Carlini e Ligabue-Braun 2016). O

17



gene urel codifica uma proteina que funciona como um canal na membrana externa da
espiroqueta, atuando na internalizacdo da uréia. Além desses genes, uma proteina
transportadora de niquel é expressa a partir do gene nixA (McGee et al., 1999; Mobley et
al., 1995). O operon da urease de H. pylori (HPU), contendo os genes estruturais da
proteina e genes de proteinas acessérias para montagem do seu metalocentro, foi clonado
e expresso em E. coli, obtendo-se a enzima recombinante com atividade ureolitica
semelhante ao tipo selvagem (Hu e Mobley, 1993).

A HPU é considerada um fator de viruléncia, sendo a sua atividade um marcador
utilizado amplamente para fins diagndsticos (Krogfelt et al., 2005). Supde-se que a
principal funcdo dessa enzima esta relacionada com a formacédo de um microclima neutro
no limen gastrico, possibilitando a sobrevivéncia da bactéria em ambientes de pH
desfavoravel. Mutantes de H. pylori urease-negativos sdo incapazes de colonizar o
estdmago de leitbes gnotobioticos e tampouco camundongos nude (Eaton et al., 1991;
Tsuda et al., 1994). Inibidores de urease foram utilizados no tratamento de algumas de
patologias causadas por microrganismos produtores da enzima; contudo, seu uso foi
descontinuado pelo fato de muitos pacientes apresentarem reagdes colaterais adversas. O
uso clinico de &cido acetohidroxamico, que inibe ureases por se complexar com o0s &tomos
do niquel do centro ativo, causa depressdo na sintese de DNA, afetando a medula 6ssea,
além de ser teratogénico em doses elevadas (Bailie et al., 1986; Follmer 2010).

Além de estar envolvida na elevacdo do pH e formacdo de microclima adequado para

a colonizacdo por H. pylori, nosso grupo vem demonstrando que a HPU possui outras

atividades biologicas que podem potencialmente contribuir para a patogénese das infec¢des

causadas pela bactéria. Em particular, reportamos que a HPU é capaz de agregar plaquetas

e de ativar neutrofilos, atuando através das lipoxigenases em ambos os modelos celulares.
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Estes efeitos ndo requerem hidrolise de uréia pela HPU, pois persistem na proteina
enzimaticamente inativa (Wassermann et al., 2010; Uberti et al., 2013). A Figura 3 resume
os achados anteriores do grupo sobre propriedades biologicas da HPU que sdo independentes
da sua atividade enzimatica.

A urease de H. pylori é fortemente quimiotatica para neutréfilos humanos, de modo
lipoxigenase-dependente, ativando a producéo de ROS nessas células (Uberti et al., 2013),
0 que Ihes confere um alto potencial pré-inflamatorio. Em ensaios ex vivo, a HPU protegeu
neutrofilos humanos contra apoptose, com aumento nos niveis de Bcl-XI e diminuicdo de
BAD, proteinas mitocondriais envolvidas na apoptose. Os efeitos da HPU em neutréfilos ex
vivo foram revertidos na presenca de esculetina e AA861, evidenciando o recrutamento da
via da 5-lipoxigenase (Uberti et al., 2013). In vivo, injec6es locais de HPU causaram edema
de pata em camundongos, com grande infiltracdo de neutrofilos, efeitos que sédo abolidos por
pré-tratamento dos animais com esculetina, indicando a participacdo de eicosanoides
derivados desta enzima na acdo pré-inflamatdria da HPU (Uberti et al., 2013). Esses dados
séo sugestivos de que a HPU pode estar envolvida em outros mecanismos da patogenicidade
do H. pylori, e ndo somente na formacdo de um microclima que possibilita a sua

sobrevivéncia no ambiente gastrico (Uberti et al., 2013; Carlini e Ligabue-Braun 2016).
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Figura 3. Esquema representativo das contribuicdes da HPU na inflamacdo da mucosa gastrica. 1. A
colonizagdo da mucosa gastrica se da pela alcalinizacdo do meio através a atividade da HPU citoplasmatica. 2.
A bactéria adere-se a superficie apical das células endoteliais e libera fatores de viruléncia como VacA e CagA.
A lise bacteriana dispersa HPU no meio extracelular, e parte dessas liga-se a superficie de outras H. pylori. A
HPU contribui com a desestabilizacdo da jungdes célula-célula, aumentando a permeabilidade do epitélio. 3.
HPU chega a lamina basal — HPU ativa plaquetas e neutrofilos via lipoxigenase, recruta neutréfilos até o local
da infeccdo. HPU inibe a apoptose dos neutréfilos interferindo nos niveis de Bad e Bcl-xL. 4. Neutréfilos
ativados por HPU liberam ROS causando danos ao tecido adjacente. Adaptado de Uberti e colaboradores

(2013).
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A HPU teve efeito anti-apoptotico também em células epiteliais gastricas, com
aumento nos niveis de Bcl-XL e diminui¢do no contetdo de BAD. Ap6s 10 minutos de
exposicdo, a HPU foi internalizada rapidamente por células epiteliais gastricas, num
processo dependente de colesterol. A HPU induziu a expressao de fatores pro-angiogénicos
e a diminuicdo da expressdo de fatores anti-angiogénicos em celulas gastricas da linhagem
AGS. Um forte efeito pro-angiogénico da HPU foi constatado pela formacéo de estruturas
semelhantes a tubos por células endoteliais vasculares umbilicais humanas (HUVECS).
Adicionalmente, a HPU induziu a formacdo de novos vasos no modelo de membrana

corioalantéide de embrido de frango (Olivera-Severo et al., 2017).

O papel das subunidades da urease nas doencas causadas por H. pylori ainda ndo é
claro, ainda mais sabendo que esse patdgeno secreta OMVs (outer membrane vesicles)
contendo urease e suas subunidades (Olofsson et al., 2010). A interacdo de HpUreB com
CD74 em células epiteliais gastricas estimula a producdo de IL-8 e ativacdo de NF-xB
(Beswick et al., 2006) e a interacdo com linfdcitos Th17 (Zhang et al., 2011). Uma possivel
interacdo da HpUreA diretamente com células AGS foi postulada, ja que nas células
incubadas com OMVs foi observado translocacdo de HpUreA para o nucleo celular
(Olofsson et al., 2010). Corroborando esses dados, foi identificado um peptideo de
sinalizagdo nuclear 21KKRKEK26 nessa subunidade (Lee et al., 2012). A HpUreA foi
localizada também no nucleo de células COS-7 (Lee et al., 2012), acompanhando alteracdes
nesta linhagem celular (Lee et al., 2015). Em relacdo a segunda subunidade, foi relatada a
interacdo de anticorpos anti HpUreB com a glicoproteina Illa de plaguetas, e discutida a
importancia dessa interacdo na trombocitopenia purpura (Bai et al., 2009; Muhammad

2017).
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1.4 Plaquetas na hemostase, inflamacdo e sistema imune

Inicialmente, as plaquetas eram vistas como espectadoras na hemostasia, agora é
evidente que de fato sdo mediadoras-chave na trombose, assim como na inflamacéo (Bhatt
e Topol, 2003). Plaquetas sdo células sanguineas especializadas do sistema imunitario inato,
que desempenham um papel central em processos fisioldgicos e patoldgicos, como
inflamacdo, metéstase tumoral, cicatrizacdo e defesa a patdgenos.

Muito embora sejam células anucleadas, estas possuem quantidades relevantes de
RNA armazenado na forma de polissomos. Sob determinados estimulos, esses pré-mRNAs
sdo rapidamente processados e traduzidos em proteinas funcionais (Lindemann et al., 2001).
Plaquetas sdo uma fonte de IL-1 e, quando ativadas, expressam-na em suas membranas,
sinalizando para outras células, induzindo a inflamacdo e promovendo a adesdo celular
(Gawaz et al., 2000).

Plaquetas armazenam uma grande quantidade de diferentes moléculas, em seus mais
de 60 granulos/célula, as quais atuam na ativacao de outras células e na resposta inflamatoria
(Vieira-de-Abreu et al., 2012). Existem 4 tipos de granulos nas plaquetas: 1) granulos alfa,
maiores e mais numerosos, possuem uma grande variedade de proteinas, como P-selectina;
2) granulos densos, menores e menos numerosos, acumulam pequenas moléculas como
ADP, ATP e serotonina; 3) granulos lisossomais, que contém glico-hidrolases e enzimas
proteoliticas (Koseoglu e Flaumenhaft, 2013) e; 4) granulos T, os de descricdo mais recente,
participam na sinalizagdo por TLR9 (Thon et al., 2012). Esse imenso arsenal de moléculas
da as plaquetas a capacidade de participar de varios processos e possibilita um amplo
espectro de possiveis interacdes, moduladas por varios receptores de membrana e integrinas

(Cimmino e Golino, 2013; Thomas e Stoney, 2015; Koenen, 2016). Somado a isso, sob
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ativacdo, as plaquetas liberam microvesiculas que podem modular a coagulacdo, respostas
imunes e processos inflamatdrios distantes do local de ativacdo (Vajen et al., 2015).

Plaquetas ativadas sofrem modificacbes na organizacdo das proteinas do
citoesqueleto, resultando numa mudanca de forma (shape-change) com extensiva formagéo
de pseudopodos e reorganizacdo da membrana externa da célula (Fox, 1993). Os granulos
se centralizam e se fundem com a membrana plasmatica, e por exocitose, ocorre secre¢ao do
conteddo dos diversos granulos. Contudo, existem evidéncias que demostram que as
plaquetas sofrem ativacdo em diferentes graus (reversiveis ou irreversiveis) (Heijnen e van
der Sluijs, 2015), levando estas a adquirirem um perfil adaptado frente ao estimulo recebido
(Stalker et al., 2013). Entre os processos ndo classicos nos quais as plaquetas podem atuar
estdo as respostas imunes adaptativas e inatas, € a angiogénese; porém 0s mecanismos por
trés da acdo dessas células ndo estdo bem esclarecidos.

Entre os agonistas fisiologicos das plaquetas, o difosfato de adenosina (ADP),
armazenado nos granulos densos e liberado na ativacdo plaquetaria, potencializa a secrecdo
e estimula células proximas a secretarem os seus granulos, em uma alca de retroalimentagédo
positiva (Jurk e Kehrel, 2005). O pool de célcio intracelular das plaquetas, armazenado em
um sistema de tubulos, é mobilizado durante a ativacéo, sendo esse célcio o principal gatilho
na ativacdo e agregacdo plaquetaria (Nesbitt et al., 2003). Além disso, proteinas como a P-
selectina, secretada durante a ativacdo, s&o mediadores da interacdo das plaquetas com
neutrdfilos e mondcitos (Singbartl et al., 2001).

Dentre os muitos receptores de membrana das plaquetas destaca-se a integrina oun3
(ou glicoproteina llbllla - GPIIbllla), que esta envolvida na mediagéo da agregacao e ligacéo
entre plaquetas, através de pontes de fibrina-fibrinogénio. Essa integrina é um importante

receptor de fibrinogénio e pode ser estimulada tanto por agonistas soltveis, bem como por
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fibrinogénio imobilizado, acionando uma cascata de sinalizacdo, que gera 0 aumento de
calcio intracelular e exposicédo de fosfatidil-serina, e mediando a agregacdo (Koenen, 2016).

As plaguetas tém capacidade de aderir ao colageno, principal componente da matriz
subendotelial, através da interacdo deste com receptores especificos como a glicoproteina
VI (GPVI) e a glicoproteina la/lla (GPla/lla) (Clemetson e Clemetson, 2001). A GPVI
desempenha um importante papel na sinalizacdo induzida por colageno, além de ser o
receptor majoritario de colageno nessa célula.

A GPVI é um membro da familia das imunoglobulinas, associada ao receptor Fc
cadeia y ( Polgar et al., 1997; Kehrel et al., 1998; Clemetson et al., 1999 Jandrot-Perrus et
al., 2000). A GPVI é expressa na superficie das plaquetas como um complexo ndo-covalente,
com uma subunidade sinalizadora, a cadeia y comum dos imunoreceptores (Jandrot-Perrus
et al., 2000; Gibbins et al., 1997). A GPVI participa na adesao das plaquetas ao subendotélio
e ativacdo plaquetaria induzida por colageno, que resulta na agregacdo mediada pela
secrecdo de ADP e sintese de tromboxana A2, e oferece uma superficie procoagulante para
a formacéo de trombina (Moroi et al.,1989; Nieswandt et al., 2001; Nieswandt e Watson,
2003). Além de mediar a resposta voltada a agregacdo plaquetaria desencadeada por altas
doses de colageno, a GPVI também estd envolvida no efeito inflamatério em resposta a
baixas doses desse mesmo agonista. Essa glicoproteina pode estimular a liberagdo de
imunomoduladores e reguladores da permeabilidade celular, atuando como um receptor com

caracteristicas imunoldgicas (Ollivier et al., 2014).

24



2

OBJETIVOS

2.1 Objetivo geral:

Considerando resultados anteriores do nosso grupo, que demostraram que ureases de
diferentes fontes, inclusive a HPU, podem causar efeitos bioldgicos de forma
independente da atividade ureolitica, nesta tese tivemos como objetivo central
aprofundar os estudos visando compreender a ativacdo de plaquetas humanas por
HPU. Buscamos também verificar a potencial contribuicdo das células ativadas pela
HPU na inflamacdo e modulacdo da imunidade, relevantes em patologias extra

gastricas associadas a infeccdo por Helicobacter pylori.

2.2 Objetivos especificos:

a) Realizar estudos de estrutura versus atividade para a ativacdo de plaquetas
humanas por HPU;

b) Avancar a compreensdao dos mecanismos de ativacdo plaquetaria por HPU e
a participacdo de glicoproteinas da plagueta como seus possiveis receptores;

c¢) Verificar se a HPU e suas subunidades sdo capazes de induzir em plaquetas

humanas o processamento de pré-mRNA de moléculas pro6 inflamatdrias.
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3

MATERIAIS, METODOS E RESULTADOS

Os materiais, métodos e resultados estdo apresentados na forma de um
manuscrito submetido & Frontiers in Microbiology, submetido no dia 20 de setembro de
2017. Recebeu pareceres de 4 revisores, e a versdo revisada foi re-submetida no dia 18
de novembro de 2017. O artigo foi aceito para publicagdo no dia 24 de novembro de
2017 conforme a carta do editor anexa ao final desta tese.

Esse manuscrito é uma compilacdo de resultados do meu mestrado e do
doutorado. Na dissertacdo de mestrado foram obtidos os dados mostrados nas figuras 1,

parte da 2, e a figura S2 do artigo.
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Gastric infection by Helicobacter pylori is considered a risk factor for gastric and
duodenal cancer, and extragastric diseases. Previous data have shown that, in a
non-enzymatic way, H. pylori urease (HPU) activates neutrophils to produce ROS
and also induces platelet aggregation, requiring ADP secretion modulated by the
12-lipoxygenase pathway, a signaling cascade also triggered by the physiological agonist
collagen. Here we investigated further the effects on platelets of recombinant versions
of the holoenzyme HPU, and of its two subunits (HpUreA and HpUreB). Although
HpUreA had no aggregating activity on platelets, it partially inhibited collagen-induced
aggregation. HpUreB induced platelet aggregation in the nanomolar range, and also
interfered dose-dependently on both collagen- and ADP-induced platelet aggregation.
HPU-induced platelet aggregation was inhibited by antibodies against glycoprotein VI
(GPVI), the main collagen receptor in platelets. Flow cytometry analysis revealed exposure
of P-selectin in HPU-activated platelets. Anti-glycoprotein llbllla (GPlIbllla) antibodies
increased the binding of FITC-labeled HPU to activated platelets, whereas anti-GPVI
did not. Evaluation of post-transcriptional events in HPU-activated platelets revealed
modifications in the pre-mRNA processing of pro-inflammatory proteins, with increased
levels of MRNAs encoding IL-18 and CD14. We concluded that HPU activates platelets
probably through its HpUreB subunit. Activation of platelets by HPU turns these cells
into a pro-inflammatory phenotype. Altogether, our data suggest that H. pylori urease,
besides allowing bacterial survival within the gastric mucosa, may have an important, and
so far overlooked, role in gastric inflammation mediated by urease-activated neutrophils
and platelets.

Keywords: inflammation, mRNA processing, IL-18, lipoxygenase inhibitors, CD14, GPVI, collagen receptor, platelet
aggregation
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INTRODUCTION

Diseases caused by Helicobacter pylori have a great impact on
public health, since this bacterium colonizes the gastric mucosa
of half of the world’s population, with a higher prevalence in
the poorer countries (Parkin, 2004). Helicobacter pylori is a
major cause of gastric and duodenal pathologies (Ferlay et al.,
2013) and it was classified as the first carcinogenic bacterium
by the World Health Organization more than 2 decades ago
(IARC, 1994). Urease produced by H. pylori enables bacterial
colonization of the gastric mucosa by catalyzing the hydrolysis
of urea into carbon dioxide and ammonia, thereby causing a local
pH increase and alterations of the mucus properties that favor the
pathogen’s survival (Perrais et al., 2014). Urease-negative strains
of H. pylori were unable to infect the gastric mucosa of germfree
piglets, ferrets, or mice (Hu and Mobley, 1990; Eaton et al., 1991;
Andrutis et al., 1995).

Helicobacter pylori urease (HPU) accounts for ~10% of
total cell protein content (Suzuki et al, 2007). HPU is a large
protein, consisting of a dodecameric organization of two subunits
(HpUreA, 26.5 kDa; HpUreB, 61.7 kDa; Ha et al., 2001). Structure
vs. activity relationships of the non-enzymatic properties of
ureases have been so far poorly characterized (Carlini and
Ligabue-Braun, 2016). It has been reported that HpUreB interacts
with CD74 on gastric epithelial cells inducing IL-8 production
(Beswick et al., 2006) and it also binds to Th17 lymphocytes
(Zhang et al,, 2011). A monopartite nuclear localization signal
is present in HpUreA (sequence 5; KKRKEKy), and the protein
is able to target the nuclei of COS-7 (Lee et al., 2012)
and of AGS gastric epithelial cells, causing alterations of the
cellular morphology (Lee et al., 2015). Additionally, H. pylori
secreted outer membrane vesicles (OMVs) contain urease-related
proteins, including HpUreA and HpUreB (Olofsson et al., 2010).
Incubation of AGS gastric epithelial cells with H. pylori OMVs
promoted the translocation of HpUreA into the cell cytoplasm
and nuclear localization of the protein (Olofsson et al., 2010).

Epidemiological studies have shown that H. pylori infection
correlates positively with several extragastric pathologies, such
as intestine bowel diseases, cardiovascular and cerebrovascular
diseases (Franceschi et al., 2015; Goni and Franceschi, 2016;
Kyburz and Muller, 2017). Several hematological diseases
such as primary immune thrombocytopenia, iron deficiency
anemia, childhood leukemia, and coagulation disorders have
been associated with H. pylori infection (Papagiannakis et al.,
2013). The role of this pathogen (Christodoulou et al., 2011)
and of its virulence factors in these extragastric diseases is still
controversial, requiring further studies (Muhammad et al., 2017).

We have previously reported that canatoxin (Carlini and
Guimaraes, 1981), an isoform of Canavalia ensiformis urease
(Follmer et al,, 2001), presents biological properties that are
independent of its enzyme activity, including neurotoxicity,
activation of blood platelets (Carlini and Guimaraes, 1981;
Carlini et al., 1985; Ghazaleh et al,, 1997) and in vivo pro-
inflammatory activity (Benjamin et al, 1992; Carlini and
Ligabue-Braun, 2016; Olivera-Severo et al., 2017). We have
also demonstrated that a recombinant HPU activated platelets
through a lipoxygenase-mediated pathway, leading to exocytosis

of dense granules and release of adenosine diphosphate
(ADP), which then promoted platelet aggregation (Wassermann
et al, 2010). Independently of its enzyme activity, HPU
displays a potent lipoxygenase-dependent chemotactic effect on
neutrophils, both in vivo and in vitro, causing cell migration
in levels comparable to those induced by fMLP (Uberti et al.,
2013). HPU activated human neutrophils eliciting extracellular
ROS production and protected neutrophils as well as cultured
gastric epithelial cells against apoptosis, interfering on the levels
of mitochondrial proteins regulating this process (Uberti et al.,
2013; Olivera-Severo et al., 2017). Recently we reported on
the angiogenic potential of HPU, a property that could have
implication in the invasion and metastization of gastric tumors
(Olivera-Severo et al., 2017).

Platelets are anucleated cells involved, aside of hemostasis
and thrombi formation, in physiological processes such as
tissue regeneration, angiogenesis, inflammation and immunity
(Jurk and Kehrel, 2005; Farndale, 2009; Vieira-de-Abreu et al.,
2012). Platelets store distinct compounds in granules that,
once released, contribute to the immune response (Vieira-de-
Abreu et al,, 2012) and they produce IL-1f, a pro-inflammatory
cytokine (Lindemann et al., 2001; Morrell et al., 2014). IL-1p is
considered a platelet agonist, which acts through an autocrine
loop to link thrombosis and immunity, signaling to endothelial
cells and promoting neutrophil adhesion (Brown et al., 2013).
Platelet activation leads to a sustained synthesis of the pro-
IL-1B protein, which accumulates in the platelets’ cytosol until
cleavage to release the cytokine (Lindemann et al., 2001). Platelets
interact with components of the subendothelial matrix, with
different immune cells and many pathogens (Clemetson, 2011;
Morrell et al., 2014) and participate in cancer metastasis (Jurk
and Kehrel, 2005; Farndale, 2009). Platelets signal the innate
immune system through the release of microparticles and NET
formation (Italiano et al., 2010; Carestia et al.,, 2016). These
various characteristics of platelets enable a large spectrum of
possible cell interactions and modulation by different membrane
receptors (Cimmino and Golino, 2013; Thomas and Storey,
2015).

Collagen, the main component of the subendothelial matrix,
promotes adhesion and activation of platelets. Several platelet
collagen receptors are involved in these events (Clemetson
and Clemetson, 2001). Among them, glycoprotein VI (GPVI),
a member of the immunoglobulin superfamily of receptors
(Clemetson et al., 1999; Jandrot-Perrus et al, 2000), plays a
crucial role in the responses of platelets to collagen. GPVI
participates in platelet adhesion to the subendothelium matrix
and triggers a collagen-induced activation, resulting in a
thromboxane A;- and ADP-mediated aggregation thus providing
a procoagulant surface for thrombin formation (Moroi et al.,
1989; Nieswandt et al., 2001; Nieswandt and Watson, 2003).
Collagen binding to GPVI receptor involves signaling through
the 12-lipoxygenase pathway (Coffey et al., 2004a,b). On the other
hand, when platelets are exposed to low collagen doses, activation
through GPVI leads to a secretory phenotype accompanied by
release of their dense- and alpha granules’ contents, but without
changing the platelets into their prothrombotic state (Ollivier
etal., 2014).
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In this study, we aimed to elucidate the mechanism underlying
the activation of platelets exposed to an enzymatically active
HPU holoenzyme and to its subunits HpUreA and HpUreB. To
that aim, we performed aggregation assays and investigated the
roles of platelet’s glycoprotein VI and IIbIlla in HPU-induced
and subunits-induced responses. Furthermore, we analyzed
expression of P-selectin and the processing of pre-mRNAs in
platelets treated with these proteins.

MATERIALS AND METHODS
Helicobacter pylori Urease (HPU)

A recombinant Helicobacter pylori urease (HPU) was produced
by heterologous expression in Escherichia coli BL21 (DE3)-
RIL transformed with a PGEM-T-easy (Promega) plasmid
carrying the whole urease operon (kindly provided by Dr.
Barbara Zambelli, Universitd di Bologna, Italy). HPU was
purified from bacterial extracts according to Olivera-Severo
et al. (2017). Protein homogeneity was checked by 0.1% sodium
dodecyl sulfate 10% polyacrylamide gel electrophoresis (SDS-
PAGE) (Figure S1A). Previous to the experiments, a 0.5mg
protein.mL~! solution was dialyzed against 20mM sodium
phosphate 150 mM sodium chloride, pH 7.5 (PBS 7.5), and the
buffer from the last dialysis change was used as a negative control
in the bioassays.

Fluorescent HPU was prepared by incubation of a
1.0mgmL~! solution of urease with 0.1% fluorescein
isothiocyanate (FITC) in PBS 7.5 for 60min at 4°C. The
mixture was exhaustively dialyzed against PBS 7.5 and then
applied into a Fast-Desalting column (Amersham Biosciences)
to remove any unbound FITC (Wassermann et al., 2010).

Helicobacter pylori Urease Isolated

Subunits

The subunits of Helicobacter pylori urease, HpUreA and
HpUreB, were produced in Escherichia coli BL21 (DE3)-RIL
transformed with pET101/D-TOPO (Thermo Fisher Scientific)
plasmids containing the cDNA encoding each of the subunits
(a generous gift from Dr Cesare Montecucco, Universitd di
Padova, Italy). Bacteria were grown in Luria broth with
the antibiotics chloramphenicol (Sigma Aldrich, USA; 40
pg.mL™!) and ampicillin (Sigma Aldrich, USA; 100 pg.mL™!)
for maintenance of the plasmids. The His-tagged subunits
HpUreA and HpUreB were purified from bacterial extracts as
follows: after cultivation, cells were harvested by centrifugation,
suspended in extraction buffer (20mM sodium phosphate,
500 mM sodium chloride, 5 mM imidazole, pH 7) and lysed using
an ultrasonic homogenizer (10 pulses of 30 s) in an ice bath. After
centrifugation (20 min, 20,000 x g, 4°C), the homogenates were
submitted to Ni** affinity chromatography on a 5mL Chelating
Sepharose Fast Flow column (GE Healthcare Life Sciences). After
removal of the unbound proteins, the column was eluted stepwise
with 300 mM imidazole in 20 mM sodium phosphate, 500 mM
sodium chloride, pH 7.0 to obtain HpUreA- and HpUreB-
enriched fractions. For the last step of purification, the fractions
from the Ni*T-affinity step were concentrated in Amicon devices
with 10 kDa cut-off (Millipore, Belford, MA, USA), applied into

a Superdex S200 Hi-load column mounted in a Akta Purifier
system (GE Healthcare Life Sciences), equilibrated in PBS 7.5.
The protein fractions were analyzed by SDS-PAGE and by
Western blots (Figure S1B), pooled and concentrated in Amicon
devices (10 kDa cut-off) to a concentration of 0.5 mg.mL’l.

Protein Determination

The protein content of samples was determined by absorbance
at 280 nm, or by the Coomassie dye binding method (Bradford,
1976).

Urease Activity

The urea hydrolyzing activity of HPU was measured by
the alkaline nitroprussiate method (Weatherburn, 1967) using
ammonium sulfate as reference, to follow the purification of the
holoenzyme.

Platelet Aggregation

Rabbit platelets were used in the aggregation assays. Animal care
and handling followed international guidelines and all protocols
were approved by the institutional Ethics Committee (UFRGS
process 721.217). Platelet aggregation assays were performed
essentially as described by Wassermann et al. (2010) using two
different turbidimetric assays. For platelet aggregation assays
performed in a plate reader (SpectraMax® M3, Molecular
Devices), agonists were added to 100 pL aliquots of PRP,
without or with inhibitors, to make 150 wL final reaction
volume in 96 wells flat bottom plates, with absorbance readings
at 650nm every 11s during 20 min. For platelet aggregation
using a Lummi-aggregometer (Chrono-Log Corp.), after pre-
incubation of PRP (300 iL) for 2 min under continuous stirring
at 37°C, aggregation was triggered by addition of the agonist
(maximal volume 30 L) and the reaction was registered during
10 min. In both assays, platelet’s response was quantified as area
under the aggregation tracings. Response to the physiological
agonist collagen (bovine tendon, 50 pug.mL™!) or ADP (10 xM)
(final concentrations) was taken as positive control of platelet
activation.

In some of the experiments, platelets were pre-incubated at
room temperature without stirring with HPU subunits, inhibitors
or antibodies before addition of the platelet agonist: eicosanoid
synthesis inhibitors esculetin (0.5 and 1 mM) and indomethacin
(75-300 wM); antibodies against platelet glycoproteins GPVI or
IIbIIIa, or anti-platelet cell markers (see the following sections
for more details).

Platelet Isolation
Peripheral human blood of healthy volunteers was obtained in
the presence of 0.313% (w/v) sodium citrate. Written informed
consent was obtained from the participants of this study.
All procedures regarding blood collection and handling were
conducted in strict accordance to Brazilian legislation (Law
no. 6.638/1979) and were approved by the institutional Ethics
Committee (UFRGS process 721.217).

Human platelets were isolated according to Ollivier et al.
(2014) with some modifications; briefly, a platelet-rich plasma
(PRP) was separated from whole blood by centrifugation at 200 g
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for 15 min. For flow cytometry assays (see below), the platelets
were pelleted from PRP by an additional centrifugation step (800
x g, 10min), and washed 3 times (800 x g, 10min) with a
modified Tyrodes buffer (3.6 mM citric acid, 0.5mM glucose,
0.5mM KCl, 0.1 mM MgCl,, 10.3mM NaCl, 2mM CaCl, pH
6.5). After the third wash, the platelets were suspended in
the reaction buffer (5 mM HEPES, 12 mM NaHCOj3;, 137 mM
NaCl, 2 mM KCl, 2 mM CaCl,, 0.3 mM NaH,POs3, 1 mM MgCl,,
5.5mM glucose, pH 7.4). For quantitative PCR, washed platelets
were immunolabeled as CD61 positive cells and separated
in a MidiMACS LS column (Miltenyi Biotec) according to
manufacturer’s instructions.

RNA Extraction and cDNA Synthesis

For RNA extraction, the isolated platelets were suspended
in reaction buffer to a final cell concentration of 107.mL™!.
Platelets were incubated with 50 pg.mL™! collagen or 100 nM
urease, HpUreA or HpUreB, in reaction buffer, without stirring
(to avoid aggregation), at 37°C, for 30, 90, and 180 min.
Total RNA was extracted immediately after the stimuli, using
TriZol reagent (Ludwig Biotec), following the manufacturer’s
instructions. cDNA synthesis from total RNA was performed
with the High-Capacity ¢cDNA Reverse Transcription kit
(Applied Biosystens/ThermoFischer Scientific), following the
manufacturer’s instructions, using random primers.

Pro-Inflammatory Expression Profile

Analysis

Real time quantitative PCR was performed to compare
CD14, interleukin-1 beta (IL-1f), cyclooxygenase-2 (COX-2),
intercellular adhesion molecule 1 (ICAM-1), and inducible
nitric oxide synthase (iNOS) genes expression levels in platelets
challenged by collagen, the holoenzyme HPU, and by the
HpUreA and HpUreB subunits, in three different time intervals
at 37°C, without stirring. The beta actin gene was used (Zsori
et al,, 2013) to normalize the RNA content of the samples. Gene
specific primers were designed to span exon junctions (Table S1).
Reactions were carried in an Eco thermocycler (Illumina), using
the qPCR-Sybr Green kit (Ludwig Biotec), and following the
parameters: 95°C for 5min (initial denaturation), 40 cycles at
95°C for 10s (denaturation), 60°C for 15s (annealing), 72°C
for 15s (extension). Melting curves were performed at the end
of each reaction, with temperatures ranging from 55 to 95°C
(increments of 0.1°C/s). All cDNA samples were diluted 1:5.
Reactions were carried out in technical quadruplicates from two
independent biological replicates. Results were analyzed by the
2~AACT method (Livak and Schmittgen, 2001).

Flow Cytometry Analysis

Platelets (5 pL of PRP) kept at 37°C without stirring were
stimulated with 100 nM or 300 nM HPU, 25 pg.mL™! collagen,
for 1, 5, and 10 min. Resting platelets (negative controls, no
addition) and stimulated platelets in 50 L L of reaction buffer were
stained with FITC-labeled anti-CD42 (GP1b) (1:25) (Abcam) and
PerCP-labeled anti-CD62P (P-selectin) (1:5) (Abcam) antibodies
for 20 min, at room temperature in the dark. After the incubation
period, platelets were fixed with 1% paraformaldehyde. Platelets

were identified by gating on platelets’ size on the basis of
forward scatter (FSC) and side scatter (SSC), followed by
CD42 expression, a platelet marker. A total of 20,000 events
were analyzed for MFI/percentage of CD62P expression. Data
were acquired using a FACSCanto II flow cytometer (Becton
Dickinson) with BD FACSDiva software and analyzed by
Flowjo® vX.

In another set of experiments, platelets were previously
treated with polyclonal anti-GPVI (1:10) (Santa Cruz Biotech) or
monoclonal anti-IIbIIIa (1:10) (Santa Cruz Biotech) for 20 min
at room temperature and then stimulated with 100 nM FITC-
conjugated HPU for 1, 5, and 10min at 37°C. Platelets not
treated with the antibodies nor exposed to HPU served as
negative controls. After the incubation period, cells were fixed
with 1% paraformaldehyde. Platelets were identified as described
before. A total of 50,000 events were analyzed for percentage of
FITC-positive cells. Data were acquired using a FACSCanto II
(Beckton Dickinson) with BD FACSDiva software and analyzed
by Flowjo® vX.

Statistical Analysis

The statistical significance of the differences between two groups
was assessed using the unpaired Student’s ¢-test. For multiple
comparisons a two-way analysis of variance (ANOVA) was
performed, and the Tukey post hoc test was used to calculate
significance. GraphPad Prismé6 software (San Diego, CA, USA)
was used to perform statistical analysis. Statistically significance
was set at p-value < 0.05. Data in graphs represent mean =+
standard error of the mean (SEM) of at least three experiments,
unless otherwise stated.

RESULTS

Effects of HPU Subunits on Platelet
Aggregation

Our previous study has shown that HPU induces aggregation
of rabbit platelets in nanomolar concentrations (Wassermann
et al., 2010). To test if the isolated subunits also induce this
effect, HpUreA and HpUreB were tested as platelet agonists.
While HpUreB induced platelet aggregation in a dose dependent
manner (Figures 1A,B), HpUreA had no activity under the
same conditions. As reported for HPU, aggregation induced by
HpUreB in rabbit platelets also depends on the production of
lipoxygenase-derived eicosanoids (Figures 1C,D), as indicated
by the inhibitory effect of esculetin, which blocks the platelet 12-
lipoxygenase, and by the potentiating effect of the cyclooxygenase
inhibitor, indomethacin (Figures 1E,F) (Wassermann et al.,
2010). To investigate whether the isolated subunits could
interfere in the aggregation triggered by the physiological
agonists collagen or ADP, the platelets were previously incubated
without stirring with HpUreA or HpUreB, and then challenged
with the agonists (Figure 2). Surprisingly, considering the lack of
direct effect of HpUreA, both subunits caused a dose-dependent
inhibition of platelets’ response to the agonists (Figure 2A).
HpUreB was more effective than HpUreA in inhibiting platelet’s
response to collagen or ADP (Figure 2B). Moreover, HpUreB
apparently interfered in the second wave of aggregation, abruptly
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FIGURE 1 | Effects of HPU subunits on platelet aggregation. (A,B) HpUreB induces platelet aggregation in a dose dependent manner. (A) Aggregation of rabbit
platelets was induced with the indicated final concentrations of HPU (open symbols, results taken from \Wassermann et al., 2010) and HpUreB (closed symboals, this
work). Aggregation induced by HPU or HpUreB at 1.2-1.4 wM was considered 100%. (B) Superimposed tracings of aggregation induced by different HpUreB
concentrations as measured in the plate reader. (C-E) HpUreB-induced platelet aggregation depends on lipoxygenase-derived eicosanoid(s). Platelets were
pretreated with the inhibitors of eicosanoids synthesis, esculetin (a 12-lipoxygenase inhibitor) (C,D) and indomethacin (a cyclooxygenase inhibitor) (E,F) at room
temperature for 5 min without stirring. Aggregation was triggered by addition of 750 nM HpUreB (time zero), and after 2 min at 37°C stirring was turned on. Platelets
response was monitored on SpectraMax M3 plate reader, with readings at 650 nm every 7 s for 20 min. Superimposed individual tracings of typical experiments are
shown in (B,D,F). Aggregation responses were quantified as area under the tracings using SotfMax Pro 5.4.1 (A,C,E). Data are expressed as means + SEM.
Statistical significance was determined by ANOVA followed by Tukey-Kramer test. Values of **p < 0.01.
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FIGURE 2 | HPU isolated subunits interfere on platelet aggregation triggered by collagen or ADP. Pretreatment with HpUreA (A) or HpUreB (B) interferes in a
dose-dependent manner on the response of rabbit platelets to the physiological agonists collagen (left panels) and ADP (right panels). Platelets were pre-incubated for
5min at 37°C without stirring with increasing concentrations of HpUreA or HpUreB. Aggregation was then triggered with collagen (50 ug.mL*W) or 10uM ADP. The
results are expressed as a percentage of maximum aggregation produced by collagen or ADP. Aggregation was monitored in a plate reader SpectraMax® M3
(Molecular Devices), with readings every 11 s for 20 min at 650 nm. Typical recordings of the aggregation responses are shown in the insets. In all panels, the
aggregation responses were quantified as area under the tracings using SoftMax Pro 5.4.1. Data are expressed as means + SEM. Statistical significance was
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blocking the progression of aggregation in response to released
ADP (Figure 2B, right panel), an effect not seen in HpUreA-
treated platelets. HpUreA and HpUreB also interfered in
the HPU-induced platelet aggregation (Figure 3). While 1 uM
HpUreB had a synergistic effect on platelets activated by 300 nM
HPU, increasing the aggregation response by 150% (Figure 3A),
1uM HpUreA decreased the aggregation response by 75%
(Figure 3B).

HPU Interaction with Platelet Membrane

Receptors

Activation of human platelets by 100 and 300nM HPU
induced P-selectin exposure in a subpopulation of these cells
(Figure 4A). This effect occurred immediately after addition
of HPU and persisted for at least 10min. Other signs of
activation were also seen, such as increase in the cellular size

and membrane complexity (Figure S4). Previously we have
hypothesized (see Wassermann et al, 2010) that, in rabbit
platelets, HPU may recruit the same signaling pathway triggered
by collagen. Considering that anti-GPVI antibodies almost
completely blocked HPU-induced aggregation (Figure S2), here
we investigated whether HPU interacts with platelets receptors.
For that aim pretreatments of human platelets with either anti-
GPVI, the main collagen receptor, or anti-GPIIbIIIa, implicated
in platelets’ activation by fibrinogen and von Willebrand factor,
were carried out. Surprisingly, after blockade of GPIIbIIIa by the
antibodies, there was an increase in HPU binding to platelets
(Figure 4B, left panel). We could not observe reactivity of
the employed commercial polyclonal anti-GPIIalllb antibodies
against HpUreB under our experimental conditions (Figure S3).
Nonetheless, the signs of platelet activation (increased cell size)
could no longer be seen, thereby confirming that HPU-induced
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FIGURE 3 | HPU subunits interfere on HPU-induced platelet aggregation. Pretreatment of rabbit platelets with HpUreA (A) or HpUreB (B) interferes on platelet
aggregation induced by 300 nM HPU. Platelets were pre-incubated for 5min at 37°C without stirring with 1 WM HpUreA or HpUreB and then challenged with 300 nM
HPU. Platelets’ responses are expressed as percentage of the maximum aggregation produced by HPU (left panels). Aggregation was monitored in a plate reader
SpectraMax® M3 (Molecular Devices), with readings every 11's for 20 min at 650 nm. Superimposed tracings of individual experiments are shown in the right panels.
The aggregation responses were quantified as area under the tracings (SoftMax Pro 5.4.1). Data are expressed as means + SEM. Statistical significance was
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platelet activation somehow involves binding to the platelet
membrane, if not directly to, at least in the vicinity of, this
physiologically relevant receptor. On the other hand, the binding
of FITC-labeled HPU to platelets was not affected by either
mono- or polyclonal antibodies against GPVI (Figure 4B, right
panel).

Urease and Its Subunits Modify Pre-mRNA

Processing in Platelets

To evaluate the processing of pre-mRNA in platelets, qPCR
analysis was performed after platelets treatment with HPU or
its subunits. Collagen-activated platelets were used as positive
controls. Collagen increased the IL-18 mRNA processing levels

(Figure 5A), peaking at 30 min of treatment and then gradually
decreasing to reach levels below the controls in 3 h-treated
platelets. Differently, HPU-treated platelets decreased the process
in the short treatment (30 min) and then gradually increased
IL-1p pre-mRNA processing to reach, after a 3h treatment,
levels similar to those seen in collagen-treated platelets at 30 min
(Figure 5A). Exposure of platelets to either HPU’s subunits
modified the IL-18 mRNA processing, but with different patterns
as compared to that produced by the holoenzyme. The time-
course of HpUreA’s effect was similar to that seen in collagen-
exposed platelets. On the other hand, treatment of platelets with
HpUreB inhibited IL-13 mRNA processing in all tested times
(Figure 5B).
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FIGURE 4 | Urease interaction with platelet membrane receptors. Representative flow cytometry histograms of P-selectin exposure on platelets’ membranes of
non-treated (control), collagen- or HPU-treated cells, at three different times (1, 5, and 10 min), are shown in (A). The bar graph in (B) shows the mean percentage of
FITC positive cells. Platelets were pre-treated with anti-GPVI or anti-llbllla for 20 min and then challenged with 50 nM FITC-labeled HPU. Data are means + SEM.

Statistical significance was determined by ANOVA followed by Tukey-Kramer test. Values of *p < 0.01, **p < 0.001.

Contrasting with the inhibition observed in collagen-treated
platelets (Figure 5C), the processing of CD14 mRNA was greatly
enhanced (about 100-fold) in HPU-treated plateletes (30 min).
The levels gradually decreased to reach levels still 4-fold higher
than in resting platelets with 3h of HPU treatment. Similar
to the inhibition patterns seen in collagen-stimulated platelets,
HpUreA or HpUreB inhibited the processing of CD14 mRNA
up to 1.5h after treatment, returning to control levels after 3h
(Figure 5D). Neither HPU nor its subunits interfered on the
processing of pre-mRNA of COX-2, ICAM-1, or iNOS under the
tested conditions.

DISCUSSION

The association of H. pylori infection, a pathogen with a
global dispersal, with several extragastric pathologies has not
gone unnoticed. Besides its well established role in stomach
diseases, gastric and duodenal cancer (Ferlay et al, 2013),

epidemiological studies have associated this bacterial infection
with cardiovascular and thromboembolic conditions (Manolakis
et al., 2007; Papagiannakis et al., 2013) and other extragastric
diseases (Franceschi et al., 2015; Goni and Franceschi, 2016;
Kyburz and Muller, 2017). The potential contribution of the
very abundant bacterial urease to the pathogenesis of these
extragastric diseases in H. pylori positive patients has been so far
mostly overlooked.

Microbial and plant ureases have many non-enzymatic
properties, mostly based on induction of exocytosis and
recruitment of eicosanoids pathways, among which are
neurotoxicity and pro-inflammatory activity (Carlini and
Ligabue-Braun, 2016). One of these non-enzymatic properties
of ureases, regardless of their source and quaternary structures,
is their ability to induce aggregation of blood platelets
(Follmer et al., 2004; Carlini and Ligabue-Braun, 2016).
This platelet-aggregating effect of ureases is due to their
exocytosis-inducing activity which leads to the release of
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FIGURE 5 | HPU and its isolated subunits modify human platelet's mRNA processing. Platelets were treated with 50 ug‘mL*1 of collagen, 100 nM HPU, 100 nM
HpUreA, or 100 nM HpUreB for 0.5, 1.5, and 3 h at 37°C, without stirring. Untreated platelets were taken as the negative control. mRNA processing was evaluated by
RT gPCR using primers designed to span exon junctions. (A,B) IL-18 mRNA processing. (C,D) CD 14 mRNA processing. Results are shown as means + SEM of
three independent biological replicates, performed in quadruplicates. A t-test was performed to compare treatments with the control (buffer). Values of *p < 0.05, **p
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ADP from platelets’ dense granules, and requires the eicosanoid
12-hydroxy-peroxy-eicosatetraenoic acid (12-HPETE), produced
by the platelet 12-lipoxygenase (Carlini et al., 1985; Olivera-
Severo et al., 2006a,b; Wassermann et al., 2010). These data
suggested that platelet aggregation induced by HPU resembles
that of collagen-activated platelets through its GPVI receptor,
a response reported to also require 12-HPETE synthesis by
the activated platelets (Coffey et al., 2004a,b). Back then, we
hypothesized that ureases and collagen may recruit similar or
overlapping signaling cascades to exert their actions in platelets
(Wassermann et al., 2010).

Here, we aimed to deepen the knowledge on how HPU
interacts with platelets. Recombinant versions of HPU, and of its
two subunits, HpUreA and HpUreB, were produced and platelet
aggregation assays, flow cytometry and quantitative PCR were
used to analyze how these proteins affect platelets’ physiology.

In Wassermann et al. (2010), we reported that 1 uM HPU
induced maximal aggregation of rabbit platelets. The response

of rabbit platelets to HPU involved the 12-lipoxygenase, as
it could be blocked by esculetin, and the eicosanoid 12-
HETE, an oxidized derivative of 12-HPETE, was detected in
the medium (Wassermann et al., 2010). Here we showed that
HpUreB induces rabbit platelet aggregation in the same molar
range as that of the holoenzyme. In contrast HpUreA, even
in a 10-fold greater concentration had no platelet aggregating
activity. This result reinforces the non-enzymatic nature of
the platelet-activating property of HPU, since HpUreB has no
enzymatic activity (Ha et al., 2001; Suzuki et al., 2007). Platelets’
response to HpUreB required production of lipoxygenase-
derived eicosanoids, as could be deduced from the dose-
dependent inhibitory effect of esculetin (Figures 1C,D). The
fact that pretreatment of platelets with the cyclooxygenase
inhibitor indomethacin enhanced platelets’ reactivity to HpUreB
(Figures 1E,F) is expected for a lipoxygenase-mediated process,
in a condition of increased availability of arachidonic acid, which
is the substrate of both enzymes (Wassermann et al., 2010). These
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data can be interpreted as HpUreB being the HPU’s domain
active on platelets, and corroborates previous findings showing
that this effect does not require the enzyme’s ureolytic activity.

Pre-incubation of platelets with either one of the HPU’s
subunits inhibited, in a dose-dependent manner, the aggregation
response to collagen or ADP (Figure 2). These data indicate
that (1) although not inducing platelet aggregation, HpUreA also
interacts with platelets; (2) HPU binds to platelets’ membranes
through at least two binding sites, one present in each of its
subunits; (3) the isolated subunits bind to platelets in the same
sites as does HPU itself; and (4) the binding of HPU’s subunits
partially blocks physiological functions of platelets. While an
explanation for these observations is not trivial, the data clearly
indicated that the binding sites and/or the type of binding
to platelet membrane of the two subunits are quite different,
implying that distinct mechanisms of action may underly their
effects on platelets. The reason why pre-incubation with either
HPU’s subunits inhibited the platelet aggregation promoted
by collagen or ADP is unclear, considering their effects on
HPU-induced aggregation (Figure 3). HpUreA inhibited HPU-
induced aggregation, which is consistent to its binding to platelets
with an antagonist-like behavior. This effect may be related to fact
that ureases insert themselves into lipid bilayers thereby affecting
membrane physicochemical properties (Piovesan et al., 2014;
Micheletto et al., 2016). On the other hand, HpUreB probably
interacts specifically with some platelet receptor, as it induces
aggregation per se, and it acted synergistically with HPU to
amplify the aggregating effect (Figure 3).

Activation of human platelets (constitutively positive for
CD42, or glycoprotein 1b) by HPU in comparison to collagen
was studied by flow cytometry following the expression of P-
selectin (CD62P) (Figure 4). Platelets are known to modulate
their degranulation and release of specific granules according
to the stimulus (Jonnalagadda et al, 2012). For instance,
collagen-activated platelets, when in low concentrations of the
agonist, can degranulate and release their granular contents
without a significant exposure of P-selectin (Ollivier et al,
2014). Here we demonstrated that HPU-stimulated human
platelets, despite their low expression of P-selectin, show
signs of activation, and eventually aggregate under favorable
conditions.

Fibrinogen binding to GPIIbIIIa is a requirement for ADP-
induced platelet aggregation. We have previously reported that
platelet aggregation induced by canatoxin required ADP release
and the presence of fibrinogen (Carlini et al., 1985; Follmer
et al., 2001). Here we showed that pre-treatment of platelets
with antibodies against GPIIbIIIa enhanced the binding of FITC-
labeled HPU to the cells (Figure 4B, left panel). Altogether,
these results implicate the involvement of GPIIbIIIa in the ADP-
dependent platelet-aggregating effect of ureases. Muhammad
et al. (2017) reviewed the mechanisms by which H. pylori
infection could lead to cardiovascular and thromboembolic
diseases, emphasizing that a cross-reactivity between HpUreB
and GPIIIa could be the link associating H. pylori infection
to immune thrombocytopenia. Bai et al. (2009) produced
monoclonal antibodies against a recombinant HpUreB and
showed that these antibodies cross-reacted with GPIIla from

normal platelets and partially inhibited aggregation induced
by ADP. The binding motif recognized by the monoclonal
anti-HpUreB in the platelet GPIIla was not identified. This
cross-reactivity of HpUreB and GPIIla may be implicated in
our observation that platelets pre-treated with anti-GP IIblIla
bound more FITC-labeled HPU than did unstimulated platelets
(Figure 4B). The lack of effect of the anti-GPVI antibodies in
preventing HPU binding to platelets does not go against our
previous hypothesis that HPU (Figure 4B, right panel), and
now including HpUreB, share with collagen a lipoxygenase-
mediated pathway of platelet activation (Wassermann et al,
2010). However, binding to GPVI seems not to be the feature
that explains the similarity of platelets response to these
agonists.

It is well known that platelets participate in the inflammatory
process by modulating the activity of other inflammatory
cells (Thomas and Storey, 2015; Koenen, 2016). We have
previously demonstrated that HPU displays pro-inflammatory
activity in the mouse paw edema model, causing an intense
eicosanoid-dependent neutrophil infiltration in the tissues
(Uberti et al., 2013). In the same study, HPU showed a
non-enzymatic, lipoxygenase-dependent, chemotactic effect on
human neutrophils, and induced extracellular production of
reactive oxygen species (ROS) by the activated cells (Uberti
et al, 2013). Our data reinforced results obtained by other
groups showing that purified HPU elicited the production
of ROS and inflammatory cytokines by human macrophages
and primary monocytes in vitro (Harris and Granger, 1996;
Shimoyama et al., 2003), induced transendothelial migration of
T cells (Enarsson et al., 2005) and increased the expression
of inducible NO synthase (Gobert et al, 2002). All these
activities of HPU contribute to tissue inflammation and injury.
Here we investigated whether activation of human platelets
by HPU leads to a pro-inflammatory phenotype of these
cells.

Platelets have reservoirs of pre-mRNA that are processed into
the corresponding mRNA upon stimulation (Denis et al., 2005).
Treatment of platelets with collagen, HPU, HpUreA, or HpUreB,
modified their processing of IL-1p and CD14 pre-mRNAs, each
protein producing effects with a distinct kinetics. Collagen and
HpUreA had similar time pattern for stimulation of IL-1f pre-
mRNA processing, with peaks at 30 min after treatment and
then decreasing to levels below control after 3 h (Figures 5A,B).
The slower but persistent effect of HPU of increasing IL-1f
production 3 h after treatment confirms that this protein changes
platelets into a pro-inflammatory phenotype. Further studies
are necessary to confirm if the pre-mRNA processing changes
observed here impact as well the platelets’ protein levels of IL-1f
and CD-14 after exposure to HPU.

Zhang et al. (2009) reported that platelets express TLR4, CD14
and MyD88, the signaling pathway triggered in response to
lipopolysaccharides (LPS), as described in other cell types (Funda
etal, 2001). CD14 is a co-receptor of various Toll-like receptors
(TRLs) present in hematopoietic and non-hematopoietic cells
that recognizes PAMPs (pathogen-associated molecular patters),
triggering the innate immune response and participating in
inflammation (Zanoni and Granucci, 2013). Distinct from
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collagen and the subunits HpUreA and HpUreB, that lowered
CD14 pre-mRNA processing below control levels, HPU greatly
enhanced the processing of CD14 mRNA (Figure5). This
result suggests that HPU activates at least part of the signaling
pathway triggered by LPS, and the increased expression of
CD14 in HPU-activated platelets corroborates their phenotype
conversion into pro-inflammatory cells. The absence of CD14
expression in unstimulated platelets, or in platelets stimulated by
collagen under normal physiological conditions, in contrast to
the increased levels after HPU stimulus, resembles the reaction
of intestinal mucosal cells, which only show increased expression
levels of CD14 associated to inflammatory processes (Funda et al.,
2001).

Similar to cell activation through LPS where a role of CD14
in the induction of TNF-a, IL-18, IL-6, and IL-8 expression has
been identified (Dentener et al., 1993; Schumann et al., 1994),
here we hypothesize that CD14 expression may be modulating
the IL-1p levels in platelets stimulated with HPU. This does not
occur when platelets are stimulated with collagen, HpUreA or
HpUreB. It has been described that platelets stimulated by LPS
(Brown and Mclntyre, 2011) or dengue virus (Hottz et al., 2013)
process IL-18 pre-mRNA and that once stimulated, these cells
release microparticles loaded with IL-18 by a mechanism not
yet completely elucidated (Hottz et al., 2013). If HPU-stimulated
platelets also release microparticles containing IL-1, that could
be delivered nearby endothelial cells or immune cells responsive
to IL-1B, such as macrophages and lymphocytes, will be a subject
of future studies.

The natural existence of any urease’s subunits in a free state
has never been described thus the relevance of the biological
effects described here for HpUreA or HpUreB is uncertain.
On the other hand this study provided valuable insights into
the structure vs. activity relationships of HPU concerning its
effects on platelets. While it became clear that HpUreB carries
the major “platelet-active” domain of HPU, the contributions of
HpUreA to the platelet activating effect of HPU are less clear. The
antagonistic effect of HpUreA against aggregation induced by the
physiological agonists ADP and collagen, proved its interaction
with platelets’ membranes. Moreover only HpUreA increased IL-
18 pre-mRNA processing like HPU did. Thus both HPU subunits
contribute to the protein’s effect on platelets although in different
ways. Another evidence of the existence of two platelet binding
sites in HPU is the fact that both of its subunits competed with
HPU, partially blocking the aggregating effect of the holoenzyme.
In alignment with this conclusion, other studies by our group
performed with the isolated subunits of the tri-chained Proteus
mirabilis urease have identified a “platelet-activating” domain in
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Materials and Methods

SDS-PAGE ,Western Blot and Dot blot analysis

The recombinant proteins (30 pg total protein) after the final purification step were
denatured in sample buffer (50 mM Tris—HCI, pH 6.8, 1% SDS, 5% 2-mercaptoethanol, 10%
glycerol, 0.001% bromophenol blue) and heated in a boiling water bath for 3 min. Samples
were resolved in 10% or 12% SDS-PAGE. Rainbow markers (Amersham Pharmacia
Biotech) run in parallel were used to estimate molecular masses. Proteins bands in the gels
were stained with Coomassie blue. For Western blots, proteins bands in the gels were
transferred to PVDF membranes (Hybond-P, Amersham Pharmacia Biotech, the membranes
were then blocked with Tween-TBS (20 mM Tris—HCI, pH 7.5, 500 mM NacCl, 0.1% Tween-
20) containing 1% bovine serum albumin. Immunoreactivity of the resolved proteins were
probed for 2 h with polyclonal rabbit antibodies: anti-HpUreA (Santa Cruz Biotechnology,

1:1000), anti-HpUreB (Santa Cruz Biotechnology, 1:1000), anti-GPVI (Santa Cruz
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Biotechnology, 1:500) or anti-llbllla (Santa Cruz Biotechnology, 1:100). After exhaustive
washing with Tween-TBS, PVDF membranes were incubated with biotin-conjugated anti-
rabbit 1gG antibodies (1:1000; Santa Cruz Biotechnology) for 1 h followed by incubation
with streptavidin-conjugated horseradish peroxidase (1:1000; Caltag Laboratories,
Burlingame, CA). Immunoreactive proteins were visualized by 3,3’-diaminobenzidine
(Sigma Aldrich, USA) staining.

For dot blot assays, 5 uL of purified HPU five-fold serially diluted solutions (1
mg.mL) were spotted on PVDF sheets. Afterwards, the membranes were blocked and
washed as described above for the Western blot analysis, and then probed with anti-GPVI
(Santa Cruz Biotechnology, 1:500) or anti-llbllla (Santa Cruz Biotechnology, 1:100)
antibodies. Secondary antibodies (anti-rabbit, 1:20.000) coupled to horseradish peroxidase
were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). The protein
bands were visualized using a chemiluminescence detection kit (Millipore, MA, USA).

Table S1.
Primers used in the real time PCR experiments.

Gene Primer Sequence (5 —3’)
IL-1p Forward CGTATATGCTCAGGTGTCAACCTATCTTCG
Reverse CTTGTTGCTCCACTTGTTGCTCCA
cD14 Forward TATCGACCATGGAGCGCG
Reverse CCTCTACTGCAGACACACACT
ICAM Forward CCTCACCGTGTACTTTTATTTTGAGATGGA
Reverse TCAGGGGATTCTCCTGGGAG
iNOS Forward GCAGAATGTGACCATCATGG
Reverse ACAACCTTGGGGTTGAAGGC
COX-2 Forward TGAAACCCACTCCAAACACA
Reverse GAGAAGGCTTCCCAGCTTTT
Beta actin Forward GATGGCCACGGCTGCTTC
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Figure S1. Purification of HPU, HpUreA and HpUreB. (A) SDS-PAGE of purified
recombinant HPU showing two protein bands, corresponding to HpUreA (29 kDa) and HpUreB (61
kDa). (B) Western blots of HpUreA (29 kDa) and HpUreB (61 kDa) bands probed with the
corresponding antibodies. Each lane corresponds to the purified proteins isolated different bacterial

colony purification.
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Figure S2. HPU-induced platelet aggregation is inhibited by anti-GPVI. Platelet

aggregation induced by HPU or collagen (inset) is almost completely blocked in the presence of anti-
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GPVI antibody. Platelets were pre-incubated with anti-GPVI (500 ug.mL?) for 10 min at room
temperature without stirring, and then aggregation was triggered (time zero) by addition of HPU (300
nM) or collagen (20 pug.mL™). Aggregation was monitored continuously by absorbance readings

during 8 min. A typical result is shown out of at least 4 experiments using platelets from different

Anti-GPVI

Anti-IIblIIa

C+ 5 ng 02pg

HPU

rabbits.

Figure S3. Anti-l1bllla and Anti-GPVI do not give cross-reaction with HPU. Dot blot
analysis to show the absence of immunoreactivity of the anti-GPVI and anti-llbllla antibodies
towards HPU. Decreasing quantities of HPU (1, 0.20 and 0.04 mg.mLt) were adsorbed (5 uL) onto
the PVDF membranes. C+ indicates addition of the antibodies directly to the PVDF sheets. Dot blots

were revealed using a chemiluminescence detection kit and the images were digitalized.
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Figure S4. HPU induces platelet activation. (A) Representative flow cytometry dot plots
of platelets population of non-treated (control), collagen- or HPU-treated cells. The bar graph in (B)
shows variations of cell size and membrane complexity. Platelets were treated with 25 pg.mL™*
collagen, 100 nM or 300 nM HPU. Data are means + SEM. Statistical significance was determined
by ANOVA followed by Tukey-Kramer test. Values of p <0.01*, <0.001 **,
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1 DISCUSSAO

A infecgdo por Helicobacter pylori é uma questdo de saude publica. Sabe-se que
pessoas infectadas por essa bactéria tém um risco aumentado de vir a desenvolver doengas
gastricas graves, como Ulceras pépticas e cancer de estbmago. Além disso, outras patologias
tém sido associadas & infeccdo por H. pylori, como doencas cardiovasculares, cérebro-
vasculares, doencgas autoimunes, e neurodegenerativas (Franceschi et al., 2015; Goni e
Franceschi, 2016; Kyburz e Muller, 2017).

Ureases sdo enzimas amplamente distribuidas em plantas, bactérias e fungos, e
apesar de poderem ter uma, duas ou trés cadeias polipeptidicas, sdo proteinas altamente
conservadas quanto a sua estrutura quaternaria e ao seu mecanismo catalitico. As ureases
apresentam propriedades ndo enzimaticas em modelos animais — mamiferos e insetos, como
a capacidade de ativar exocitose, de recrutar a rota dos eicosanoides, e induzir inflamacao e
neurotoxicidade (Carlini et al., 1985; Olivera-Severo et al., 2006b; 2006a; Wassermann et
al., 2010; Carlini e Ligabue-Braun, 2016). Entre essas atividades, nosso grupo demostrou
que ureases induzem agregacdo de plaquetas sanguineas de diferentes espécies animais
(Carlini e Ligabue-Braun, 2016). Essa propriedade das ureases foi constatada para as
proteinas de cadeia Unica das plantas Canavalia ensiformis (feijao-de-porco) (Carlini et al.,
1985) e Glycine max (soja) (Follmer et al., 2004), e para as bacterianas de duas cadeias (H.
pylori) (Wassermann et al., 2010) e de trés cadeias (Bacilllus pasteurii) (Olivera-Severo et
al., 2006b) e Proteus mirabilis (Broll, 2017). Plaquetas humanas, de rato, de coelho e de
cobaia agregam quando expostas a concentracdes de ureases na faixa de 0,1 a 1 uM (Carlini
et al., 1985). A capacidade de induzir agregagéo de plaquetas foi a primeira das atividades

nao-enzimaticas de ureases a ser claramente demonstrada, em estudos com as enzimas
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inibidas covalentemente com p-hidroxi-mercuribenzoato (Follmer et al., 2001). Por terem
mais de um dominio proteico biologicamente ativo, que lhes confere atividades
independentes da acdo de catalisar a hidrolise da ureia, as ureases integram a classe das
proteinas multifuncionais, também conhecidas como proteinas moonlighting (Ligabue-
Braun e Carlini, 2015).

A obtencéo das subunidades recombinantes da HPU permitiu realizarmos estudos de
estrutura versus atividade para esta urease. Nesse trabalho, utilizamos um novo vetor de
expressao para a HPU visando maior producdo de proteina recombinante, e com 0 novo
plasmideo, conseguimos aumentar significativamente a producdo da HPU. Como
mencionado na introducdo, existem poucos dados na literatura relativos aos efeitos
biolégicos das cadeias isoladas da HPU. Demonstramos aqui que HpUreA e HpUreB
interagem com a membrana de plaquetas, corroborando os dados obtidos com a holoenzima
por Wassermann e colaboradores (2010). A incubacdo das plaquetas com HpUreA, apesar
de ndo ativar ou agregar plaquetas (testada em doses até 10 vezes maiores que HPU),
bloqueia a resposta das células a agonistas classicos, como ADP e colageno (Figura 2A do
artigo), e também inibe a agregacdo induzida por HPU (Figura 3A do artigo). O fato da pré-
incubacédo das plaquetas com HpUreA bloquear a resposta dessas para a HPU indica que
ambas as proteinas competem pelo mesmo sitio de ligacdo, ou que a HpUreA se liga em
locais bem proximos, e por impedimento estérico, bloqueia a ligacao da holoenzima (Scopel-
Guerra, 2013). Ja foi descrito para a urease majoritaria da C. ensiformis (JBU) e para o
peptideo inseticida derivado desta, 0 jaburetox, que essas proteinas podem se inserir em
bicamadas lipidicas e formar canais i6nicos, sem contudo causar lise celular (Piovesan et al.,
2014; Micheletto et al., 2016). Esse tipo de interagdo com membranas, se também ocorre

com a HpUreA, poderia talvez explicar o efeito “estabilizador” dessa proteina nas plaquetas.
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Por outro lado, a HpUreB mostrou ser um agonista de plaquetas (Scopel-Guerra,
2013), causando agregacéo per se e potenciando o efeito agregador da HPU (Figuras 1 e 3B,
artigo). O efeito indutor de agregacdo plaquetaria da HpUreB ocorre na mesma faixa de
concentracdo molar observado para a HPU, com efeito maximo para 1 uM, de acordo com
Wassermann e colaboradores (2010). Assim como a HPU, a HpUreB agrega plaquetas de
coelhos ativando a rota das lipoxigenases, evidenciado em ensaios na presenca dos inibidores
esculetina e indometacina. Em plaquetas pré-tratadas com o inibidor de 12-lipoxigenase, a
esculetina, houve inibicdo parcial da agregacdo, ja em plaquetas pré-tratadas com
indometacina, observou-se um aumento da agregacgéo (Figura 1 do artigo). Esse efeito pode
ser explicado pela maior disponibilidade de substrato, uma vez que o &cido araquidénico €
0 substrato tanto das ciclo-oxigenases como das lipoxigenases. Esses resultados indicam que
a HpUreB contém o dominio de interacdo da holoenzima com as plaquetas. Os dados
também comprovam que o efeito indutor de agregacdo plaquetaria da HPU € independente
da atividade ureolitica, posto que HpUreB ndo possui atividade enzimatica (Ha et al., 2001;
Suzuki et al., 2007), mesmo contendo a regido do sitio ativo da enzima.

O efeito de induzir agregacdo de plaquetas observado para as ureases deve-se a
capacidade destas de induzir exocitose dos granulos densos plaquetérios, causando a
liberacdo de seu contetdo de ADP. Plaquetas degranuladas ndo responderam a canatoxina,
e a agregacdo de plaquetas normais foi abolida na presenca do antagonista AMP ou da
enzima apirase, que hidrolisa o ADP liberado, demonstrando que a resposta de agregacgéo
depende da secrecdo dos granulos e da liberagdo de ADP (Carlini et al., 1985). A ativacdo
das plaquetas por ureases requer a formacao de &cido 12-hidroxiperoxieicosatetraénoico (12-

HPETE), produzido a partir de acido araquiddnico pela enzima 12-lipoxigenase plaquetaria,
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como visto para a canatoxina (Carlini et al., 1985), para a urease de B. pasteurii (Olivera-
Severo et al., 2006 b), e para a HPU (Wassermann et al., 2010).

Carlini e colaboradores (1985) verificaram que plaquetas de coelho estimuladas por
canatoxina tornavam-se refratarias a um novo estimulo com essa urease ou com colageno.
No entanto, as mesmas plaquetas continuavam responsivas ao ADP, PAF-acéter ou &cido
araquidénico. Nesse estudo, para explicar essa observacédo, foi levantada a hipdtese de que
a canatoxina e o colageno compartilhariam parte da mesma rota de sinalizacdo (Carlini et
al., 1985). Mais de 20 anos depois, em 2004, o grupo de Coffey e colaboradores publicou
dois estudos mostrando que a interacdo do colageno com seu receptor plaquetario GPVI
induz ativacdo da rota da 12-lipoxigenase (Coffey et al., 2004a; Coffey et al., 2004b). Em
seguida, nosso grupo demonstrou gue, assim como ocorre com a canatoxina, a HPU induz a
agregacdo de plaguetas do coelho através da rota das lipoxigenases, induzindo a
degranulacao dos granulos densos e liberando o ADP plaquetario (Wassermann et al., 2010).

Semelhante ao que foi observado com plaquetas de coelho (Wassermann et al., 2010),
comprovamos aqui, usando citometria de fluxo, que a HPU interage com a membrana de
plaquetas humana, sendo possivel detectar a proteina fluorescente aderida a superficie das
células (Figura 4B do artigo). Nas plaquetas tratadas com HPU, ndo houve aumento
significativo da exposicdo de P-selectina (Figura 4% do artigo). Esta proteina (CD62P) é
acumulada nos granulos alfa da célula, e sob estimulo forte, como o do colageno (Figura 42
do artigo), esta é liberada no citosol e transloca-se para a face externa da membrana celular
(Singbartl et al., 2001). No entanto, observamos modificagdes no formato das células, o
chamado shape change, indicativo do estado de ativacao nas plaquetas exposta a HPU. Sabe-
se que plaquetas podem modular a secrecdo de seus granulos, conforme o tipo de estimulo

recebido (Jonnalagadda et al., 2012). A observacdo de Ollivier e colaboradores (2014) de
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que plaquetas ativadas com baixas doses de colageno exibem baixa exposi¢édo de P-selectina,
mesmo apresentando outros sinais de ativacao, como a secrecdo de seus granulos, estabelece
mais um ponto comum entre as respostas de plaquetas ao colageno e a HPU.

Apos estimulo de HpUreB, sem agitacdo, plaquetas de coelho também se tornam
refratarias a um segundo estimulo com colageno, mas respondem ao ADP, ainda que menos
intensamente (Scopel-Guerra, 2013) (Figura 2B do artigo), de modo semelhante ao que foi
descrito para a canatoxina (Carlini et al., 1985). Como base nessa observacao, postulamos
gue a HPU poderia estar compartilhando com o coldgeno o mesmo receptor de membrana,
GPVI, que recruta a sinalizacdo via 12-H(P)ETE em plaquetas (Coffey et al., 2004a; Coffey
et al., 2004b). Contudo, ape sar dos anticorpos anti-GPVI bloquearem a agregacdo de
plaquetas humana induzida pela HPU, e por sua subunidade HpUreB, ndo foi possivel
observar interferéncia dos anticorpos na ligacdo da FITC-HPU nas plaquetas. Podemos
concluir desse resultado que a HPU ndo se liga a GPVI, e que a urease interage com um
outro “receptor” na membrana das plaquetas, como visualizado nos ensaios com FITC-HPU.
No entanto, como Vvisto nos ensaios de agregacao, a ligagdo dos anticorpos anti-GPVI com
a GPVI na membrana das plaquetas interfere na resposta destas a HPU. Uma hipétese para
explicar esses achados seria que a ligacéo do anti-GPVI a GPVI de algum modo “estabiliza”
ou “congela” a membrana da plaqueta, de tal modo a impedir downstream a sinalizacdo via
lipoxigenase recrutada pela urease.

A participacdo de outro importante receptor de membrana da plaqueta, a
glicoproteina Ilbllla, também foi avaliada por citometria de fluxo, utilizando o anticorpo
anti-GPlIbllla. Sabendo que agregacéo plaguetaria induzida pela canatoxina é dependente
de fibrinogénio (Carlini et al., 1985), e que esta integrina & um receptor de fibrinogénio,

esperava-se que os anticorpos anti-GPIIbllla bloqueassem a ligacdo de FITC-HPU nas
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plaquetas. Surpreendentemente, houve um aumento da interacdo HPU-plaquetas ap6s o
tratamento com anti-llbllla (Figura 4B do artigo). Apesar de ndo termos detectado (Figura
S3 do artigo) interacdo entre os anticorpos anti-GPlIbllla utilizados e a HPU, nas condic6es
testadas, existem relatos de reacdo cruzada entre anti-HpUreB e a proteina Illa (Bai et al.,
2009), o que poderia levar o anticorpo se ligar a HPU aderida na plaqueta e explicar o
aumento observado. Muhammad e colaboradores (2017) associaram essa interacdo entre Illa
e anti-HpUreB como uma possivel causa de doencas tromboembolicas e cardiovasculares,
uma vez que a proteina Illa, constitutivamente expressa em plaquetas, esta intimamente
relacionada a doengas como a purpura trombocitopénica.

Conforme discutido acima, a GPVI parece ndo estar diretamente envolvida na
interacdo urease-plaguetas, uma vez que o bloqueio desse receptor ndo afetou a ligacao da
HPU nas células. Kuwana, 2014, revisou 0s possiveis mecanismos pelos quais a infec¢éo
por H. pylori poderia levar a parpura trombocitopénica idiopatica, evidenciando que
individuos infectados por H. pylori possuem um desbalango na razdo entre os receptores tipo
Fcy em mondcitos e macréfagos, com diminuigdo da expressao dos receptores FCyRIIB. Esse
desbalanco pode explicar o aumento da producdo de anticorpos anti-plaquetas por células T
CD4*. Somando-se a isso, algumas cepas de H. pylori podem causar agregacdo plaquetaria
dependente do receptor de colageno GPIb (que possuem ancoragem por Fcy), sem
participacdo de CagA e VacA (Byrne et al., 2003), sugerindo que proteinas presentes na
superficie da bactéria mimetizariam a agdo do colageno na plagueta, levando a ativacéo do
fator de von Willebrand (Handin, 2003). Sabendo que, no H. pylori, parte da HPU esta
aderida a membrana externa da bactéria, e que este microrganismo interage com porgoes Fcy
de glicoproteinas de células sanguineas, é possivel que a HPU esteja envolvida nessa

interacdo entre a bactéria e proteinas de membranas celulares, inclusive em plaquetas (Figura
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4). O bloqueio do receptor GPVI por anticorpos nao impede a interacdo da urease com a
superficie das plaquetas, em contrapartida, inibe a agregacao plaquetaria induzida por HPU,
por conseguinte, é possivel que a HPU seja molécula candidata na interacdo de H. pylori e

Fcy.

H. pylori Ig

von

Willebrand

FcyRITA

Ativacao Plaquetaria

Figura 1. Mecanismo proposto de interacdo da HPU com fator de von Willebrand e plaquetas. Adaptado de
Byrne e colaboradores (2003).

Quando ativadas, as plaquetas liberam moléculas capazes de induzir ativacao de
outros tipos celulares, contribuindo, e potencialmente aumentando, estimulos para a
inflamacdo (Koenen, 2016). Considerando os trabalhos anteriores do nosso grupo
demostrando que a HPU causa efeitos pro-inflamatorios, tanto em modelos in vivo como ex
vivo, avaliamos, em plaquetas ativadas por HPU, o processamento de moléculas que
contribuem para a inflamag&o.

O perfil do processamento de mMRNA das moléculas ICAM, iNOS, COX-2, CD14 e
IL-1B em plaquetas tratadas com HPU, HpUreA, HpUreB ou colageno foi analisado por
PCR quantitativo. Nas condi¢cdes de tempo e concentracdo testadas para a HPU e suas
subunidades, ndo foi detectada modificacdo no processamento de mRNA para ICAM, COX-
2 e INOS. Corroborando dados que demostram que H. pylori pode regular positivamente

moléculas inflamatorias como IL-1, IL-6, IL-8, RANTES, TNF-a. e NF-xB (Lamb and
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Chen, 2013), o estimulo de plaquetas com HPU levou a um perfil de processamento de IL-
1$3 condizente com uma acéo pro-inflamatdria, com um aumento lento, gradual e persistente,
com pico apos 3 horas de tratamento (Figura 5A do artigo). Demonstrando mais uma vez
que ambas as subunidades da HPU interagem com as plaquetas, tanto HpUreA como
HpUreB alteraram o processamento do mRNA de IL-1, mas de maneira distinta. Enquanto
plaquetas tratadas como HpUreA mostraram um perfil de resposta semelhante a provocada
pelo colageno, com aumento do processamento de IL-1f3, as plaquetas tratadas com HpUreB
tiveram esse processamento bloqueado, apesar desse ser o dominio da HPU que ativa
agregacdo plaquetaria (Figura 5B do artigo). Pode-se concluir a partir desses resultados que
os dois dominios na HPU que interagem com plaquetas, um presente na HpUreA e o segundo
na HpUreB, tém propriedades distintas e complementares: o dominio na subunidade A néo
induz agregacéo, interfere na agregacdo induzida por colageno, ADP ou HPU, mas ativa o
processamento de mRNA para IL-1p a semelhanca do colégeno, contribuindo para a
inflamacéo provocada pela infec¢do por H. pylori; ja o dominio na subunidade B recruta a
via da 12-lipoxigenase que leva a ativacao da maquinaria de exocitose das plaquetas com a
consequente agregacdo das mesmas. Este dominio blogueou o processamento do mRNA de
IL-1B, ndo havendo contribuigdo para a inflamacéo por esta via.

CD14 é uma molécula envolvida no reconhecimento de PAMPs (padroes
moleculares associados a patdgenos) vinculada a receptores Toll-like (TLRs), ligada a
resposta imune e com participacdo em processos inflamatorios (Zanoni and Granucci, 2013).
Essa moléecula esta associada ao reconhecimento de LPS, e ja foi descrito que plaquetas
possuem a rota de sinalizacao ativada por LPS, com a presenca de CD14, TLR4 e MyD88
(Zhang et al., 2009), como descrito para outros tipos celulares (Funda et al., 2001). Nossos

dados mostraram que a HPU aumenta em mais de 100 vezes o processamento de pré-mRNA
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de CD14, induzindo um estado pro-inflamatério nas plaquetas, que se soma ao aumento do
processamento de IL-1f. Sabe-se que o estimulo de CD14 por LPS leva a um aumento de
IL-1B, bem como TNFa e IL-6 e IL-8 (Dentener et al., 1993; Schumann et al., 1994).
Ademais, como plaquetas possuem IL-1R e sdo responsivas ao IL-1p, esta citocina modula
a sua propria sintese e exocitose, através de microparticulas (Brown et al., 2013).

Holtz e colaboradores (2013) estudaram a interagdo entre o virus da dengue e
plaquetas, demostrando que o virus pode desencadear ativacdo plaquetéria via NLRP-3, e
liberacdo de microvesiculas contendo IL-1p. Para avaliar se a ativacao plaquetaria induzida
por ureases desencadearia a mesma resposta descrita para LPS, ou pelo virus da dengue,
seriam necessarios mais experimentos. Em contrapartida, o tratamento das plaquetas com
colageno, HpUreA ou HpUreB, levou a uma diminui¢cdo dos niveis de processamento do
MRNA do CD14. Este tipo de fenémeno foi descrito para células de mucosa intestinal, nas
quais 0 aumento da expressdao de CD14 ocorre apenas em associagdo a um processo
inflamatério (Funda et al., 2001). Diferentemente dos efeitos da HPU na agregacéo
plaquetéria e no aumento do mRNA de IL-1B3, que puderam ser atribuidos a uma das
subunidades, no caso do processamento do mMRNA do CD14, apesar de ficar evidente que
ambas as subunidades da urease interagem com a plaqueta, isoladamente nenhuma das
subunidades reproduz o efeito da holoproteina. Esta observagdo pode ser interpretada como
sendo este efeito dependente da conformacdo nativa da HPU, que é um dodecémero

composto por 6 subunidades de cada tipo.
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2 CONCLUSOES

Como conclusdes desta tese, podemos afirmar que a HPU possui ao menos dois sitios
de ligagdo a plaquetas, humanas ou de coelhos, um presente em cada subunidade.
Isoladamente, HpUreA e HpUreB podem interagir de formas diferentes estimulando essas
células, e contribuindo para a acdo da HPU na ativacdo plaquetéria. Outras atividades da
HPU, por outro lado, dependem de ambas as subunidades e/ou de sua estrutura
dodecamérica. Esses dados reforcam que a HPU é capaz de ativar plaquetas
independentemente de sua atividade enzimatica. Além de interferir nas propriedades das
plaquetas e consequentemente, o papel destas na hemostasia, a HPU também ativa
mecanismos que transformam a plaqueta em uma célula pré-inflamatoria, contribuindo com
a producao de citocina(s) e expressando receptores caracteristicos de células “inflamadas”.

No conjunto, os resultados obtidos nesta tese, somados a outros dados obtidos com a
HPU em nosso grupo, indicam que esta urease, além de ser um fator de viruléncia por sua
atividade enzimatica, tem potencial para contribuir, ndo enzimaticamente, no
estabelecimento e manutencdo da inflamacdo cronica, tipica nas patologias gastricas
decorrentes da infeccdo por H. pylori. Ademais, por ativar a agregacao plaquetéria e fazer a
fenoconversao de plaquetas a células com um perfil pro-inflamatério, a HPU pode também

contribuir para a patogénese de doencgas extra gastricas associadas a esta bactéria.
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