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RESUMO

A esquistossomose, doenga tropical negligenciada, afeta humanos por séculos e
permanece um grave problema de saude publica, com altos indices de morbidade e
mortalidade. Existe atualmente cerca de 240 milhdes de pessoas infectadas no mundo e
700 milhdes em risco de infeccdo em 78 paises. A esquistossomose ¢ considerada uma
doenca multifatorial com aspectos ambientais, comportamentais, parasitirios e
associados aos hospedeiros. A principal caracteristica histopatologica da doenga ¢ a
formagdo de granulomas ao redor dos ovos do parasito em oOrgdos-alvo de
hospedeiros vertebrados. Os granulomas tém sido descritos como sistemas dindmicos,
multifacetados e auto-organizados com componentes do hospedeiro e do parasito.
No entanto, o funcionamento dos granulomas, em diferentes Orgdos-alvo, e
como conter seu desenvolvimento ainda ¢ pouco entendido. No presente
trabalho, estudamos os granulomas sob o ponto de vista da ecologia celular.
Classicamente, a ecologia ¢ uma ciéncia interdisciplinar, moderna e ativa, que estuda
comportamentos e interacdes dos organismos entre si € com o meio ambiente. No
entanto, as perspectivas ecoldgicas ndo estdo limitadas a apenas uma escala espacial e
também podem ser aplicadas a células e moléculas. Aqui, propomos que o granuloma
hepatico causado pelo parasito S. mansoni atua como um ecossistema formado através
do processo de sucessao ecoldgica. Alinhados com conceitos ecologicos, examinamos o
granuloma ndo apenas como um local onde se estabelece uma comunidade de células
(nicho espacial ou habitat), mas também como um local no qual as atividades funcionais
dessas populagdes combinadas ocorrem de forma orquestrada em resposta a gradientes
microambientais como citocinas e antigenos de ovo. Exploramos também os
possiveis papéis que eosindfilos podem desempenhar nos granulomas, visto que €
uma das populagdes mais abundantes nesses ecossistemas, cujos papéis funcionais
permanecem obscuros e at¢é mesmo controversos. Além disso, investigamos
aspectos da composi¢ao e estrutura da comunidade celular de granulomas intestinais e
hepaticos e seu desenvolvimento espaco-temporal durante a infec¢do experimental
por S.mansoni. Com a aplicacdo da técnica Whole Slide Imaging (WSI) e andlises
ecologicas, mostramos pela primeira vez, a dindmica espaco-temporal das
comunidades celulares de granulomas intestinais e hepaticos. Nos mostramos que as
populagdes celulares variam em quantidade de acordo com o 6rgdo (figado ou intestino)
e o estagio evolutivo do granuloma. Investigamos também a similaridade e diversidade
celular nos granulomas. Granulomas de mesmo 6rgdo em estagios evolutivos diferentes
sdo0 mais similares que granulomas de orgdos diferentes de mesmo estagio evolutivo.
Granulomas intestinais apresentam maior diversidade que granulomas hepaticos.
Identificamos também interagdes celulares, principalmente entre eosinofilos e
plasmocitos com potenciais papeis funcionais. Nossos resultados ampliam o
entendimento da dindmica espago-temporal das populacdes celulares nos granulomas. O
melhor entendimento do granuloma esquistossomotico como um sistema ecologico
pode ser a chave para desvendar a complexidade dessa resposta inflamatéria e guiar
futuro tratamento da doenca.

Palavras chave: Schistosoma mansoni; granulomas intestinais; granulomas hepaticos;
ecologia celular; ecossistema; interagdes celulares; comunidade celular; populagdo
celular; riqueza; diversidade; similaridade.



ABSTRACT

Schistosomiasis, a neglected parasitic infection, has affected humans for centuries and
remains a serious public health problem, with high rates of morbidity and mortality.
Currently, there are around 240 million people infected worldwide and 700 million at
risk of infection in 78 countries. Schistosomiasis is considered a multifactorial disease
with environmental, behavioral, parasitic and host-associated aspects. The
main histopathological feature of the disease is the formation of granulomas around the
parasite eggs in target organs of vertebrate hosts. Granulomas have been described as
dynamic, multifaceted and self-organizing systems with both host and parasite
components. However, the functioning of granulomas, in different target organs, and
how to restrain their development is still poorly understood. In the present work, we
studied granulomas from the point of view of cellular ecology. Classically, ecology is
an interdisciplinary, modern, and active science that studies the behavior and
interactions of organisms with each other and with the environment. However,
ecological perspectives are not limited to just a spatial scale and can also be applied to
cells and molecules. In the present work, we studied granulomas from the point of view
of cellular ecology. Here, we propose that the hepatic granuloma caused by the parasite
S. mansoni acts as an evolving ecosystem. In line with ecological concepts, we
examine the granuloma not only as a site where a community of cells is established,
but also as a site where the functional activities of these combined populations occur in
an orchestrated way in response to microenvironmental gradients, such as cytokines
and egg antigens. We also explored the possible roles that eosinophils can play in
granulomas. These cells are one of the most abundant populations in granuloma,
whose functional roles remain unclear and even controversial. Furthermore,
we investigated aspects of the composition and structure of the cellular community
of intestinal and hepatic granulomas and their spatial-temporal development during
experimental infection with S. mansoni. With the application of the Whole Slide
Imaging (WSI) technique and ecological analyses, we show for the first time the space-
time dynamics of the cellular communities of intestinal and hepatic granulomas. We
found that the cell populations vary in quantity according to the organ (liver or intestine)
and the evolutionary stage of the granuloma. We also investigated the similarity and
cellular diversity in the granulomas. Granulomas from the same organ at different
evolutionary stages are more similar than granulomas from different organs at the same
evolutionary stage. Intestinal granulomas are more diverse than hepatic granulomas. We
also identified cellular interactions, mainly between eosinophils and plasma cells with
potential functional roles. Our results broaden the understanding of the spatiotemporal
dynamics of cell populations in granulomas. A better understanding of the schistosomal
granuloma as an ecological system may be the key to unveil the complexity of this
inflammatory response and guide future treatment of the disease.

Keywords: Schistosoma mansoni; intestinal granulomas; hepatic granulomas; cellular
ecology; ecosystem; cellular interactions; cell community; cell population; richness;
diversity; similarity.



DIVULGACAO CIENTIFICA

A esquistossomose, popularmente conhecida como “barriga d’agua” ¢ uma
doenga parasitaria de grande importancia mundial. Ela é chamada de negligenciada por
ocorrer em paises tropicais, emergentes e subdesenvolvidos e ndo ser prioritaria para o
desenvolvimento de politicas publicas. No hospedeiro mamifero, como nds humanos, os
parasitos adultos habitam vasos sanguineos localizados proximos ao intestino e ali eles
se reproduzem e chegam a produzir cerca de 300 ovos por dia, que podem ser
eliminados com as fezes, mas principalmente sdo carregados pela corrente sanguinea
para o figado, onde ficam presos em pequenas veias, obstruindo a corrente sanguinea e,
levando ao aumento do figado e bago, caracteristicas que ddo nome a doenga. Os ovos
do parasito representam o principal fator de agravamento da doenca pois eles ficam
presos em orgaos importantes do corpo, como figado e intestino e ali desencadeiam uma
intensa resposta do sistema imune, formando o que chamamos de granulomas, uma
inflamacdo com formato de pequenos nodulos. Os granulomas podem beneficiar ou
prejudicar o hospedeiro. Eles sdo responsaveis por empurrar os ovos pelo intestino para
serem eliminados junto com as fezes. No figado, os granulomas sdo responsaveis
por isolar os ovos e as substancias toxicas por eles liberados que podem matar as
células do figado, desta forma protegendo o hospedeiro. Mas o granuloma ¢ uma reagao
muito forte que causa fibrose, uma cicatriz, que pode levar a perda de fun¢do dos 6rgaos
e consequentemente a morte do hospedeiro. Em nosso laboratorio, nods estudamos os
granulomas a fim de entender como ele se forma e possivelmente identificar novas
estratégias de tratamento da doenga. Para nds, os granulomas funcionam como o
ecossistema na natureza onde as células sdo as plantas e os animais que
habitam determinado ambiente e nele interagem. NoOs estudamos como as células se
comportam durante a formagdo do granuloma e também como elas interagem com o
meio. Entender isso tudo faz parte do processo de identificar um novo alvo para
producdo de remédios e vacinas para a esquistossomose que ainda infecta muita gente
no mundo.
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1 INTRODUCAO GERAL

Classicamente, a ecologia ¢ uma ciéncia interdisciplinar, moderna e ativa, que
estuda comportamentos e interagdes dos organismos entre si € com o meio ambiente. No
entanto, as perspectivas ecologicas ndo estdo limitadas a apenas uma escala espacial e
também podem ser aplicadas a células e moléculas (LACINA; KODET;
DVORANKOVA; SZABO et al., 2018). Estudos recentes tém aplicado visdes paralelas
entre ecologia e biologia celular para melhor entender o comportamento de populagdes
celulares e suas respostas em uma perspectiva ecologica (KAREVA, 2011; 2015;
LACINA; KODET; DVORANKOVA; SZABO et al., 2018). Esses estudos emprestam
termos e conceitos da ecologia para definir e compreender as interagcdes celulares
relacionadas 4 fisiologia e patologia (LACINA; KODET; DVORANKOVA; SZABO et
al., 2018; STEIDL, 2017). De fato, diversos paralelos entre as estruturas organoides e
sistemas ecologicos sdo reconhecidos desde a década de 1970 (DE SOUSA, 1973;
GATENBY, 1991; STEIDL, 2017). Historicamente, a interdisciplinaridade entre a
Ecologia e a Biologia Celular tem sido importante para fornecer percep¢des vitais na
compreensdo das relagdes parasito-hospedeiro (HOTEZ, 2017, PENCZYKOWSKI;
PARRATT; BARRES; SALLINEN et al., 2018; WASSOM, 1993). Ao combinar essas
disciplinas em contextos de estudos de sistemas bioldgicos, surge a ecologia celular, que
consiste no estudo de interagdes e comportamentos de células e moléculas sob a dtica da

ecologia.

A esquistossomose, doenca tropical negligenciada, afeta humanos por séculos e
permanece um grave problema de saude publica, com altos indices de morbidade e
mortalidade (BURKE; JONES; GOBERT; LI et al., 2009). A esquistossomose ¢é
considerada uma doenca multifatorial que inclui fatores ambientais, comportamentais,
parasitarios ¢ dos hospedeiros (BURKE; JONES; GOBERT; LI et al., 2009; WHO,
2011). De acordo com a organizacdo mundial de satde (OMS), a esquistossomose ¢ a
segunda doenca parasitaria em importancia socioecondmica mundialmente, atras apenas
da maléria. Ela ¢ causada por trematédeo sanguineo do género Schistosoma pertencente
a familia Schistosomatidae. Em seu ciclo de vida heteroxénico, estdo envolvidos o
hospedeiro intermediario invertebrado (molusco) e o hospedeiro definitivo vertebrado
(mamifero) (ELBAZ; ESMAT, 2013; GRYSEELS; POLMAN; CLERINX; KESTENS,
2006).
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Os humanos sdo infectados apds a exposi¢do a agua contaminada e ndo ¢
surpreendente que, sendo uma doenga de origem hidrica, a expansdo da esquistossomose
tenha se distribuido de acordo com os fluxos migratérios humanos (STEINMANN;
KEISER; BOS; TANNER et al., 2006). A Africa continua sendo o continente mais
afetado, mas as infecgdes persistem na América do Sul, Asia e, mais recentemente, na
Frangca (BERRY; FILLAUX; MARTIN-BLONDEL; BOISSIER et al, 2016;
ROLLINSON; KNOPP; LEVITZ; STOTHARD et al., 2013; WHO, 2011).

A esquistossomose tem um extenso histoérico de pesquisas com avangos cientificos
importantes, mas ainda ha muito a aprender sobre esta doenga, principalmente no que diz
respeito a melhorias no tratamento e desenvolvimento de vacinas (COLLEY; SECOR,
2007; HOTEZ, 2017). Desde 1970, o praziquantel, apesar da eficacia incompleta, ndo
prevenir reinfec¢@o e da possibilidade de resisténcia, tem sido o medicamento de escolha
no tratamento da esquistossomose € até¢ 0o momento ndo hé vacina eficaz disponivel contra

essa doenga (MCMANUS; DUNNE; SACKO; UTZINGER et al., 2018).

A esquistossomose ¢ uma doenga paradoxal em sua patologia. Em resposta ao
parasito, estruturas contendo colegcdes extraordinariamente organizadas de células
inflamatorias e residentes sao estabelecidas ao redor de ovos do parasito depositados em
orgdos-alvo. Tais estruturas, denominadas granulomas, representam a caracteristica
patolégica mais proeminente da esquistossomose (CHUAH; JONES; BURKE;
MCMANUS et al., 2014; HAMS; AVIELLO; FALLON, 2013). Os granulomas sao
considerados estruturas protetoras que surgem como resultado da estimulacao antigénica
persistente (PAGAN; RAMAKRISHNAN, 2018). Em particular, os granulomas
protegem o hospedeiro das toxinas secretadas pelos ovos do parasito. Paradoxalmente,
embora os granulomas atuem para minimizar os danos aos tecidos, fornecendo uma
barreira fisica entre o ovo e o tecido circundante, eles também sdo a principal causa da
patologia em individuos infectados com subsequente formagdo de fibrose e cicatrizes
(HAMS; AVIELLO; FALLON, 2013). Sob o ponto de vista do parasito, os granulomas
intestinais sao responsaveis por atravessarem os ovos pelo epitélio até a luz intestinal do
hospedeiro, garantindo assim a continuidade de seu ciclo de vida (SCHWARTZ;
FALLON, 2018).

O granuloma esquistossomotico ¢ um exemplo notavel de como os parasitos

podem evoluir com seus hospedeiros para estabelecer associagdes intimas e complexas.
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Granulomas formados durante a esquistossomose foram descritos como sistemas
dindmicos, auto-organizados e multifacetados com componentes do hospedeiro ¢ do
parasito, possuindo papéis protetores ao hospedeiro e benéficos ao parasito (LENZI;
KIMMEL; SCHECHTMAN; PELAJO-MACHADO et al., 1998; LENZI; ROMANHA;
SANTOS; ROSAS et al., 2006). A pesquisa em granulomas durante a esquistossomose
mansOnica tem abordado vérios aspectos dessas estruturas, principalmente sua
composi¢ao celular/molecular, natureza das respostas inflamatorias e consequéncias
danosas para o hospedeiro, mas muitas questdes permanecem sem respostas e ainda

faltam estratégias para conter o desenvolvimento do granuloma.

Além dos nossos estudos patologicos (AMARAL; SILVA; DIAS; MALTA et al.,
2017; AMARAL; SILVA; MALTA; CARMO et al., 2016; DIAS; AMARAL; MALTA,;
SILVA et al., 2018), nosso grupo de pesquisa propds recentemente que o granuloma atua
como um ecossistema celular integrado e em evolugdo e que pode funcionar muito além
de um simples sistema biologico resultante da resposta do organismo a infecgdo
(OLIVEIRA, 2019). No entanto, aspectos como a diversidade e distribuicao espacial das
populagdes celulares na formacdo sucessional do granuloma sdo ainda muito pouco
entendidos. Além disso, aspectos funcionais de populagdes celulares dominantes no
granuloma como as de eosindfilos e macrofagos, sob o ponto de vista ecoldgico ainda ndo
foram definidos. Essa visdo ecologica do granuloma levanta possibilidades para melhor
entendimento tanto da imunopatologia da doenga como da dindmica de comunidades de

células e suas interagdes entre si € com o microambiente do granuloma.

Desta forma, no presente trabalho pretendemos investigar a estrutura da
comunidade celular dos granulomas hepaticos e intestinais em camundongos
experimentalmente infectados com uma abordagem inovadora do granuloma como

ecossistema no contexto da esquistossomose mansonica.
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3 OBJETIVOS
3.1 Objetivo Geral

Investigar, sob o ponto de vista da Ecologia Celular, a distribuicdo e o comportamento
de populagdes de células inflamatérias em granulomas hepaticos e intestinais no espaco-

tempo durante a infec¢ao experimental por Schistosoma mansoni.
3.2 Objetivos Especificos

- Explorar o granuloma hepatico induzido pela infec¢do por Schistosoma mansoni a luz

da Ecologia celular, como potencial ecossistema no contexto tecidual.

- Discutir a atividade funcional da populacao de eosinéfilos nos granulomas
esquistossomoticos como células dominantes e importantes para a construcao e

desenvolvimento destas estruturas.

- Investigar aspectos da composicdo e estrutura da comunidade celular de granulomas
intestinais e hepaticos e seu desenvolvimento espago-temporal durante a infec¢do

experimental por Schistosoma mansoni.

Para melhor compreensao, esta tese foi dividida em trés capitulos apresentados na
forma de artigos cientificos. Os dois primeiros capitulos referem-se a artigos ja
publicados em periodicos internacionais enquanto o terceiro capitulo incorpora artigo a

ser submetido, conforme abaixo.
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4 CAPITULO 1

Changing our view of the Schistosoma granuloma to an ecological

standpoint

Este capitulo ¢ composto pela publica¢do no periddico Biological Reviews (FI:

14.35 Qualis Al). Ele foi reproduzido no presente trabalho com autorizagao.

Neste capitulo, exploramos o granuloma hepético causado por Schistosoma
mansoni a luz da Ecologia e propomos que essa intrincada estrutura atua como um
verdadeiro ecossistema. Alinhados com conceitos ecoldgicos, examinamos o granuloma
ndo apenas como um local onde se estabelece uma comunidade de células (nicho espacial
ou habitat), mas também como um local no qual as atividades funcionais dessas
populagdes combinadas ocorrem de forma orquestrada em resposta a gradientes
microambientais como citocinas e antigenos de ovo. O trabalho discute que os niveis de
organiza¢do dos componentes celulares em um granuloma como convencionalmente
definidos pela Biologia Celular podem se encaixar perfeitamente em uma estrutura
hierarquica de sistemas biologicos conforme definida pela Ecologia. Ao repensar o
granuloma como um ecossistema integrador e em evolugdo, chamamos a aten¢do para o
funcionamento interno dessa estrutura que ¢ central para a compreensdo da

esquistossomose ¢ pode orientar seu tratamento futuro.
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ABSTRACT

Schistosomiasis, a neglected parasitic tropical disease that has plagued humans for centuries, remains a major public health
burden. A primary challenge to understanding schistosomiasis is deciphering the most remarkable pathological feature of this
disease, the granuloma — a highly dynamic and self-organized structure formed by both host and parasite components. Gran-
ulomas are considered a remarkable example of how parasites evolved with their hosts to establish complex and intimate asso-
ciations. However, much remains unclear regarding life within the granuloma, and strategies to restrain its development are
still lacking. Here we explore current information on the hepatic Schistosoma mansoni granuloma in the light of Ecology and pro-
pose that this intricate structure acts as a real ecosystem. The schistosomal granuloma is formed by cells (biotic component),
protein scaffolds, fibres, and chemical compounds (abiotic components) with inputs/outputs of energy and matter, as complex
as in classical ecosystems. We review the distinct cell populations (‘species’) within the granuloma and examine how they inte-
grate with each other and interact with their microenvironment to form a multifaceted cell community in different space—time
frames. The colonization of the hepatic tissue to form granulomas is explained from the point of view of an ecological succes-
sion whereby a community is able to modify its physical environment, creating conditions and resources for ecosystem con-
struction. Remarkably, the granuloma represents a dynamic evolutionary system that undergoes progressive changes in the
‘species’ that compose its community over time. In line with ecological concepts, we examine the granuloma not only as a
place where a community of cells is settled (spatial niche or habitat) but also as a site in which the functional activities of these
combined populations occur in an orchestrated way in response to microenvironmental gradients such as cytokines and egg
antigens. Finally, we assert how the levels of organization of cellular components in a granuloma as conventionally defined
by Cell Biology can fit perfectly into a hierarchical structure of biological systems as defined by Ecology. By rethinking the
granuloma as an integrating and evolving ecosystem, we draw attention to the inner workings of this structure that are central
to the understanding of schistosomiasis and could guide its future treatment.

Key words: cellular ecology, host-parasite interaction, ecosystem, granuloma, Schistosoma mansoni, schistosomiasis,
neglected tropical diseases, ecology, ecological succession

CONTENTS
L Introduction .. ... .. ... .. 2
II. Architecture of the hepatic granuloma —a classical view .. ..... ... ... ... . ... ... ... ... .. .. .. 2

* Author for correspondence at address 1 (Tel: +55 32 2102 3236; E-mail: rossana.melo@ufjf.edu.br)

Biological Reviews (2021) 000-000 © 2021 Cambridge Philosophical Society

Reprinted with permition. 23



1.
Iv.
V. Granuloma and ecological niche
VI. The schistosoma granuloma: a real ecosystem?
VII. Conclusions

VIII. Acknowledgements and author contributions
IX. References

I. INTRODUCTION

Schistosomiasis is an ancient disease but it remains one of the
most common parasitic diseases worldwide with substantial
morbidity and mortality (di Bella ¢f al., 2018; Schwartz &
Fallon, 2018). Global public health efforts have been made
to control this neglected tropical disease that is currently
endemic in 78 countries and affects more than 230 million
people (WHO, 2011; Colley, Andros & Campbell, 2017).
Schistosomiasis is caused by trematode worms of the genus
Schistosoma, which have a peculiar life cycle involving an
aquatic snail intermediate host and a definitive mammalian
host (Colley et al., 2014; McManus ¢t al., 2018). Humans
become infected following exposure to contaminated water
and it is not surprising that, as a water-based disease, the
expansion of schistosomiasis has tracked human migratory
flows (Steinmann et al,, 2006). Africa remains the most
severely affected continent, but infections persist in South
America, Asia and more recently in France (WHO, 2011;
Rollinson et al., 2013; Berry ¢t al., 2016).

Schistosomiasis has an extensive history of research with
important scientific advances but there is still much to learn
about this disease, especially regarding fundamentals such
as better treatment and vaccine development (Colley &
Secor, 2007; Hotez, 2017). Since 1970, praziquantel, despite
incomplete efficacy and the possibility of resistance, has been
the chemotherapy of choice in treating schistosomiasis and so
far there is no effective vaccine available against this disease
(McManus ¢t al., 2018).

Schistosomiasis is a paradoxical disease regarding its pathol-
ogy. In response to the parasite, sites containing extraordinarily
organized collections of inflammatory and resident cells are set-
tled around parasite eggs deposited in target organs. These sites,
termed granulomas, are the most prominent pathological fea-
ture of schistosomiasis (Hams, Aviello & Fallon, 2013; Chuah
et al., 2014). Granulomas are considered to be protective struc-
tures that arise as result of persistent antigenic stimulation
(Pagan & Ramakrishnan, 2018). In particular, granulomas pro-
tect the host from toxins secreted by schistosome eggs. Paradox-
ically, although granulomas act to minimize tissue damage by
providing a physical barrier between the egg and the surround-
ing tissue, they are also the main cause of pathology in infected
individuals with subsequent formation of fibrosis and scarring
(Hams et al., 2013).

The Schistosoma granuloma provides a remarkable exam-
ple of how parasites can evolve with their hosts to establish
complex and intimate associations. Granulomas formed
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Colonization by the cell community during granuloma formation: an ecological succession
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during schistosomiasis have been described as dynamic,
self-organized, and multifaceted systems with both host and
parasite components and host-protective and parasite-
beneficial roles (Lenzi e al., 1998, 2006). Research on Schisto-
soma granulomas has addressed several aspects of these struc-
tures, mainly their cellular/molecular composition, nature of
inflammatory responses and damaging consequences, but
many questions remain and strategies to restrain granuloma
development are still lacking.

Ecology and Cell Biology have both provided vital insights
into the understanding of host—parasite relationships
(Wassom, 1993; Hotez, 2017; Penczykowski ¢ al., 2018). By
combining these disciplines in the context of granulomas
from hepatic Schistosoma mansoni infection, one of the most
prevalent forms of this disease (McManus et al., 2018), we
offer here a new view of Schistosoma granulomas as finely
tuned ecosystems. By using a perspective that considers the
granuloma in its entirety, we may be able to achieve a better
understanding of schistosomiasis and to improve strategies
for therapy.

II. ARCHITECTURE OF THE HEPATIC
GRANULOMA - A CLASSICAL VIEW

Hepatic involvement is a hallmark of schistosomiasis caused
by Schistosoma mansoni [reviewed in Wynn et al. (2004), Gry-
seels et al. (2006), Colley et al. (2014) and McManus
et al. (2018)]. In hepatic schistosomiasis, granuloma forma-
tion arises when schistosome eggs become trapped in the
pre-sinusoidal capillary venules of the host liver, settling in
the hepatic tissue after crossing the vessels (Lenzi
et al., 1998; Chuah et al., 2014; Schwartz & Fallon, 2018).
Granulomas occupy an extensive area of the infected liver,
triggering severe hepatic fibrosis, hepatosplenomegaly and
portal hypertension, and can lead to death (Andrade, 2009;
Chuah et al., 2014; Colley ¢t al., 2014).

Based on histopathological findings, at least two main
stages are recognized in the process of granuloma formation
in the liver of experimental models and humans: a pre-
granulomatous stage characterized by early influx and
arrangement of cells around the eggs; and a granulomatous
stage with distinct subtypes, in which the granuloma pro-
gresses from a maturative to an involutional state (Fig. 1A)
(Hsti et al., 1972a; Lenzi et al., 1998; Raso et al., 2012; Chuah
etal., 2014).
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Schistosoma granuloma as an ecosystem

Schistosomal granulomas have variable size and cellular
composition depending on their stage of development
(Fig. 1A, B). A spectrum of immune and resident cells, such
as lymphocytes, macrophages, eosinophils, neutrophils, and
fibroblasts, colonize these granulomas (Table 1). These cells
are sequentially recruited to the granuloma and, once at this
site, arrange themselves into tightly clustered and vigorous
populations with varied lifespan and poorly understood func-
tional roles (Table 1) (Chuah et al., 2014; Zheng et al., 2020).

While great consideration has been given to the collection
of inflammatory cells and their repertoire of secreted cytokines
during the development of schistosomal granulomas, less
attention has been paid to other cells and extracellular mate-
rial that compose these structures as well as their spatial orga-
nization. A mature granuloma (Fig. 1A) shows a remarkable
internal architecture with well-defined boundaries. The gran-
uloma is organized into zones where different types of cells
combine compactly to form well-delimited layers around the
parasite egg (Lenzi et al., 1999). Resident cells (Table 1) such

Pre-granulomatous 2

Colonization

(©)

Maximal biomass

as fibroblasts and hepatic stellate cells (HSCs) gradually pro-
duce a large amount of extracellular matrix (ECM) fibres, with
two different types of collagen fibres appearing successively
and evolving to a final compact and concentric arrangement
(Lenzi et al., 1999) while elastic fibres also define different
topographic areas within the granuloma (Lenzi et al., 2006).
Different patterns of production and deposition of ECM
components can be identified during granuloma development.
Three-dimensional (3D) analyses and other methodological
approaches have revealed the arrangement of these compo-
nents into three regions, which are very well defined in the gran-
uloma subtype termed exudative-productive (EP; Fig. 1A):
external or peripheral, medial or intermediate, and central or
periovular (Lenzi et al., 1998, 1999, 2006). For example, the col-
lagen fibres have a looser arrangement in the peripheral zone,
and a more compact and circumferential organization with
fibre radiation centres in the medial region, whereas the central
zone has few and delicate fibres, being devoid of collagen in the
periovular subregion (Lenzi et al., 2006). Interestingly, the cell

[ VS
Retrogression

Fig 1. Ecological succession in a hepatic Schistosoma granuloma. (A) Granuloma development in the liver during Schistosoma manson:
infection follows an initial disordered phase (pre-granulomatous stage) to a highly organized cell assembly (granulomatous stage) in
which the granuloma progresses from a maturative to an involutional state. From a cell biological/pathological viewpoint, the
granuloma undergoes the following stages/types (Amaral et al., 2017): pre-granulomatous exudative (PE), characterized by initial
colonization/organization by ‘pioneer’ inflammatory cells around the parasite egg; necrotic-exudative (NE) presenting a higher
density and complexity of inflammatory cells (maximal biomass) that are spatially well organized within the granuloma; exudative—
productive (EP), with a rich structure of collagen fibres and inflammatory cells concentrated in the periphery; and productive (P),
with a typical thick band of collagen fibres between the egg and few inflammatory cells (retrogression). Liver sections were stained
with hematoxylin—eosin and examined under a light microscope. (B) Graphical representation highlighting the cell populations
and structural components during the granuloma ‘evolutionary events’. (C) The ‘evolution’ of the granuloma can be related to an
ecological succession of plant ecosystems, where after a colonization phase with pioneer species, the system reaches maximal
biomass and then undergoes retrogression. Thus, the granuloma can be seen as representing a dynamic evolutionary system that
undergoes progressive changes in the ‘species’ that comprise its community over time.
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Table 1. Cell populations within a hepatic Schistosoma granuloma

Kassia K. Malta et al.

Cell populations Morphological features Possible roles™* Refs
T-lymphocytes Small cells with a single round nucleus - Recruitment of other inflammatory cells to 1)
occupying most of the cytoplasm (high granuloma sites 2)
nucleus-to-cytoplasmic volume ratio). - Promotion and maintenance of the (3)
Comprise several T-cell subpopulations: granuloma and fibrogenesis 4)
CD4+ T helper (Th) cells (Th1, Th2, - Immunosuppressive role 5)
Th17, follicular helper T cell (Tth),
Th9, regulatory T cells (Tregs) and
CD8+ cytotoxic T cells, which have
distinct antigen expression patterns.
B-lymphocytes Cells with a single round nucleus showing - Regulation of T cell functions, immune (6)
a high nucleus-to- cytoplasmic volume polarization (Th2) and survival (7)
ratio. - Down-regulation of granulomatous 8)
B-cells are larger in diameter inflammation and fibrosis 9)
than T-cells and can be defined by - Reduction of granuloma growth
antigen expression.
Plasma cells Cells showing an eccentric round nucleus - Antibody production (10)
with evident nucleolus and marginal - Regulation of inflammatory responses (11)
— heterochromatin. - Immunomodulation
/ The cytoplasm, which appears basophilic
by LM, is filled with a high number of
\\\\3& well-organized ER cisternae— a striking
S ultrastructural feature of these cells seen
by TEM.
Cells with a segmented (polylobed) - Destruction of parasite egg through the (13)
nucleus with condensed marginal secretion of cationic proteins (14)
chromatin and cytoplasm packed with a - Immunomodulation (15)
single population of secretory granules - Polarization of Th2 immune responses (16)
(specific granules), which appear as - ECM remodelling (17)
highly acidophilic structures by LM and - Clearance of debris (18)
with a unique morphology by TEM: (19)
bicompartmental organelles with a (20)
central electron-dense core surrounded (21)
by an electron-lucent matrix.
(Continues)
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Schistosoma granuloma as an ecosystem 5

Table 1. (Cont.)

Cell populations Morphological features Possible roles™* Refs

Neutrophils Cells showing a segmented (polylobed) - Destruction of the parasite egg shell (22)
nucleus with a condensed marginal - Antihelminth action (23)
chromatin and a cytoplasm filled with - ECM remodelling (24)
different granule populations: ()
azurophilic (primary); () specific

= (secondary); and (zi2) gelatinase
(tertiary).
Cells with a segmented (polylobed) - Promotion of granuloma formation (25)

nucleus with condensed marginal - Antihelminth action (26)
chromatin and a cytoplasm filled with (27)
large secretory granules seen as (28)
basophilic/metachromatic structures (29)
by LM and electron-dense organelles (30)
by TEM. (31)

Mast cells Cells with a monolobed (non-segmented) - Induction and maintenance of fibrosis (32)

/C'j.\r&, nucleus and a cytoplasm rich in - Activation of hepatic stellate cells (33)
Se@ 0000 secretory granules, which appear (34)
200 metachromatic by LM and with (35)
0: /) > variable electron-density and
/S morphology (different substructural
o patterns) by TEM.

Macrophages Cells showing many surface rufflings and - Presentation of parasite-derived antigens to T (21)
pseudopodia, a single, non-segmented cells (36)
nucleus and an expanded cytoplasm - Regulation of initiation, maintenance, and (37)
rich in organelles, such as resolution of granulomatous inflammation (38)

mitochondria, endoplasmic reticulum
and Golgi complex, as well as vesicles
and phagocytic vacuoles with variable
sizes and morphologies, as observed by
TEM.

- Regulation of fibrosis development

Biological Reviews (2021) 000-000 © 2021 Cambridge Philosophical Society
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Table 1. (Cont.)
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Cell populations Morphological features Possible roles* Refs
Giant cells Cells characterized by the presence of - Phagocytosis of parasite egg components (39)
multiple nuclei and extensive - Phagocytosis of other cell populations (40)
cytoplasm. - Immunomodulation (41)
Giant cells are formed by fusion of (42)
activated macrophages or epithelioid
macrophages.
Kupfter cells Resident liver macrophages. Cells with a - Presentation of parasite antigens to T cells (43)
round nucleus and surface extensions - Recruitment and differentiation of dendritic (44)
residing within the lumen of the liver cells (45)
sinusoids, attached to the endothelial - Recruitment of neutrophils
cells. - Immunoregulation
The presence of phagocytic vacuoles with
varying sizes and heterogeneous
content, vesicles, lysosomes and
prominent ER in the cytoplasm is
observed by TEM.
Epithelioid macrophages Elongated cell with an elongated nucleus, - Formation of a physical barrier, walling off the (39)
interdigitated plasma membrane and egg from the parenchymal cells (46)
abundant cytoplasm with a prominent - Immunomodulation through the secretion of (47)
Golgi complex and ER. Considered to chemokines/ cytokines (48)
be activated macrophages resembling
epithelial cells.
Cells with numerous filopodia extending - Presentation of parasite-derived antigens to T (1)
from their surface, a round nucleus and cells (49)
small cytoplasmic granules. - Regulation of other cell populations (50)
- Regulation of fibrosis (51)
(52)
(Continues)
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Table 1. (Cont.)

Cell populations Morphological features Possible roles* Refs

Resident cells located in the space of Disse
of the liver sinusoid. They have a
characteristic morphology with a round
nucleus, many cytoplasmic processes,
and lipid bodies in the cytoplasm.

- Production of ECM components (main source
of collagen deposition)

(53)
(54)
- ECM remodelling (59)
(56)
(57)

Hepatic stellate cells

V4

Fibroblasts Resident elongated cells with typical - Synthesis of ECM components (collagen and (58)
ultrastructure: a large predominantly elastic fibres) (59)
euchromatic nucleus and cytoplasm - Formation of fibre radiation centres (60)
rich in rough ER cisternae. - Recruitment of eosinophils and other 61)
’ leukocytes

LM, light mlcrosco y; TEM, transmission electron microsco
References: % heng et al 2020% (EQR Sher & Coffman @992)
et al. (2016); H ‘erru et al. (1998); ( Cheikhi et al. 199 );

et al. (1973

Dias et al. 018 17) James & Colle 18) Khalife ez al. (19

& Finney 2019 22 Anwar elal. 1&80 23 e Broskl et al. (2008); (2
Falcone et al. (200

27
%32 Miller et al. 1994’2
chook et al. (19 ‘33(()
42) Farah et al 2000); (43) Anthony ¢t al.
oros (1986); (48) Marlano (1995); (49) van der

et al. (2018); (58) Lenzi ¢t al. 1999 (59) Wy
*The roles of cell populatlons int

populations are not homogenously distributed within these
regions but have a preferential localization within the granu-
loma (see Section III) (Lenzi et al., 1999, 2006).

We suggest that the spatial, organizational, and functional
attributes of the hepatic schistosomal granuloma can be
viewed as an ecosystem.

III. INTEGRATED CELL POPULATIONS
INHABITING GRANULOMAS

Cell populations within a hepatic Schustosoma granuloma show
distinct morphological features and can play different roles in
the maintenance/functioning of this structure (Table 1). The

Reprinted with permition.

1); §28) Schramm et al (2003) (29) Schramm et al.
Newlands ef al. (1995); (34) Khalil ez al. (1996);
Lukac% et al. ( 1993% 839 Pa an & Ramakrishnan ( 0
% 4) Hayashi et al. (1999);

leij et al. (2002);
et al. 52016) (53) Brito & Borojevic (1 97{ (54) Anthony el al 201
er et al. (1981); (160) Lukacs et al 1994)  (61) Gieseck ef al.
e granuloma are not well established, and remain unrecognized, unclear, speculative or controversial.

50 van

ER, endoplasmic reticulum; ECM, extracellular matrix.
(3) Rumbley et al. (1998 4) Sombetzki e al. (2015);
%8) Fallon & Dunne 1999); 9) Ndlovu et al. (2018
) Fairfax et al. (2012); IQ;Falrfax el al. 1(2 l) i Amaral et al. (2017); 2
(1989); (19) Butterworth et al. (1979); (20) Rumbley e al

(5) Prendergast
(10) von Lichtenber;
wartz el al. (2006); (1

(14) Lenzi et al. (1987);
%1999 (21) Ariyaratne

orais et al. (2018); (25) Anyan et al. (201 3); (l Falcone et al. (1996);
20072 (30) Schwartz et al. (2014); 31 Eberle & VOChI‘anCI" 2016
f Costa-Silva et al. ( 2002f 36 Barron & Wynn ( % 8’)
8); (40) Chensue et al. (1992); 4-12 El- Ahwan et al 000
? aito et al. ( 2004% Hsu et al. (19720 (()47 ) Mathew

Jempt et al. (2007); é ) Everts et al (201 ) Lundie

(55) Paiva et al. (2010); 36 Anthony et al. 2013 ( )Carson

2016).

existence of these varied cell populations shapes a specialized
cell community that demands the coexistence of cells with
similar life habits and resource needs and in prominent inter-
actions with the external medium (ECM components). This
creates a system comparable by definition to an ecosystem
(see Table 2 for glossary) (Odum & Barret, 2005).
Granulomas generally are not composed of cell types at
equal abundances, which is similar to species in a community
(Table 2) where there are a few abundant ‘common’ species
and many less-abundant ‘rare’ species that can be described
using a log-normal abundance distribution
(Krebs, 1989). In this sense, the ‘community’ of immune cells
within a hepatic mature granuloma contains mostly eosino-
phils (60-70% of the cells present) (Moore, Grove &
Warren, 1977; Amaral e al., 2017), neutrophils (less than

curve

Biological Reviews (2021) 000-000 © 2021 Cambridge Philosophical Society

29



10%) (Moore et al., 1977) and macrophages (~30%)
(reviewed in Chuah ¢t al., 2014). Other populations of inflam-
matory cell types (Table 1) such as basophils are less abun-
dant in the granuloma (Schramm et al., 2003). However,
the occurrence and frequency of different inflammatory cell
populations changes with the progress of hepatic schisto-
somal granulomas (Fig. 1B). For example, the cell density
of eosinophils decreases gradually (Lenzi, Sobral &
Lenzi, 1987). These changes in cellular abundance and com-
position can be compared to terrestrial vegetation stages
undergoing ecological succession (Fig. 1C).

Kassia K. Malta et al.

Populations of cells in hepatic schistosomal granulomas
(Table 1) communicate with each other by secreting a com-
plex interacting network of immune mediators and other
molecules such as cytokines, chemokines, and growth factors
(Kubota, Avarbock & Brinster, 2004; Barron & Wynn, 2011;
Chuah e al., 2014; Pagan & Ramakrishnan, 2018). For
example, T lymphocytes release tumor necrosis factor alpha
(TNF-a), which attracts macrophages towards the granu-
loma (Pagan & Ramakrishnan, 2018). In turn, macrophages
produce matrix metalloproteinase 9 (MMP9), which is also
released by neutrophils, with roles in the matrix remodelling

Table 2. List of ecological terms and definitions in classical ecology and as applied to the granuloma

Terms Definition in classical ecology Definition in granuloma context
Community A group of interacting populations that integrates in the same ~ Group of cell populations that interact with each other
area at the same time. and with the extracellular matrix.
This group is capable of modifying the environment through This group is able to respond to and to modify the
interactions with each other and non-living factors.(1),(2) granuloma microenvionment.

Ecological Total sum of environmental requirements for the survival of an Total sum of multifunctional activities played by cell
niche organism. populations to survive in the granuloma (ecological

It includes not only the physical space (spatial niche or habitat) niche), such as production/secretion of molecules and
occupied by an organism, but also its functional role in the mnteractions with other cells and the extracellular
community and its position in the environmental gradients. matrix.

(3),(4)(5):(6)

Ecological The succession process by which, after a time in the Final stages of granuloma progression (i.e. resolution
retrogressive developmental process, a community becomes less diverse, phase), which are marked by a decrease in the
succession mostly by reduction of both its structural complexity (biomass)  structural complexity of the granuloma (biomass) with

and species composition.(7),(8),(9),(10) reduction of both cell community density and
composition of the extracellular matrix.

Ecological The evolutionary process undergone by a community during the The evolutionary process undergone by the cell
succession construction and development of an ecosystem, encompassing ~ community during the formation and development of

changes in energy distribution, species composition, and the granuloma, encompassing changes in the

population interactions over time.(11),(12),(13),(14),(15),(16) composition/distribution of cell populations and
elements of the extracellular matrix, and population
interactions over time.

Ecosystem Any functionally open system unit (with inputs, outputs and An interactive system of cells (biotic component), protein

boundaries) comprising all living organisms in a given area
interacting with each other and with the physical environment
(non-living components). This can be either natural or
arbitrary and includes energy flow and cycling of matter within

the system.(17),(18),(19),(20)

Habitat (spatial The place where a particular organism lives or can be found.

niche) (11),(17),(21),(22),(23),(24)

Pioneer species  First species to colonize a given area, for instance, a previously
disrupted or damaged ecosystem, beginning a chain of

ecological succession.(11),(25)

Population Any group of organisms that belong to the same species
occupying a particular space and functioning as part of a
community.(17),(26),(27)

Secondary

ecological on a site previously occupied. This process takes place by
succession recolonization of the environment by other populations (i.c.

species replacement).(25),(28),(29)

scaffolds, fibres and biochemicals (abiotic components)
with inputs/outputs of matter and energy, which
present dynamism; reconstruction; homeostasis and
self-organization.

The place where different cell populations inhabit or can
be found.

First cell populations to colonize a damaged host tissue
(granuloma site/ecosystem). Macrophages and
lymphocytes are the pioneer cells which are followed
by other cell populations (‘ecological succession’).

Any group of cells with the same phenotype occupying a
particular space within the granuloma and functioning
as part of the granuloma community.

The succession process that generally occurs after a disturbance Granuloma formation occurs by a process of

recolonization of the host tissue by incoming
inflammatory infiltrating cells, in response to a local
stress induced by parasite eggs lodged in the host tissue
that secrete toxins and kill parenchymal cells.

References: (1) Begon & Townsend (20202 (2) Diamond & Case (1986); (3) Gray & Lowery

nson (1957); 6 Leibold (1995); (7) Iversen (1964); (8) Walker & Reddell (2007);
ents 1916g Odum & Pinkérton (1955); (13) Margalef (1958);

Evansr(19 d (19) Ulanowicz (1972); ;20) atten & Odum (1981);

Ricklefs & Cox (1978); (25) Horn (1974); (26) Park (1934);
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Schistosoma granuloma as an ecosystem

and in induction of apoptosis of HSCs (Zhou et al., 2004;
Wynn & Barron, 2010). HSCs modulate granuloma fibrosis
through different mechanisms (Carson et al., 2018), and also
produce stem cell factor (SCF), which is fundamental for
mast cell maturation and activation. Secretion of SCF can
be stimulated by TNF-a released by mast cells (Brito &
Borojevic, 1997). B-lymphocytes are thought to regulate
granuloma formation, reducing its exacerbation, in part by
B-cell secretion of interleukin 12 (IL-12), which, in turn, reg-
ulates the actions of T-lymphocytes (Wynn & Cheever, 1995;
Jankovic et al., 1998).

A plethora of intra- and interspecific cell relationships
takes place within the granuloma, but the extent to which
each cell population acts within this dynamic structure
remains to be established. One problem regarding under-
standing the roles of inflammatory cells in the granuloma is
that different cell populations work in an integrated way
(as in an ecosystem), while investigations tend to be focused
on a specific cell population, which does not reflect the whole
system.

Another important indication that cells within the granuloma
constitute an integrated cell community (Table 2), which inter-
acts with the medium, is the fact that the presence or absence of
one cell population (i.e. unique cell type) may affect the entire
cell community with consequences on the overall ‘service’ pro-
vided by the ‘ecosystem’ (Wootton & Emmerson, 2005). For
example, B cell-knockout mice show exacerbated granuloma-
tous inflammation (Jankovic et al., 1998), which might implicate
this cell type in population control within the granuloma. By
contrast, the depletion of basophils reduces granuloma forma-
tion and size (Anyan ¢ al., 2013).

Early studies with athymic mice established the essential
role of T cells in granuloma development (Hsii et al., 1976;
Phillips et al., 1977). In fact, schistosome egg-induced immu-
nopathology is believed to rely on functions of the T lympho-
cyte population, especially CD44 T cells (Chuah et al., 2014).
However, although these cells are considered central for
immune responses against the parasite, a recent review
addressing the role of subsets of CD4+ T cells in the hepatic
Schistosoma granuloma considered it a daunting challenge to
achieve a clear understanding of how these cells regulate
the pathological process (Zheng et al., 2020). Even less clear
are the functions of other lymphocyte subpopulations,
including CD8+4 T cells and gamma delta T cells as well as
eosinophils (Yap et al., 1997; Kubota et al., 2004; Swartz
et al., 2006). Although eosinophils constitute a major popula-
tion within the granuloma, it remains unclear if they act as
effector cells against the parasite, as immunomodulators of
the immune response, as participants in tissue homeostasis
and metabolism, or merely as operators in remodelling and
the clearance of debris (Meeusen & Balic, 2000; Swartz
et al, 2006; Cadman & Lawrence, 2010; Huang &
Appleton, 2016; Tweyongyere et al., 2016; Dias et al., 2018).
Reasons for the dominance of the eosinophil population
within the hepatic schistosomal granuloma, speculated previ-
ously to be due to selective apoptosis of lymphocytes
(Rumbley et al., 2001), remain enigmatic.

Reprinted with permition.

Cells within granulomas also express multiple adhesion
molecules that are equally important to the structure and
functioning of the entire granuloma, keeping the cell com-
munity together and in communication (Jacobs et al., 1997;
Jacobs, Deelder & Van Marck, 1999; Lenzi et al., 2006; Fig-
liuvolo da Paz, Figueiredo-Vanzan & dos Santos
Pyrrho, 2019). The spatial distribution of these molecules
within hepatic schistosomal granulomas enables a concentric
organization of cell populations according to a thermody-
namic model of cellular interaction (Lenzi ¢t al., 2006). This
model predicts that mixed cells interact to form an assem-
blage with the lowest interferential free energy (i.e. a config-
uration in which the number of cell-to-cell links is
maximized). This means that cells organize themselves to
acquire a more stable thermodynamic pattern. Cells do not
sort themselves randomly but flow actively to generate dis-
tinct and well-defined layers. For example, in mature hepatic
granulomas, the macrophage population migrates centripe-
tally to the periovular region while other cell populations,
such as eosinophils and fibroblasts, are positioned in the
peripheral and paracentric layers (Lenzi et al., 2006, 2008).

What emerges from this discussion is that granuloma func-
tionality depends on the whole community of cells, with dis-
tinct cell populations participating in different ways,
analogous to an ecosystem in which species interact both with
each other and with the environment.

IV. COLONIZATION BY THE CELL COMMUNITY
DURING GRANULOMA FORMATION: AN
ECOLOGICAL SUCCESSION

A central question in understanding Schustosoma mansont infec-
tions is: how does the community of cells colonize the hepatic
tissue to form a granuloma? This might be explained from
the viewpoint of an ‘ecological succession’ (Table 2; Fig. 1),
whereby a community modifies its physical environment
(Odum & Pinkerton, 1955; Margalef, 1958; Drury &
Nisbet, 1973; Mclntosh, 1981; Luken, 1990), creating condi-
tions and resources for a ‘secondary succession’ at a location
previously occupied by another community (Odum, 1966;
Horn, 1974; Peet & Christensen, 1980; Vitousek, Matson &
Van Cleve, 1989).

The primary hepatic tissue community is composed of
parenchymal cells (hepatocytes) and resident
parenchymal cells (liver sinusoidal endothelial cells, portal
fibroblasts, HSCs and Kupffer cells) (Table 1) (Anthony,
Ramm & McManus, 2012). After the deposition of a parasite
egg in the liver, hepatocytes start to die due to toxic products
released by the eggs [soluble egg antigens (SEAs)]. SEAs are
chemoattractants for infiltrating macrophages and lympho-
cytes which then focally replace the dying hepatocytes
(Lenzi et al., 2008; Lins et al., 2008). Thus, a process akin to
secondary succession in areas of deforested or burned forests
or in abandoned crop fields (Lemon, 1949; Odum, 1966;
Bazzaz & Pickett, 1980) takes place.

non-
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During forest formation, pioneer species (Table 2) are the
first to colonize the environment. They have high growth rates
and small size, such as mosses and grasses (Clements, 1916;
Horn, 1974) (Fig. 1C). Macrophages and lymphocytes
(Table 1) could be considered as pioneer cell populations since
they are the first ‘cell species’ to colonize the granuloma site.
These cells play an important role in the recruitment of other
inflammatory populations including additional T cells, B cells,
plasma cells, eosinophils, mast cells, neutrophils, basophils,
and other macrophages (Table 1) (Phillips e al., 1977; Rossi
et al., 1999; Reis et al., 2001; Pagan & Ramakrishnan, 2018).

Granuloma construction occurs under dynamic and intri-
cate cell-cell and cell-matrix interactions involving the
release of diverse cytokines, chemokines, growth factors,
and ECM compounds (Bentley, Doughty & Phillips, 1982;
Borojevic, 1992; Lenzi et al., 1998, 2006). As in succession
processes in a forest ecosystem, the cell community within a
granuloma modifies, at certain time frames, its cellular and
molecular composition as well as its spatial structure. Thus,
many variables change in the granuloma ‘ecosystem’: num-
bers and types of cells; constituents and arrangement of
the ECM, including types of collagen fibres (from type I to
type III) and glycosaminoglycan content; and diffusion
rates of secreted molecules (el-Meneza e al., 1989; Lenzi
et al., 2006, 2008). For example, the earliest hepatic granulo-
mas form in a T helper cell 1 (Thl)-dominated environment,
with downregulation of Thl and upregulation of Th2
responses nearly after infection (Cheever
et al., 1998). This switch of cytokine predominance is likely
related to changes in the community composition during
the phases of evolution of the hepatic granuloma. Therefore,
the environment alterations enable modulation of responses
of different populations in the granuloma context. For exam-
ple, the lymphocyte population regulates production of spe-
cific cytokines that trigger suppressor activities via histamine
receptors, likely produced by mast cells (Weinstock &
Blum, 1987). The population of mast cells inside hepatic
granulomas in mice shows a cyclic behaviour, first emerging
at 40 days of infection and subsequently reaching high
proportions at 80 and 160 days post infection (Lenzi
et al., 1987, 1998).

The early phase of the Schistosoma granuloma is marked by
recruitment and activation of cells such as fibroblasts, myofi-
brobasts, and HSCs, leading to the production of ECM and
collagen fibres that form a layer at the outer zone of the gran-
uloma. The ECM is dynamically produced, degraded and
reabsorbed. The granuloma develops a variable and irregu-
lar collagenic topology, originating from bidirectional cen-
trifugal and centripetal assemblages of units of collagen
growth, forming a fractal pattern (Lenzi e/ al., 2006). During
the EP stage of granulomas (Fig. 1A), the self-assembly of
these fibres minimizes energy and mass through continuous
tension and focal compression (Lenzi et al., 1999). The 3D
architecture of granulomas thus provides increased tissue
integrity, efficient distribution of soluble compounds, and
a competent background for directional cell movement
(haptotaxis) (Lenzi et al., 1999, 2006).

six weeks
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During its final stages, the granuloma becomes signifi-
cantly reduced in size and in cell community composition
(Fig. 1A, B), events associated with a decline in the inflamma-
tory response (Lenzi et al., 1998; Burke et al., 2009). The egg
also reduces in size, and its shell becomes surrounded by col-
lagen fibres. Eventually, the egg disintegrates, with formation
of residual pigmented scars (Andrade & Grimaud, 1988;
Lenzi et al., 1991). From an ecological point of view, this res-
olution phase can be seen as parallel to the succession of plant
communities, in which the initial stages are characterized by
progressive accumulation of species richness and plant bio-
mass followed by a retrogressive phase, represented by a
decrease in species abundance and richness (Fig. 1C). Retro-
gression in plant ecosystems is related to a lack of sufficient
essential resources (Iversen, 1964; Walker & Reddell, 2007,
Gaxiola e al., 2010; Peltzer e al, 2010; Walker &
Wardle, 2014), and this may also apply to late-stage granulo-
mas (Fig. 1).

The formation/evolution of the hepatic schistosomal
granuloma is a non-linear dynamic phenomenon (Lenzi
et al., 2006) that can be studied using mathematical modelling
(Lenzi, Romanha & Pelago-Machado, 2004) as has been
done for granulomas induced by other pathogens (Hao,
Crouser & Friedman, 2014; Siewe et al., 2017; Magom-
bedze & Marino, 2018). The Schistosoma granuloma evolves
from an initial disordered phase (pre-granulomatous stage)
to a highly organized cellular assembly (granulomatous stage)
(Fig. 1A). In this perspective, the granuloma has two sequen-
tial phases: a necentropic (which denies entropy) phase of
evolution and creation, followed by an entropic phase of
decay and dissolution, events that can be seen as parallel to
a succession climax as classically discussed for ecosystems
(Table 2) (Clements, 1916; Whittaker, 1953).

V. GRANULOMA AND ECOLOGICAL NICHE

‘Niche’ is a term adopted from Ecology by the fields of Cell
Biology and Pathology (Table 2). It describes a specialized
microenvironment in which cells can reside, grow and differ-
entiate (Morrison & Spradling, 2008; Pienta et al., 2008;
Kareva, 2015). The first application of the niche concept to
a cellular system was for haematopoietic stem cells
(Schofield, 1978): a defined and limited anatomical site
where stem cells could exist, reproduce and possibly alter
their phenotype (reviewed by Papayannopoulou &
Scadden, 2008). Subsequently, ‘niche’ has been widely used
to refer to local tissue microenvironments that maintain and
regulate all types of stem cells (Lin, 2002; Morrison &
Spradling, 2008; MacLean, Filippi & Stumpf, 2014;
Prager et al., 2019).

Granulomas formed in response to different pathogens
have also been referred to as ‘niches’, or ‘pathological
niches’, to refer to these structures as compartmentalized
regions (Fig. 2) where ongoing immune responses involving
cytokine release and cell activation take place and not
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ECOLOGY CELL BIOLOGY
granulpma[ecosystem

@ ]

/

ECOSYSTEM GRANULOMA
(Biotic and abiotic (Cell types and extracellular
components) matrix components)
COMMUNITY GROUP OF CELL
TYPES
POPULATION CELL TYPES

INDIVIDUAL CELL

Fig 2. Levels of organization within a hepatic Schistosoma granuloma. (A—C) Light micrographs of a representative mature granuloma
showing its highly organized and complex structure. Note that the granuloma is spatially well demarcated from the surrounding
hepatic tissue (seen in grey in B). Within the granuloma/spatial niche, different cell populations such as macrophages and
eosinophils (highlighted in B), reside in specific topographic areas. In the mature granuloma, the macrophage population migrates
centripetally to the periovular region while eosinophils are found in the peripheral and paracentric layers of the granuloma (Lenzi
et al., 2006, 2008), which contains extensive arrangements of extracellular matrix fibres (abiotic component), mainly collagen fibres
(stained green in C) around the parasite egg (labelled E). Liver sections were stained with hematoxylin—eosin (A, B) or Gomori’s
trichrome (C). Sections are from the same granuloma. In C, the surrounding tissue was digitally faded to highlight the granuloma
boundaries and fibres. (D) Comparison of levels of cellular organization in the granuloma with the hierarchical structure of
biological systems.
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merely locations where inflammatory cells are concentrated
(Yoneyama & Ichida, 2005; Ehlers & Schaible, 2013;
Martin, Carey & Fortune, 2016). However, granulomas,
from an ecological perspective are much more complex
than compartments defined as ‘pathological niches’.

The ecological niche (Table 2) is a central conceptual tool
for capturing the intricate interactions between an organism
and its environment. Ecological niche perspectives are multi-
dimensional attributes required for an individual or popula-
tion to survive, as well as defining the interactions that species
can establish at the community level (Gray & Lowery, 1996;
Chase & Leibold, 2003; Odum & Barret, 2005).

Within the granuloma, we argue that one type of inflam-
matory cell constitutes a cell population, and that groups of
cell populations comprise a cellular community (Fig. 2D),
which is tightly organized in a fibrous matrix (Fig. 2C),
actively produced by other equally important cell popula-
tions (resident cells). As detailed in Table 1, different cell
populations inhabit the hepatic schistosomal granuloma with
diverse functional capabilities and the links among these cell
populations can be compared to an ecological network. Yet,
spatially, as for species in an ecological niche, the cell popula-
tions within the granuloma lodge in specific positions within
the granuloma boundaries, structurally walling off the gran-
uloma from the rest of the host tissue (Fig. 2A—-C) (Lenzi
et al., 2006). The presence in hepatic schistosomal granulo-
mas of molecules involved in cell-cell adhesion and cell—cell
communication, such as cadherins and connexins respec-
tively, in addition to i situ production and release of immune
mediators supports the idea that cell populations within the
granuloma are involved in complex interactions.

From an ‘ecological niche’ perspective (Table 2), the
granuloma can be seen not only as the place where a commu-
nity of cells is settled (spatial niche or habitat) but also as a site
in which the functional activities of the combined popula-
tions, involving multi-directional interactions among them
and/or with the ECM, occur in an orchestrated way in
response to microenvironmental gradients (e.g. cytokines
and SEAs). The hepatic granuloma contains not only resi-
dent and inflammatory, fully differentiated cells but also plu-
ripotent haematopoietic precursors which, directed by local
haematopoietic growth factors and their cognate receptors
from the granuloma microenvironment, are able to undergo
differentiation and maturation (Dutra e/ al., 1997; Rossi
et al., 1999). The hepatic schistosomal granuloma has been
shown to function as an active extramedullary haematopoie-
tic site, producing potentially all myeloid lineages (Dutra
et al., 1997; Rossi et al., 1999; Lenzi et al., 2006). Moreover,
SEAs influence the functional activity of local cell popula-
tions. For example, omega-1, a glycosylated ribonuclease
abundantly present in SEAs, programs dendritic cells to drive
Th2 polarization (Everts et al., 2009; Steinfelder et al., 2009)
through a refined mechanism (Everts et al., 2012). The gran-
uloma microenvironment thus impacts the decision of a cell
population to differentiate, proliferate, secrete a specific
product, activate or even to die and, acting as ‘species’ within
their specific ‘niche’, all cell populations are both affected by
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and able to change this microenvironment, acting together to
achieve eradication of the infection.

We argue that to comprehend the fundamental nature of
the Schistosoma granuloma, it is important to understand the
environmental factors that govern the establishment, interac-
tions, and survival of the cell populations within this ecologi-
cal niche, how this niche is constructed, and how its inner
workings favour the host or the parasite.

VI. THE SCHISTOSOMA GRANULOMA: A REAL
ECOSYSTEM?

An ecosystem is a biological organization that includes
flows of energy and matter and interactions between biotic
(living) and abiotic (non-living) components (Evans, 1956;
Ulanowicz, 1972; Patten & Odum, 1981; Odum & Barret,
2005). The schistosomal granuloma has many parallels with
ecosystems (Table 2). Dominant ecological paradigms that
guide this new view include: (¢) flows of energy; and () cycling
of matter (Odum, 1966; Patten & Odum, 1981; Morowitz &
Smith, 2007; Buonocore et al., 2019). In this context, the schis-
tosomal granuloma can be understood as an interactive eco-
system formed by cells (biotic component), protein scaffolds,
fibres, and chemical compounds (abiotic components) with
inputs/outputs of energy and matter. In this respect they are
as complex as classical ecosystems such as forests.

Ecological concepts are fundamentally multidimensional in
nature (Alley, 1982; Jordan & Scheuring, 2004). The numerous
elements (cells, signalling molecules, and matrix components)
that interact to build a granuloma mean that its global behav-
iour can only be understood as an emerging consequence of
the integral sum of all cooperative phenomena (Lenzi
et al., 2004, 2006). Hepatic granulomas studied in infected
models can reach a population of more than 40000 cells (includ-
ing both migrated and resident cells) working in an integrated
way upon a platform of a highly structured ECM, and orches-
trated by a plethora of internally secreted products (Lenzi
et al., 2006). The granuloma is consistently modulated and reg-
ulated by internal conditions (Lenzi et al., 2006). The schisto-
somal granuloma thus satisfies the characteristics of a complex
system, such as dynamism, reconstruction, homeostasis, and
self-organization. The same parameters are frequently applied
to ecosystems in nature (Kay, 1991; Brulisauer, Bradfield &
Maze, 1996; Levin, 1998; Wagendorp e al, 2006; Xu
et al., 2012; Miller, Mote & Ranseyer, 2019) and, likewise, gran-
ulomas work as spatial units determined by a particular
arrangement of their ECM products, showing well-defined
boundaries and providing a mechanical scaffold for adhesion,
differentiation, and migration of distinct cell populations (el-
Meneza ¢t al., 1989; Lenzi et al., 2006).

Although the hepatic granuloma is generally an avascular
structure (occasionally with blood vessels in its periphery),
there are flows and cycling of cells and other elements within
its boundaries. It is not a tangled web of individual cells
and fibres, but an organized structure, in which the 3D

34



Schistosoma granuloma as an ecosystem

arrangement of its fibres originating from fibre radiation cen-
tres provides increased tissue integrity and efficient distribu-
tion of soluble compounds (growth factors and cytokines)
enabling cells to perform their functions and to move
(Lenzietal., 1999, 2006). The large number of signalling mol-
ecules that diffuse within the granuloma matrix result in a
flow of information among cell populations, and can be seen
as real networks or circuits (Patten & Odum, 1981; Lenzi
et al., 1991; Wynn & Cheever, 1995; Brunet e al., 1999).
These molecules also include egg products, which lead to
the recruitment of immune cells (Boros & Warren, 1970;
Lundy, Lerman & Boros, 2001; Schwartz & Fallon, 2018).

We believe that both the environmental structure of the
granuloma, and its dynamic events of input (migration and
local proliferation) and output (apoptosis, necrosis) of cells,
make the granuloma an integrative site for cell populations
with inputs and outputs of matter and energy — characteris-
tics of an ecosystem. Thus, the levels of organization of cellu-
lar components in the schistosomiasis granuloma defined by
cell biologists can fit perfectly into the hierarchical structure
of biological systems defined by ecologists (Fig. 2D).

VII. CONCLUSIONS

(1) Ecological perspectives are not limited just to one spa-
tial scale, but may also be applied to cells and to genes.
Interconnected views between Ecology and Cell Biol-
ogy (Cellular Ecology) are increasingly popular in
attempts to understand cell behaviour, responses and
interactions (Gatenby, 1991; Wassom, 1993; Papayan-
nopoulou & Scadden, 2008; Amend et al., 2016;
Steidl, 2017). In cancer biology, for example, the
microenvironment has been considered a significant
factor that participates in the control of the biological
properties of tumours (Sutherland, 1988; Aritzia
et al., 2006; Lu, Weaver & Werb, 2012; Prager
et al., 2019). By exploring hepatic Schustosoma granulo-
mas using the perspectives of both Ecology and Cell
Biology, we here provide new conceptual insight of
granulomas as functioning ecosystems.

(2) We defined the schistosomal granuloma from an ecolog-
ical perspective. It is an interactive ecosystem, formed by
cells (biotic component), protein scaffolds, fibres, and
chemical compounds (abiotic components) with inputs/
outputs of energy and matter. We detailed the diversity
of cell populations (‘species’) living within the granuloma
and explored how they interact with each other and with
the microenvironment to form a multifaceted cell com-
munity in different space-time frames.

(3) We identified the granuloma as a dynamic evolution-
ary system that undergoes progressive changes in the
‘species’ that compose its community over time. Colo-
nization of hepatic tissue to form granulomas is
explained from the viewpoint of an ecological succes-
sion whereby a community is able to modify its
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physical environment, creating the conditions and
resources for ecosystem construction.

(4) We reflected on the fundamental nature of the Schisto-
soma granuloma and how it is important to understand
the environmental factors that govern the establish-
ment, interactions, and survival of the cell populations
within this ecological niche. In line with ecological con-
cepts, we examine the granuloma not only as a place
where a community of cells is settled (spatial niche or
habitat) but also as a site in which the functional activ-
ities of these combined populations occur in an orches-
trated way In response to microenvironmental
gradients such as cytokines and SEAs.

(5) Despite major advances in understanding the Schusto-
soma granuloma, much remains unclear regarding this
intriguing structure. What may emerge from changing
our current understanding of the schistosomal granu-
loma from a histopathological viewpoint to an active
ecosystem perspective is that attention will be directed
to cell events/behaviours that may be central to com-
prehending the discase biology. Cells within a granu-
loma establish interactions with each other and with
the granuloma microenvironment. As for species in a
classical ecosystem, these cell populations must be con-
sidered as a community and not just from an individual
perspective. Future evaluations of granulomas in schis-
tosomiasis from an ecological perspective may be cru-
cial to understanding the complex relationships among
the parasite, pathophysiology of infection and host
immunity. For example, the intestinal granuloma,
which has a particular role in chaperoning parasite
eggs to the organ lumen resulting ultimately in disease
transmission (Costain, MacDonald & Smits, 2018;
Schwartz & Fallon, 2018), may be understood best in
the light of Cellular Ecology —how does the gut micro-
environment/microbiota influence granuloma forma-
tion and dynamics? In this context, new experimental
toolsets and predictive models applying ecological
approaches for populational, community and ecosys-
tem dynamics will pave the way for a better under-
standing of this disease, eventually enabling its
treatment and control.
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5 CAPITULO 2

Schistosomiasis mansoni-recruited eosinophils: an overview in the granuloma

context

Este capitulo é composto pela publicagdo no periddico Microorganisms (FI: 4.93
Qualis B1). Ele foi reproduzido no presente trabalho com autorizacao [Attribution (CC

BY) license (https:// creativecommons.org/licenses/by/ 4.0/)].

Aqui discutimos os possiveis papéis de eosindfilos, uma das principais
populagdes celulares recrutadas durante a esquistossomose mansOnica. Essas
células migram ativamente e se acumulam em granulomas, a principal caracteristica
patoldgica dessa doenga. Os eosindfilos colonizam os granulomas como uma populagao
celular robusta e estabelecem interagcdes complexas com outras células imunes e com o
microambiente do granuloma. Os eosinofilos sdo as células mais abundantes nos
granulomas induzidos pela infec¢do pelo Schistosoma mansoni, mas suas fungdes
durante esta doenca permanecem obscuras e até mesmo controversas. Aqui,
exploramos as informacgdes atuais sobre os eosindfilos como componentes dos
granulomas do Schistosoma mansoni em humanos € em modelos naturais e
experimentais e seu significado potencial como células centrais desencadeadas por esta

infeccao.
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Abstract: Eosinophils are remarkably recruited during schistosomiasis mansoni, one of the most
common parasitic diseases worldwide. These cells actively migrate and accumulate at sites of
granulomatous inflammation termed granulomas, the main pathological feature of this disease.
Eosinophils colonize granulomas as a robust cell population and establish complex interactions with
other immune cells and with the granuloma microenvironment. Eosinophils are the most abundant
cells in granulomas induced by Schistosoma mansoni infection, but their functions during this disease
remain unclear and even controversial. Here, we explore the current information on eosinophils
as components of Schistosoma mansoni granulomas in both humans and natural and experimental
models and their potential significance as central cells triggered by this infection.

Keywords: Schistosoma mansoni; schistosomiasis; eosinophils; granuloma; hepatic granuloma;
histopathology; eosinophil degranulation; inflammation

1. Introduction

Schistosomiasis, a neglected tropical disease caused by the trematode worms from the
genus Schistosoma, persists as an illness of significant socioeconomic impact, with transmis-
sion being reported in 78 countries. Humans are infected after exposure to freshwater con-
taminated with free-swimming schistosome cercariae released by water snails (intermediate
hosts). Human schistosomiasis is a complex disease that affects multiple organs—mainly,
the liver and intestines—and has a wide range of clinical manifestations [1,2].

A key feature of the human infection with Schistosoma mansoni parasites, the only
Schistosoma species that occurs in the Americas, is the development of marked eosinophilia.
Following blood eosinophilia, eosinophils and other immune cells migrate to specific sites
of infection, accumulating around parasite eggs that become trapped in host tissues [3-5].
These immune cell aggregates—termed granulomas—are compact, highly organized struc-
tures with a plethora of cells playing different roles while interacting with each other.
Despite an extensive history of research undertaken to understand the role of eosinophils
during S. mansoni infection, their functions remain unclear or even controversial, and there
is considerable debate as to whether they act as effectors, immunomodulators, or merely
remodeling operators [6-9]. Here, we explore the current information on eosinophils as
components of schistosomal granulomatous inflammation and their potential significance
as central cells triggered by Schistosoma mansoni infection.

2. Immunopathology of Schistosoma mansoni Infection
2.1. The Host Immune Response

Schistosoma worms have a life cycle involving an aquatic snail intermediate host and a
definitive mammalian host. During contact with contaminated freshwater, schistosome
cercariae actively penetrate the mammalian host’s skin, transforming into schistosomula
forms of the parasite that migrate into the lungs through venous circulation and then
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to the liver, where the parasites mature. The adult S. mansoni worms mate by pairing
and migrating to the mesenteric veins of the intestines, where oviposition occurs [1,2].
From there, eggs can be transported through the intestinal mucosa and expelled by the
host [1,2,10].

The initial immune response of the acute S. mansoni infection is mostly caused by the
schistosomula and the juvenile worm stages and is characterized by a typical T helper
type 1 (Th1) profile with the expression of the pro-inflammatory cytokines tumor necrosis
factor-alpha (TNF-«), interferon-gamma (IFN-y), and the interleukins (IL) IL-1, IL-2, and
IL-12 [10-12]. This Th1 reaction can cause dry cough, fever, and angioedema, accompanied
by blood eosinophilia [1,13].

Soluble egg antigens (SEA) are strong inducers of type 2 immunity [14,15]. Thus, with
the onset of the egg deposition, the immune response begins a progressive switch towards
a T helper type 2 (Th2) profile, characterized by the presence of IL-4, IL-5, IL-10, and IL-13,
together with the active production of immunoglobulin E [10-12,16]. Although the eggs
are transported through the intestinal wall to be eliminated with the fecal material for
the continuity of the Schistosoma life cycle, a large proportion of them can stay trapped in
the intestinal wall or even be directed to other organs—mainly, the liver [17]. Eggs from
S. mansoni can also be ectopically located in the spleen [18], lungs [18,19], reproductive
system [20], and central nervous system [21,22].

With the disease progression, there is a downmodulation of the Th2 response and
a minor increase in the Th1l environment, achieving a more balanced inflammatory pro-
file [16]. This may be due to the action of T regulatory cells (Tregs) and B regulatory cells
(Bregs), which reduce Th2 inflammation via an IL-10-mediated pathway [23-26], thereby
immunoregulating the Th1/Th2 balance. This alteration in the immune profile marks
the transition from the acute phase of schistosomiasis to the chronic condition [16]. In
this phase, there is a reduction of the egg-induced inflammatory response, consequently
changing the granulomatous inflammation, with granulomas tending to be smaller and
more fibrous [27]. Indeed, our group has shown that, in experimental models of chronic
hepatic schistosomiasis, there was a higher frequency of granulomas at the late stages of
development compared to the acute phase [28].

2.2. The Granuloma Architecture

Granulomas are the most prominent pathological feature of schistosomiasis that
arises as a result of persistent antigenic stimulation [7,27,29]. Schistosoma granulomas
can be defined as a compact assembly of inflammatory and resident cells forming a well-
defined structure surrounding the parasite eggs [30,31]. T and B cells, as well as their
subsets; neutrophils; eosinophils; basophils; mast cells; resident macrophages (Kupffer
cells); inflammatory and differentiated macrophages (epithelioid and giant cells); hepatic
stellate cells; and fibroblasts compose an intricate cell community within the Schistosoma
granuloma [7].

The formation of granulomas during Schistosoma mansoni infection is considered a
protective mechanism—a physical barrier between the egg and the surrounding tissue that
minimizes tissue damage from products released by the parasite eggs [7,17,29,32,33]. In
fact, the cell community stimulates and produces a collagen-rich extracellular matrix (ECM)
within the granuloma, forming a tightly packed construct that isolates the Schistosoma egg,
avoiding the contact of its antigens and excreted toxins with the host tissue [29]. Paradoxi-
cally, the extensive inflammation and collagen deposition caused by the granulomatous
response are the main causes of tissue damage and pathology during schistosomiasis [29].
In the intestines, the granulomatous inflammation will lead to bleeding, microulcerations,
and pseudopolyposis [1], while in the liver, it results in hepatomegaly and can gener-
ate periportal fibrosis with the occlusion of smaller portal branches, a severe pathology
associated with portal hypertension and death [1,34,35].
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The cell collection greatly varies among different Schistosoma species-induced granulo-
mas. For instance, while, in S. japonicum granulomas, neutrophils are the most abundant
cells, S. mansoni granulomas are characterized by massive eosinophil infiltrates [31].

Schistosoma granulomas are dynamic structures whose formation follows specific
events associated with cell migration, cell—cell, cell-egg, and cell-ECM interactions [7,27].
Because of this dynamism and complexity, granulomas have a remarkable morpholog-
ical variation, showing a variety of sizes and cellular compositions depending on their
developmental stages [28,32,33].

Based on extensive histopathological studies, it is well documented that Schistosoma
granulomas undergo different stages during their formation, progressing from a matu-
rative to an involutional state (Figure 1A). Thus, two main stages are recognized in the
granuloma construction: a pre-granulomatous stage, in which the inflammatory cells start
their organization around the parasite egg, and a granulomatous stage, highly organized
and characterized by progressive phases. Classically, the nomenclature for the Schistosoma
granulomas, including the initial and three progressive stages, is the following: (i) pre-
granulomatous exudative (PE), in which the first collection of cells accumulates in the host
tissues around the parasite eggs; (ii) necrotic-exudative (NE), identified by a higher density
and complexity of inflammatory cells that are irregularly distributed in different layers with
a central necrotic area around the egg; (iii) exudative-productive (EP), a more organized
granuloma with a well-defined circumferential aspect characterized by a rich structure of
collagen fibers and inflammatory cells concentrated in the granuloma’s periphery; and (iv)
productive (P), identified by the presence of small numbers of inflammatory cells and a
thick band of collagen fibers surrounding the egg [28,32] (Figure 1A).

Our group has provided the first detailed characterization of granulomas in the target
organs (liver and intestines) of experimental models of schistosomiasis with the use of
whole slide imaging (WSI) [28]. This technique allows for the scanning of the entire
tissue sections for a comprehensive histopathological analysis, including the quantitative
evaluation of granuloma morphological aspects (number, size, evolutional types, frequency,
tissue areas occupied by them in the target organs, as well as the assessment of non-
granulomatous inflammation). We showed that all four of these granuloma developmental
stages are found within the liver, while only the PE and EP stages were clearly identified
in the intestines [28]. This could be related to the more transient aspect of Schistosoma
mansoni-induced intestinal granulomas.
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Figure 1. Eosinophils in a hepatic Schistosoma mansoni granuloma. (A) Evolutional stages of the
hepatic granuloma and their features: Pre-granulomatous exudative (PE), with an initial infiltration of
inflammatory cells in the organization process around the parasite egg (E); Necrotic-exudative (NE),
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with an area of necrosis in the periovular region around the egg (E) and numerous inflammatory cell
types irregularly distributed on subsequent layers; Exudative-productive (EP), more organized and
circumferential, with a rich structure of collagen and inflammatory cells concentrated in the periphery;
and Productive (P), with a thick band of collagen fibers surrounding the egg (E) and a reduced number
of inflammatory cells. (B) A representative whole-slide image of the hepatic tissue showing many
granulomas (box). (Bi) A PE granuloma (outlined in red) forms around the parasite egg (E). (Bii) At
a higher magnification, observe the accumulation of eosinophils (arrowheads). (C,D) Infiltrated
eosinophils (colored in purple in C), seen under transmission electron microscopy (TEM), show
their typical ultrastructure with a polylobed nucleus (N) and a high number of cytoplasmic-specific
(secretory) granules (colored in yellow in D). Eosinophils represent 60% of all granuloma cells in
hepatic NE granulomas [36]. (D) A representative eosinophil shows morphological signs of piecemeal
degranulation (PMD), characterized by the presence of enlarged, non-fused granules releasing their
content and a high number of transport vesicles (pink), predominantly around emptying granules
(yellow). (Di) Intact granules with their unique morphology: a central well-defined electron-dense
crystalline core and an outer electron-lucent matrix; (Dii,Diii) Swollen granules with disarranged
cores and matrices denote PMD. Liver fragments from experimentally infected (acute phase) mice
were prepared for light microscopy (A,B) and conventional TEM (C,D), as before [36]. Histological
sections (A,B,Bi,Bii) were stained with Hematoxylin-Eosin. Panels (D-Diii) were republished from
ref. [36] under the terms of the Creative Commons Attribution License 4.0 (CC-By).

3. Eosinophil Dynamics within the Granuloma
3.1. Eosinophil Recruitment and Accumulation

Eosinophils are actively recruited during schistosomiasis caused by the parasite
S. mansoni, as extensively documented in humans [1,5,10,37-39] and experimental mod-
els [39-44]. Acute schistosomiasis is characterized by increased numbers of eosinophils
in the circulation, peritoneal cavity, and target organs (mainly, the liver, intestines, and
lungs), with blood eosinophilia being observed even before egg deposition in the target
tissues [40,45-48]. Oviposition can further stimulate more pronounced blood eosinophilia,
as noted in patients with acute infection [5,10,37]. Tissue eosinophilia is found during
the early stages of granuloma formation within the inner perimeter of circumoval inflam-
mation, as detected by immunolabeling with Siglec-F [49], an eosinophil surface receptor
considered a marker for this cell [50,51]. The chronic phase is generally associated with
reduced blood eosinophilia, since studies on the chronic phase of S. mansoni infection in
humans have shown eosinophilia in less than 50% of subjects [52,53].

Histopathological quantitative analyses in experimental models showed that the
eosinophil is the most abundant cell type in both the acute and chronic phases of the
infection. In hepatic granulomas, eosinophils compose 60% of all cell populations in
the acute phase (55 days post-infection) (Figure 1B,C) and 45% of all cells in the chronic
phase (120 days post-infection) [28]. Prior studies have shown that, even in early infec-
tions (16 days post-infection), the proportion of eosinophils can reach 70% of granuloma
cells [54]. Ultrastructural analyses performed by our group revealed that eosinophils
form tight groups of cells within hepatic granulomas developed during acute schistoso-
miasis (Figure 1C) and are seen interacting with each other and with other inflammatory
cells [36,55] (see Section 3.4). In human biopsies, eosinophils can also be observed in the
proximity of eggs deposited in the liver and intestines [3,56,57]. The major basic protein
(MBP) secreted by these cells was associated with the formation of the phenomenon termed
Splendore-Hoeppli (asteroid bodies), which is characterized by an eosinophilic hyaline
fringe, often with a radiating or starlike configuration, that surrounds schistosome eggs
in granulomas [56]. However, the nature of the Splendore-Hoeppli reaction, which is
also described in other infectious diseases around parasites, fungi, bacteria, or even inert
materials, is not well understood [58].

Eosinophils are recruited into inflammatory sites in response to several chemoattrac-
tant molecules. In the initial phase of granuloma formation, CD4+ T lymphocytes and other
inflammatory cells release chemokines such as CCL2, CCL3, CCL4, CCL5, CCL7, CCL11,
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CCL12, CCL17, CCL22, and CCL24, which bind to their cognate receptors at the eosinophil
surface and regulate eosinophil migration [27,59-64]. CCL11 is particularly important
for eosinophil migration from circulation [27]. Eosinophils are also chemically attracted
by sensitization with antibodies and complement [40,45], as well as antigens released by
parasite eggs trapped in the target tissue. However, SEAs alone are unable to chemoattract
the high number of eosinophils observed in the infected tissues [45,65,66].

Signaling from T-lymphocytes and other immune cell populations, such as dendritic
cells, is essential to attracting and accumulating eosinophils into the granuloma ecosys-
tem. CD4+ T lymphocytes release IL-5, a key cytokine that attracts eosinophils to the
inflammatory tissue sites and also contributes to increased blood eosinophilia in association
with granulocyte-macrophage colony-stimulating factor (GM-CSF) under a Th2 environ-
ment [4,9,27,67-69]. Interestingly, the depletion of CD11c, a marker for dendritic cells,
dramatically altered granuloma and hepatic cellularity, leading to decreased numbers of
eosinophils and T cells [49,70].

3.2. Differential Distribution of Eosinophils within the Granuloma

In a recent review, we explored the hepatic Schistosoma granuloma as an “integrating
and evolving ecosystem” with progressive structural and functional changes and not only
as a place where a community of cells is settled [7]. In line with this perspective, it is not
surprising that the numbers and distribution of eosinophils change during the granuloma’s
development [33,71,72], i.e., these cells are not randomly distributed but rather occupy well-
defined regions as the granuloma progresses. Thus, in the initial stage (pre-granulomatous)
of the hepatic Schistosoma granuloma, eosinophils appear to be disorganized around the
egg and in small numbers [28,71]. In the following PE stage, the numbers of eosinophils
increase, and these cells are diffusely distributed throughout the granuloma, while in the
NE, eosinophils are concentrated in the periphery and in the center of the granuloma. In the
P stage, despite the beginning of fiber formation, eosinophils are still diffusely distributed
throughout the granuloma [28,71]. Finally, it is described as a “healing phase” by fibrosis,
in which they are concentrated in the periphery and in the center of the granuloma, being in
smaller numbers than in the NE and P phases, but they are also seen inside the egg [71]. The
meaning of this differential distribution within the granuloma awaits further investigation.

3.3. Are Eosinophils Produced Locally in Schistosoma mansoni Granulomas?

It is documented that extramedullary hematopoiesis can occur in association with Schis-
tosoma granulomas, as observed in the livers of mice infected with S. mansoni—specifically,
around blood vessels (perivascular hematopoiesis) and in the periphery of mature granu-
lomas identified as EP [73-75]. These granuloma types are organized into three distinct
zones separated by well-defined arrays of collagenous fibers: central or periovular, me-
dial, and peripheral [28,71,74,75]. The peripheral zone is considered a perfect niche for
the extramedullary hematopoiesis, since this region is populated with cells from myeloid
lineage—mainly, eosinophils, neutrophils, and monocytes in different stages of matu-
ration [75]. The clonal expansion of these cell lineages might be occurring within this
granuloma zone in parallel to the release of immature cells from the bone marrow [75].
Hence, pluripotent precursors under the influence of hematopoietic growth factors might
undergo local differentiation, thus potentially generating all the myeloid lineages [33,76,77].
Accordingly, by analyzing the ultrastructure of liver samples from experimental S. mansoni
infection, we detected the presence of eosinophils exhibiting morphological features of
immaturity (voluminous and less segmented nuclei, higher amounts of rough endoplasmic
reticulum strands, and a small proportion of coreless secretory granules) as components of
inflammatory infiltrates [78]. However, it is still unclear if these not completely differenti-
ated tissue eosinophils denote cells undergoing extramedullary differentiation/maturation
or merely cells that were released from the bone marrow with an unfinished process of
maturation [78].
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In mice deficient in CCL3, a chemokine involved in eosinophil maturation [63], both
hepatic and pulmonary granulomas are smaller, and eosinophils show decreased peroxi-
dase activity [79,80]. Moreover, other eosinophils, T cells, macrophages, hepatocytes, and
Kupffer cells release in situ macrophage migration inhibitory factor (MIF), a molecule that
participates in the IL-5-driven maturation of eosinophils and tissue eosinophilia associated
with S. mansoni infection [81,82]. Matrix metalloproteinase 9 (MMP9), a protein produced
by neutrophils and involved in modulation processes of hematopoietic function, is also
produced within the granuloma [75]. Finally, another recent study shows that even liver
cells from infected mice have a greater potential to produce IL-5 as early as week 4 of infec-
tion, which could support not only the rapid recruitment of eosinophils during granuloma
initiation and development [49] but also the local eosinophil differentiation. Altogether, the
granuloma microenvironment is considered a niche favorable for eosinophil differentiation
and maturation, but future studies are needed for a better understanding of these events.

3.4. Eosinophil Degranulation Mechanisms

A massive collection of proteins, including four cationic (basic) proteins, chemokines,
growth factors, and many cytokines, are additionally stored as preformed products within
the specific granules of eosinophils (reviewed in [64,78,83]). The high amounts of cationic
proteins—specifically, MBP (also known as MBP-1 or PRG2), eosinophil cationic protein
(ECP, also known as RNase3), EDN (also known as RNase 2), and eosinophil peroxidase
(EPX, also known as EPO)—are responsible for the acidophilic nature of eosinophil secretory
granules, which are easily identified in histological sections due to the high affinity for
eosin (Figure 1(B-Bii)) and other acid stains.

The role of eosinophils relies on their ability to secrete their granule-derived im-
mune mediators and other proteins, which is collectively referred to as degranulation [78].
Eosinophils can secrete their granule contents through differential degranulation processes:
(i) exocytosis, (ii) piecemeal degranulation (PMD), and (iii) cytolysis, all of them identi-
fied in detail only with the application of transmission electron microscopy (TEM) [78].
Exocytosis, which is characterized by granule—granule and granule-plasma membrane
fusions, in general, is not a frequent mechanism found in vivo. On the other hand, PMD,
which is characterized by the predominance of nonfused granules exhibiting content
losses, and cytolysis, in which eosinophils release their granules after plasma membrane
disruption, are much more described in vivo in a variety of eosinophil inflammatory re-
sponses/diseases [78,84-87]. PMD in humans is characterized by an increased formation
of large, cytoplasmic vesiculotubular carriers termed eosinophil sombrero vesicles (EoSVs),
which transport cytokines such as IL-4 and IFN-y and cationic proteins such as MBP from
granules to the extracellular medium [78,84-87].

In the context of the experimental hepatic S. mansoni infection in mice, quantitative
analyses at the ultrastructural level identified PMD and cytolysis as the predominant secre-
tory processes of eosinophils associated with this disease (Figure 1(D-Diii)) [36]. Classical
features of PMD such as an amplified number of large vesicles (analogous to the human
EoSVs) and the vesicular transport of MBP were also detected in eosinophils accumulated
in the liver of infected animals [36]. Interestingly, in a recent work, we showed that not
only the secretory granules but also the mitochondrial dynamics within inflammatory
eosinophils respond to the acute S. mansoni infection in mice with increased cristae remod-
eling and inter-organelle contacts [51]. Our TEM analyses captured a significant increase
in the numbers and volume of mitochondrial cristae in response to schistosomiasis [51].
Moreover, in this study, we identified an enhanced ability of mitochondria from activated
eosinophils to interact with secretory granules, potentially influencing eosinophil immune
responses during S. mansoni infection [51].

We have also investigated the intestinal biopsies of patients with chronic mild schisto-
somiasis, the common form of this disease found in endemic regions as a result of repeated
exposures. PMD and, mainly, cytolysis were detected, while compound exocytosis was not
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observed as a relevant degranulation process occurring in vivo within human eosinophils
recruited by chronic schistosomiasis [78].

3.5. Eosinophil Interaction with Other Cell Populations

A flow of information among different cells occurs within the boundaries of a Schis-
tosoma granuloma, thus defining this structure as a real ecosystem with a diversity of
cell populations interacting with each other and with the microenvironment [7,72,88].
Eosinophils constitute a vigorous cell population involved in the establishment and devel-
opment of the granuloma, in which they form consistent cell-cell interactions [7] (Figure 2).
However, considering the complexity of the Schistosoma granuloma as an interactive site,
most eosinophil interactions are still poorly understood within this structure [7].

The release of IL-5 by CD4+ T lymphocytes, a key cytokine involved in the develop-
ment and activation of eosinophils, leads to eosinophil recruitment to tissue sites in which
granulomas are in the process of formation around parasite eggs [89] (Figure 1B). Once
they reach the granuloma, this cell population is settled in an orderly and orchestrated
way and is considered to contribute to the responsiveness against the parasite [33,47].
In parallel, eosinophils establish interactions with other cells, enhancing the level of the
immune response with both the activation and immunomodulation of the granulomatous
process [7,88]. Eosinophils are sources of Th2 cytokines such as IL-4, IL-5, IL-10, and
IL-13 [90]. It is well known that these cells are capable of inducing an increase in the ratio
of IL-13 versus IFN-y, favoring an increase in the numbers of activated macrophages and
fibroblasts, which are important cells in the process of tissue remodeling and fibrosis [6,91].
It is also documented that the interaction of eosinophils with macrophages contributes to
the establishment and distribution of eosinophils inside the granuloma [91,92].

The interaction between eosinophils and mast cells is also reported within the gran-
uloma [93]. In vitro studies suggest that such association helps eosinophils to potentiate
the cytotoxic effect against the parasite since, in the absence of eosinophils or mast cells,
a significant decrease in antiparasitic response effectiveness was observed [94]. In vitro
experiments have also indicated a possible neutrophil-eosinophil interaction enhancing
schistosomula killing [95]. The interaction with neutrophils increases the secretion of EPO
by eosinophils, which potentiates the cytotoxic effect of eosinophil peroxidase [96].

Eosinophils seem to downmodulate monocytes [97]. In vitro observations showed
that cytokines and chemokines produced by eosinophils could also be responsible for the
reduced monocyte cytokine responses documented when monocytes were cultured with
autologous eosinophils [97].

The interaction of eosinophils with myofibroblasts is likely involved in the immunoreg-
ulation of the inner workings of granulomas [98]. Studies in vitro showed that myofibrob-
lasts release CCL11 and IL-5, crucial molecules for the recruitment and accumulation of
eosinophils in granulomas. Thus, the interaction between myofibroblasts and eosinophils
may promote eosinophil survival in Schistosoma granulomas [98]. Tissue eosinophilia is
related to wound healing and repair in the intestine, liver, and lungs in several contexts [6].
Eosinophils produce enzymes that are critical for ECM remodeling and wound healing
regulators such as resistin-like molecule-alpha (RELM-c«), TGF-&, TGF-3, and fibroblast
growth factors, which are associated with increased fibrosis [6,99,100].

Finally, eosinophils potentially interact with plasma cells and hepatocytes in the
granuloma context. Eosinophils release some factors such as proliferation-inducing ligand
(APRIL) and IL-6, which are responsible for maintaining long-lived plasma cells in the
bone marrow [101]. In a situation of liver injury, similar to Schistosoma-induced tissue
damage, eosinophils release IL-4, which binds to hepatocytes’ IL-4Ro receptors, thus
promoting hepatocyte proliferation and consequent liver regeneration [6,102]. However,
eosinophil-plasma cell or eosinophil-hepatocyte interactions have yet to be investigated in
the S. mansoni granuloma.
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Figure 2. Eosinophil dynamics within a hepatic Schistosoma mansoni granuloma. Mature and im-
mature eosinophils are recruited and migrate from the peripheral blood to target tissues, such as
the liver. Undifferentiated eosinophils complete their maturation at the granuloma periphery (ex-
tramedullary hematopoietic sites). Eosinophils populate the granuloma and potentially interact with
both the egg and other cell populations. Eosinophils may have the following possible functional roles
and interactions within the granuloma: (i) destruction of the parasite egg through the secretion of
cationic proteins [103]; (ii) interaction with neutrophils and mast cells with a resulting increase in
the eosinophil toxicity against the parasite egg [94,95]; (iii) plasma cell sustaining; (iv) interaction
with monocytes resulting in decreased monocyte responses [97]; (v) induction of hepatocyte prolifer-
ation/liver regeneration; (vi) interaction with macrophages and fibroblasts /myofibroblasts, with an
impact on the extracellular matrix (ECM) remodeling and fibrosis induction [6,98]; (vii) enhancement
of the immune response as a consequence of the eosinophil Th2 cytokines arsenal [90]; and (viii) in-
teraction with lymphocytes, macrophages, and fibroblasts, which favors eosinophil recruitment,
distribution, and activation [89,91].
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4. Eosinophils in Natural Models of Schistosomiasis

Although humans are the main definitive hosts for S. mansoni, some wild vertebrate
animals, when in contact with S. mansoni-contaminated water, can eventually become
naturally infected. For instance, primates, marsupials (skunks), ruminants, and rodents are
considered permissive or reservoir hosts for S. mansoni [104-107]. These animal models
have been used to study the basic biology, immunology, and pathogenesis of schistosomi-
asis and to explore how S. mansoni infects the hosts during the parasite cycle in natural
environments. Moreover, because some murine models used in experimental infections
have limitations in mimicking human disease [108], wild reservoirs are suggested as suit-
able biological models [109].

Rodents in Africa and neotropical areas can harbor S. mansoni infection [110-112]. In
Brazil, the most important models of natural S. mansoni infection are the wild semiaquatic
rodents, popularly known as water rats from the genera Nectomys and Holochilus [113,114],
especially H. sciureus and N. squamipes [107,113,115]. Because of their semiaquatic habits,
these rodents live in close contact with freshwater collections, an overriding factor for
infection with the cercariae of S. mansoni. Furthermore, water rats complete the parasite
cycle in the environment [115] and have a high tolerance to human presence. As a result,
they play an important role in schistosomiasis transmission and epidemiology in endemic
areas [107,116].

As noted, the granulomatous response triggered by the S. mansoni infection in both
experimental models and in humans is characterized by a prominent accumulation of
eosinophils around parasite eggs in the target organs (liver and intestines) [29,117]. Wild
rodents naturally infected with S. mansoni follow the same pattern of eosinophil infiltration
with the formation of typical granulomas, as seen in Figure 1A. Histopathological studies
of target organs in naturally Schistosoma-infected H. sciurus and N. squamipes describe
the initial stages of hepatic granulomas with marked inflammatory infiltrates rich in
eosinophils [118-120]. An intense and diffuse infiltration of eosinophils surrounding eggs
in the lamina propria of the H. sciurus esophagus has also been reported [121]. Costa Silva
and colleagues [122] showed that the initial hepatic exudative Schistosoma granulomas in
naturally infected N. squamipes are rich in diffusely distributed eosinophils, with a focal
concentration around the eggs. In the same study, the late hepatic exudative granulomas,
which had a predominance of large pigmented macrophages, showed a variable number
of eosinophils, surrounded or not surrounded by mononuclear cells. This eosinophil
distribution in the exudative granuloma was also found in the liver of Calomys colossus,
another rodent model naturally infected with S. mansoni [123].

Previous studies from our group demonstrated that naturally infected N. squamipes can
be a useful alternative model to help understand eosinophil functions in S. mansoni infection.
By applying imaging analyses with WSI, we found a significantly lower infiltration of
eosinophils in the target organs (liver and intestines) of N. squamipes compared to both
acute and chronic experimental infection in mice. As noted, while eosinophils in the hepatic
granuloma corresponded to 60% of all cells in the acute experimental infection in mice,
eosinophils reached only 30% in the natural infection [28].

We showed a remarkably low intensity of the inflammatory response—both gran-
ulomatous and non-granulomatous inflammation—when the natural and experimental
S. mansoni infections were compared. Indeed, it is widely recognized that water rats have
a high tolerance to schistosomiasis, presenting a well-balanced relationship with the par-
asite [115]. These natural models have well-moderated S. mansoni-induced pathological
features and life-long infections that do not affect their lifespan [124] or their reproductive
capacity [125]. If lower eosinophil recruitment is influencing or limiting the severity of the
disease in naturally S. mansoni-infected N. squamipes, it remains unclear.
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5. Eosinophils in Schistosoma mansoni Infection: Effector or
Immunomodulatory Cells?

Historically, eosinophils have been associated with the host’s response to helminth
infections and with a host-protective and helminthotoxic function. Earlier in vitro studies
have indicated an effector role of eosinophils against developmental stages of the S. mansoni
parasite (schistosomula, pairs of adult worms, and eggs) [65,66,103,126-128]. These cells
were considered “helminth killers”, capable of killing even the miracidia larvae inside the
S. mansoni eggs through the secretion of cationic proteins—mainly, MBP [65,66,103,126-128].
However, the concept that eosinophils act as “defender effector cells” has not been sup-
ported by in vivo studies, and the eosinophil roles within the Schistosorma granuloma are
still under debate (reviewed in [6,7,29,39,117,129]).

More recent studies have been changing the view of eosinophils as cytotoxic effector
cells towards a more immunoregulatory role in both adaptive and innate immunity to
parasite infections, including S. mansoni infection [97,130-132]. Swartz and colleagues [48]
investigated the S. mansoni infection in two mouse models of eosinophil lineage abla-
tion (AdblGATA and TgPHIL). In these models, no eosinophil-dependent differences in
granuloma number, size, or fibrosis were observed, as well as no eosinophil-dependent dif-
ferences in hepatocellular damage. Eosinophil ablation had no effect on worm burden and
egg deposition and no impact on the traditional measures of the S. mansoni infection [48].

The authors also demonstrated a differential accumulation of mast cells within the
granulomas of AdblIGATA mice, which may compensate for the absence of eosinophils in
granulomas [48]. Another study compared the liver immunopathological changes during
experimental schistosomiasis in wild-type (WT) BALB/c mice and BALB/c mice selec-
tively deficient in the differentiation of eosinophils (AdblGATA) [132]. While eosinophil
differentiation had no effect on parasite egg retention in the liver, the authors reported a
significant change in the liver immune response and tissue damage, resulting in signifi-
cantly lower liver concentrations of IL-5, IL-13, IL-33, IL-17, IL-10, and TGF-« and higher
concentrations of IFN-y and TNF-a when compared to (WT) mice [132]. Moreover, the
absence of eosinophils resulted in a higher mortality rate in mice infected with a high para-
site load. Therefore, these data indicate that eosinophils participate in the establishment
and/or amplification of liver Th2 and regulatory responses induced by S. mansoni, which
is necessary for the balance between liver damage and fibrosis, which in turn is essential
for modulating disease severity [132]. As a source of Th2 cytokines, eosinophils have also
been shown to play a role in tissue remodeling and repair in murine models of infection
by directly driving IL-4-mediated wound repair and regeneration as a post-toxin injury
response in the hepatic tissue [102,132].

6. Conclusions

In summary, the dense population of eosinophils triggered by S. mansoni infection
has been associated with multiple functional roles, including granuloma formation and
the protection of the parenchymal tissue [29], the destruction of the entrapped eggs [103],
the excretion of the eggs [17,88], remodeling and repair [6,102,133], and immunomodula-
tion [132]. However, there is still a lack of clarity regarding the primary role of eosinophils
in the S. mansoni infection, likely because their roles have been addressed as an individual
population, which does not reflect the whole system (granuloma) in which eosinophils
are inserted [7]. Lenzi and collaborators have demonstrated that more than 40,000 cells
can populate Schistosoma granulomas such as the hepatic granuloma and that internal
conditions regulate a robust network of cell—cell and cell-ECM interactions [32,33,72]. As
Schistosoma granulomas are far more complex than merely structural compartments, study-
ing them as ecological ecosystems with multi-directional interactions would provide a
better understanding of eosinophil functions in this context [7]. Furthermore, future studies
of eosinophil subpopulations would shed more light on the enigmatic role of these cells
in Schistosoma granulomas, which is consistent with current concepts of the existence of
phenotypically distinct eosinophils in tissues [55,78,134].
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AdbIGATA  Lineage-ablated delta bone marrow progenitors
BALB/C Albin Laboratory-Mouse

Bregs Lymphocyte B Regulatory

CCL2 C-C Motif Chemokine Ligand 2
CCL3 C-C Motif Chemokine Ligand 3
CCL4 C-C Motif Chemokine Ligand 4
CCL5 C-C Motif Chemokine Ligand 5
CCL7 C-C Motif Chemokine Ligand 7
CCL11 C-C Motif Chemokine Ligand 11
CCL17 C-C Motif Chemokine Ligand 17
CCL22 C-C Motif Chemokine Ligand 22
CCL24 C-C Motif Chemokine Ligand 24
CCL26 C-C Motif Chemokine Ligand 26
CDl1l1c Marker for dendritic cells

CD4+T Lymphocyte T Cluster of Differentiation 4
ECM Extracellular Matrix

ECP Eosinophil Cationic Protein

EDN Eosinophil-Derived Neurotoxin
EP Exudative-Productive stage of granuloma development
EPO Eosinophil Peroxidase

GM-CSF Granulocyte-macrophage colony-stimulating factor
IL Interleukin

IL-1 Interleukin Type 1

IL-2 Interleukin Type 2

IL-4 Interleukin Type 4

IL-5 Interleukin Type 5

IL-6 Interleukin Type 6

IL-10 Interleukin Type 10

IL-12 Interleukin Type 12

IL-13 Interleukin Type 13

IL-17 Interleukin Type 17

IL-33 Interleukin Type 33

IL-4Rx Interleukin Type 4 Receptor-Alpha
IL-5Rax Interleukin 5 Receptor Alpha
IFN-y Interferon Gamma

MBP Major Basic Protein

MIF Migration inhibitory factor

MMP9 Matrix Metallopeptidase 9
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NE Necrotic-Exudative stage of granuloma development
P Productive stage of granuloma development

PE Pre-Granulomatous Exudative stage of granuloma development
PMD Piecemeal Degranulation

RELM-« Resistin-Like Molecule-alpha

SEA Soluble Egg Antigens

TEM Transmission Electron Microscopy

TGF-« Transforming Growth Factor alpha

TGF-B Transforming Growth Factor beta

TgPHIL Transgenic mice that lack eosinophils

Thl Lymphocyte T Helper Type 1

Th2 Lymphocyte T Helper Type 2

TNF-« Tumor Necrosis Factor Alpha

Tregs Lymphocyte T Regulatory

WSI Whole Slide Image

WT Wild-Type
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6 CAPITULO 3

Aspectos descritivos espaco-temporais da comunidade celular dos granulomas

intestinais e hepaticos durante a esquistossomose mansoni experimental

Com uma abordagem ecoldgica, investigamos aspectos da composicao e estrutura
da comunidade celular de granulomas intestinais e hepaticos assim como o
desenvolvimento espago-temporal dos mesmos durante a infeccdo experimental por S.
mansoni. Com a aplicacdo da técnica WSI (Whole Slide Imaging), realizamos um estudo
detalhado e comparativo acerca da composi¢ao espago-temporal da comunidade celular
dos granulomas do figado e intestino grosso. Para isso, foram utilizadas estratégias
metodoldgicas tanto qualitativas como quantitativas que permitiram caracterizar a

comunidade celular do granuloma hepatico e intestinal.

Parametros ecolodgicos classicos foram utilizados para descrever a comunidade
celular dos granulomas, como a abundancia e a densidade, além de aspectos da
diversidade. Adicionalmente, por microscopia eletronica de transmissdo (MET), foram
descritos potenciais interagdes entre as populacdes do granuloma. Em conjunto, nossos
dados revelaram que a dindmica de formacao de granulomas intestinais € hepaticos sao
bastante diferentes e independentes. A riqueza encontrada nos granulomas intestinais e
hepaticos foi a mesma durante o processo de formacao espaco-temporal dos granulomas.
No entanto, nossos dados revelaram que a abundancia das populagdes celulares flutuou
ao longo do tempo. Granulomas intestinais apresentam maiores diversidades que
granulomas hepdticos. Além disso, granulomas de estdgios evolutivos diferentes do
mesmo Orgdo-alvo sdo mais similares que granulomas de mesmo estagio evolutivo de
diferentes orgdos. Interessantemente, identificamos pela primeira vez robusta interagdo
celular entre as populagdes de eosindfilos e plasmocitos, conforme revelado pelo estudo
ultraestrutural. Tal interacao pode ter importante significado funcional na manuten¢ao de
plasmocitos localmente, conforme demonstrado em outros contextos de doengas (CHU;
BEREK, 2012; CHU; FROHLICH; STEINHAUSER; SCHEEL et al., 2011). No caso,
uma populacdo celular comum (eosino6filo) atuaria na manutencdo/agdo de uma
populagdo rara (plasmocito). O melhor entendimento do granuloma esquistossomético
como um ecossistema pode ser a chave para entender a complexidade dessa resposta e

apontar novos alvos terapéuticos.
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7 INTRODUCAO

A esquistossomose ¢ uma doencga parasitaria causada pelo trematodeo difenético
do género Schistosoma, especialmente o Shistossoma mansoni. A esquistossomose
mansoni constitui um grave problema de saide publica e é considerada uma doenca
tropical negligenciada de grande importancia clinica e socioecondmica. Atualmente, mais
de 240 milhdes de pessoas em todo o mundo sdo afetadas por esta parasitose e estima-se
que mais de 700 milhdes de pessoas estdo em risco de infeccdo em 78 paises e territorios
de regides tropicais e subtropicais da Africa, Asia, Caribe e América do Sul (GRYSEELS;
POLMAN; CLERINX; KESTENS, 2006; MCMANUS; BERGQUIST; CAI
RANASINGHE et al., 2020; MCMANUS; DUNNE; SACKO; UTZINGER et al., 2018;
WHO, 2011). Os parasitos adultos tém como habitat os pequenos vasos sanguineos
mesentéricos inferiores que circundam o célon e o ceco intestinais do hospedeiro
vertebrado. Os ovos postos pelas fémeas do parasito sdo depositados no revestimento
endotelial das paredes dos vasos sanguineos capilares e disseminados através do fluxo
sanguineo para outros 6rgdos, principalmente o figado ou sdo translocados através do
epitélio intestinal para o limen intestinal (GRYSEELS; POLMAN; CLERINX;
KESTENS, 2006; MCMANUS; BERGQUIST; CAI;, RANASINGHE et al., 2020;
SCHWARTZ; FALLON, 2018). Os ovos sao metabolicamente ativos e altamente
antigénicos sendo capazes de produzir uma grande resposta inflamatoria necesséria para
translocagdo dos ovos pela lamina prépria até o limen intestinal e de volta ao meio
ambiente (SCHWARTZ; FALLON, 2018). A patologia da esquistossomose mansonica,
resulta dos ovos do parasito que permanecem presos nos tecidos do hospedeiro,

particularmente no figado e nos intestinos.

A esquistossomose apresenta uma caracteristica histopatoldgica marcante que
define a doenga: a formacao de granulomas ao redor dos ovos do parasito em 6rgaos-alvo
de hospedeiros vertebrados. Os granulomas sdo agregados bem circunscritos compostos
de varios tipos de células inflamatdrias, principalmente eosinofilos, linfocitos e
macrofagos, inseridos em uma matriz extracelular rica em colageno (CHUAH; JONES;
BURKE; MCMANUS et al., 2014; LENZI; KIMMEL; SCHECHTMAN; PELAJO-
MACHADO et al., 1998; LENZI; ROMANHA; SANTOS; ROSAS et al., 2006). Os
granulomas sdo descritos como sistemas dindmicos, multifacetados e auto-organizados
com componentes tanto do hospedeiro como do parasito. A formagdo de granulomas ¢

um processo dinamico que envolve o acimulo de células imunes no local de liberacdao
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antigénica, levando ao confinamento do agente causador, que no caso trata-se do ovo com
a larva miracidio (CHUAH; JONES; BURKE; MCMANUS et al, 2014; LENZI,
KIMMEL; SCHECHTMAN; PELAJO-MACHADO et al., 1998; LENZI; ROMANHA;
SANTOS; ROSAS et al., 2006; PAGAN; RAMAKRISHNAN, 2018).

Para o hospedeiro, a resposta granulomatosa ¢ considerada tanto protetora como
patologica (HAMS; AVIELLO; FALLON, 2013). Granulomas, durante a
esquistossomose mansdnica, sdo formados principalmente em intestinos e figado do
hospedeiro vertebrado. Nesses dois ambientes, granulomas apresentam fungdes
diferentes. No figado o granuloma apresenta-se como uma estrutura protetiva com fungao
de isolar os ovos e as toxinas hepatotoxicas liberados pela larva miracidio dentro do ovo.
Granulomas hepaticos ndo podem ser eliminados pelo organismo hospedeiro e se tornam
fibréticos ao longo do tempo. Em contrapartida no intestino ele tem a funcdo de carrear
0s ovos para o limen intestinal e dar continuidade ao ciclo de vida do parasito (CHUAH;
JONES; BURKE; MCMANUS et al., 2014; HAMS; AVIELLO; FALLON, 2013;
SCHWARTZ; FALLON, 2018). A casca do ovo inibe a forma¢do de granuloma por
tempo suficiente para o amadurecimento da larva miracidio (TAKAKI; RINALDI;
BERRIMAN; PAGAN et al., 2021). Em seguida, os antigenos do parasito secretados pela
larva confinada no ovo desencadeiam granulomas que facilitam a extrusdao do ovo no
ambiente. Em apoio a esse modelo, apenas ovos maduros de S. mansoni sdao eliminados
nas fezes de camundongos e humanos. Acredita-se que os granulomas intestinais
transportam os ovos até o limen intestinal e 14 o liberam. Os ovos coletados tanto em
fezes humanas quanto em fezes de animais de experimenta¢ao nao sao encapsulados por

granulomas e ndo apresentam células imunes (SCHWARTZ; FALLON, 2018).

Os granulomas provocados pela esquistossomose tém tamanho € composicao
celular variaveis, dependendo das fases evolutivas em que se encontram. A organizagao
estrutural dos estdgios dos granulomas, que se baseia em analises histologicas, ¢, portanto,
complexa e varias classificacdes tém sido propostas e utilizadas para estudar infecc¢des
humanas e experimentais (AMARAL; SILVA; DIAS; MALTA et al., 2017; HSU; HSU;
DAVIS; LUST, 1972; HSU; HSU; LUST; DAVIS et al., 1973; LENZI; KIMMEL;
SCHECHTMAN; PELAJO-MACHADO et al., 1998; LENZI; ROMANHA; SANTOS;
ROSAS et al., 2006). No entanto, até o momento, uma caracterizagdo abrangente e
aprofundada da composicdo do granuloma intestinal ainda ndo foi documentada

(SCHWARTZ; FALLON, 2018). Devido a longevidade da infeccdo e constante
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deposicdo de ovos, avaliar a ordem temporal dos eventos durante a formagdo do

granuloma no intestino ¢ um desafio.

Os parasitos adultos S. mansoni fémeas depositam seus ovos proximo a
vasculatura que envolve os intestinos e exploram o mecanismo de protecdo do hospedeiro
para facilitar a passagem dos ovos, a fim de transporta-los através do endotélio e da parede
intestinal para o lumen intestinal. Estima-se que os ovos de S. mansoni sao viaveis por
aproximadamente 21 dias (LENZI; ROMANHA, 2003), indicando que os ovos
completam a transicao através da parede intestinal bem dentro desse periodo, mas em ndo
menos que 6 dias. Portanto, os granulomas intestinais terdo caracteristicas observadas nos
granulomas hepaticos em estadgio inicial. Analises histoldégicas mostraram que a
composicao do granuloma do cdlon difere dos granulomas do figado, abrigando mais

macrdéfagos, mas menos eosindfilos, células T e B (WEINSTOCK; BOROS, 1983).

A ecologia celular, ciéncia que estuda as interacdes € 0 comportamento de células
em seus microambientes, tem sido bastante utilizada na compreensdo de sistemas
bioldgicos como sistemas ecoldgicos, principalmente em cancer (KAREVA, 2011; 2015;
LACINA; KODET; DVORANKOVA; SZABO et al., 2018). Recentemente, nosso grupo
propds que o granuloma hepatico causado pelo parasito S. mansoni atua como um
ecossistema sendo formado através do processo de sucessao ecologica(MALTA; SILVA;
PALAZZI; NEVES et al., 2021). Granulomas apresentam componentes bioticos, diversas
populagdes celulares de células inflamatorias e também residentes teciduais, € abiodticos,
além de matriz extracelular rica em colageno, proteinas estruturais e soliveis. No entanto,
aspectos ecologicos, como diversidade celular e distribui¢ao populacional em estagios

sucessionais de desenvolvimento do granuloma, ainda sdo pouco compreendidos.

Com uma abordagem de ecologia celular, investigamos no presente trabalho
aspectos da composi¢do e estrutura da comunidade celular de granulomas intestinais e
hepéaticos assim como o desenvolvimento espago-temporal dos mesmos durante a
infeccdo experimental por S. mansoni. Através da técnica WSI (Whole Slide Imaging),
realizamos um estudo detalhado e comparativo acerca da composi¢do espago-temporal
da comunidade celular dos granulomas dos diferentes orgdos alvo. Com analises
qualitativas e quantitativas, caracterizamos a comunidade celular do granuloma hepatico
e intestinal ao longo da sua dinamica espago-temporal de desenvolvimento. Foram
aplicadas algumas estratégias classicas de investigagdes descritivas da comunidade dos

granulomas, como avaliagdo da abundancia, densidade e diversidade que revelaram a
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complexidade estrutural e funcional destas estruturas. Adicionalmente, por microscopia
eletronica de transmissdao (MET) foram descritos potenciais interagdes entre as
populagdes do granuloma. O melhor entendimento do granuloma esquistossomotico
como uma estrutura capaz de constituir-se como um ecossistema pode contribuir para o
desenvolvimento de novos paradigmas e perspectivas em torno da formacdo e

composi¢ao de estruturas biologicas em diversos contextos celulares e teciduais.

8 MATERIAL E METODOS
8.2.1 Animais e infec¢iio experimental

Camundongos fémeas da linhagem Swiss Webster (n=16) com aproximadamente
70 dias de idade foram infectados ou ndo com um Unico indculo de cercérias de S.
mansoni (100 cercarias/animal). A infec¢do foi realizada no laboratorio de
Esquistossomose e Imunohelmintologia no departamento de parasitologia da
Universidade Federal de Minas Gerais (UFMG), onde o ciclo de vida do S. mansoni (cepa
LE/BH) ¢ mantido rotineiramente. A infec¢do foi confirmada por achados de ovos nas

fezes dos camundongos na quinta semana de infec¢ao.

8.2.2 Eutanasia e coleta de amostras

Animais infectados (n=12) e controles (n=4) ndo infectados foram eutanasiados
apods 55 (n=6) e 115 dias (n=6) de infec¢do, que correspondem a fase aguda e cronica da
doenca (DIAS; AMARAL; MALTA; SILVA et al, 2018). Os animais foram
eutanasiados em camara de CO? e, em seguida, fragmentos de intestino grosso e figado
de camundongos controle e infectados foram imediatamente fixados em solucdo de
paraformoldeido a 4% e mantidos overnight a 4° C. No dia seguinte, os fragmentos foram
transferidos para uma solugdo tampao fosfato 0,1 M pH 7,4 até o processamento para

analise histologica.

8.2.3 Comité de ética

Este estudo foi realizado em total conformidade com todas as diretrizes éticas do

Conselho Nacional de Controle em Experimentacdo Animal (CONCEA). Todos os
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experimentos foram aprovados pelo Comité de Etica em Uso de Animais da Fundagio
Oswaldo Cruz/RJ (CEUA, # LW-32/2012). Animais experimentalmente infectados e
controles foram monitorados diariamente para avaliagdes de sobrevivéncia e bem estar
(avaliagdo da gaiola, condigdes de temperatura, fotoperiodo, lesdes, motilidade e outras

condi¢des gerais). Nenhum animal veio a 6bito antes do dia final de experimento.

8.2.4 Técnicas histologicas
8.2.4.1 Inclusdo em resina glicolmetacrilato (GMA)

Todas as amostras foram incluidas em resina GMA, resina plastica que permite
melhor resolugdo e evita retragdes do tecido quando comparada a inclusao em parafina
(MELO; ROSA; NOYMA; PEREIRA et al., 2007). O processo de inclusio em GMA
permite a coloracao direta do material bioldgico apos a etapa de microtomia, dispensando
as etapas de diafanizacao por xilol necessarias nos processos de inclusdo convencionais.
Por ser uma resina plastica a base de agua, ela disponibiliza 6tima resolucao das células
ao microscopio de luz e de outros constituintes teciduais, incluindo granulomas (DIAS;

AMARAL; MALTA; SILVA et al., 2018).

Fragmentos de intestino grosso e figado (n=3 para cada animal) foram incluidos
em blocos de resina GMA conforme descrito anteriormente (AMARAL; SILVA; DIAS;
MALTA et al., 2017; DIAS; AMARAL; MALTA; SILVA et al., 2018). Brevemente,
seguiu-se a etapa de desidratacdo por 20 minutos cada. Apos a desidratagdo em série
crescente de alcoois [70°, 80°, 90° e 100° (2 vezes)], a infiltragao foi feita em duas
sequéncias de resina GMA por 2 horas e overnight, respectivamente. No dia seguinte, os
fragmentos foram retirados da 2 resina e colocados cuidadosamente no fundo de
forminhas proprias, em que a solucao de inclusdo foi acrescentada. As forminhas foram
acondicionadas em recipiente gelado por 2 horas, a fim de evitar a retragdo do tecido. A
polimerizacao foi finalizada em até 2 dias em temperatura ambiente. Foi utilizada resina

acrilica para colar os blocos aos suportes para a etapa seguinte de microtomia.

8.2.4.2 Microtomia e coloracio

Seccdes de 3 um de espessura foram obtidos utilizando-se navalha de vidro em

micrétomo (Leica RM2155). Em seguida, os cortes histologicos foram colocados em
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laminas de vidro e fixados a 60°C por 2 minutos. Trés sec¢des do figado de cada animal
infectado e controle foram obtidas com um intervalo de 300 um entre uma secgao ¢ outra,
para garantir que granulomas diferentes fossem analisados. Imediatamente, seguiu-se a

etapa de coloragdo com Hematoxilina-Eosina (HE), conforme detalhado abaixo:
1) solugdo mordente de alimen de ferro a 2% por 10 minutos;
2) dgua corrente por 5 minutos;

3) hematoxilia de Harris por 30 segundos;

4) 4dgua corrente por 10 minutos;

5) diferenciagdo em alcool acidulado por 1:30 minutos;

6) dgua corrente por 10 minutos;

7) eosina aquosa por 30 segundos;

8) agua corrente até que o excesso de corante fosse retirado;
9) secagem a temperatura ambiente;

10) montagem da ldmina com Entellan®.

A etapa de coloracdo foi realizada com auxilio de suporte de ldminas, pingando-
se as solucdes até que cobrissem os cortes por inteiro. Ressalta-se que o corante foi

envelhecido por pelo menos 1 més antes da etapa de coloragao.

8.2.5 Whole Slide Imaging (WSI)

Apds a montagem das ladminas permanentes com Entellan®, as analises dos
granulomas e das populacdes celulares componentes foram realizadas por WSI. Esta
técnica consiste na digitalizacdo de laminas histoldgicas, que gera uma imagem em alta
resolugdo da area total dos cortes histoldgicos e permite a aplicacdo de softwares para
analises qualitativas, quantitativas e morfométricas precisas (MELO; RAAS; PALAZZI,
NEVES et al., 2020 ).

Estudos anteriores do grupo mostraram que o WSI é uma ferramenta eficiente e
precisa para avaliacdo da distribui¢do, tamanho e estdgios evolutivos de granulomas

esquitossomoticos em diferentes modelos de animais (AMARAL; SILVA; DIAS;
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MALTA et al., 2017; AMARAL; SILVA; MALTA; CARMO et al., 2016; MELO;
RAAS; PALAZZI; NEVES et al., 2020 ). No presente trabalho, as ldminas (n= 3 para
cada fragmento intestinal e hepatico, controle e infectado) foram escaneadas usando o
equipamento Scan Pannoramic Histech scanner (3D Histech Kft. Budapest, Hungary)
conectado a um computador (Fujitsu Technology Solutions GmbH, Munich, Germany),
conforme (AMARAL; SILVA; DIAS; MALTA et al., 2017). As laminas foram
analisadas utilizando os softwares Pannoramic Viewer 1.15.2 SP2 RTM (3D Histech kft)
e Histoquant (3D Histech kft), que fornecem uma analise morfométrica detalhada com
medi¢des precisas de diferentes pardmetros histolégicos em alta resolucdo das laminas
histoldgicas inteiras. Foram considerados granulomas apenas aqueles que apresentavam
pelo menos um ovo em seu interior. O total de l1aminas, granulomas e células analisados
estdo descritos no quadro 1, onde foram avaliados pardmetros qualitativos e quantitativos

descritos a seguir.:

Animais Fragmentos Secgdes Total Laminas Granulomas Células
(grupos) /animal /Fragmento analisadas analisados
n n Area (mm?) n n n
Controle 4 12 103.905,18 12 0 0
Intestino 6 18 217.282,74 18 79 28.673
Figado 6 18 217.282,74 18 442 158.988

8.2.6 Média de granuloma por 6rgao-alvo e estagio evolutivo

Para mostrar um panorama geral da ocorréncia de granulomas no intestino e
figado durante a infec¢do experimental por S. mansoni, com auxilio do software
Pannoramic Viewer estes foram identificados, de acordo com seu estagio evolutivo,
quantificados e a area dos granulomas mensuradas. Assim, foi estabelecido a média de
granulomas por 6rgao alvo; a média de granulomas por estagio evolutivo e a area média

dos granulomas por estagio evolutivo.

8.2.7 Classificacao morfolégica dos granulomas em estagios evolutivos

Para o estudo temporal do desenvolvimento dos granulomas hepaticos e

intestinais, estes foram investigados de acordo com o seu estagio evolutivo. Em trabalhos
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anteriores, nosso grupo de pesquisa delineou a classificagdo morfoldgica dos granulomas
em 4 estagios evolutivos relacionados a escala temporal de desenvolvimento (AMARAL;
SILVA; DIAS; MALTA et al., 2017, AMARAL; SILVA; MALTA; CARMO et al.,
2016; DIAS; AMARAL; MALTA; SILVA et al., 2018), sendo estes:

(i) Pré-granulomatoso exsudativo (PE) - caracterizado pela presenca de populagdes de
células inflamatodrias infiltrantes recém chegadas ao tecido em torno do ovo do
parasito;

(ii) Necrotico-exsudativo (NE) - caracterizado por um halo central de necrose e
numerosas populacdes de células inflamatorias distribuidas irregularmente nas
camadas subsequentes;

(iii) Exsudativo-produtivo (EP) - caracterizado por uma estrutura rica em fibras
colagenas e populacdes de células inflamatorias, apresentando um aspecto mais
organizado e circunferencial,

(iv) Produtivo (P) - caracterizado por uma faixa espessa de fibras colagenas entre o ovo
e as populagdes de células inflamatorias, mais concentradas na periferia do

granuloma.

8.2.8 Identificacio e classificacdo das células imunes para delimitaciao de

populacdes celulares

Sob o ponto de vista ecologico, considerando o granuloma como um ecossistema
cada célula pode ser considerada uma espécie que realiza seus nichos especificos
desempenhando diferentes papéis na manutencdo e funcionamento do granuloma
(MALTA; SILVA; PALAZZI; NEVES et al., 2021). Os diferentes tipos de células
inflamatorias podem representar a diversidade de populacdes que compde a comunidade
celular neste ecossistema. No granuloma, uma estrutura espaco-temporal, cada populagao
celular pode ser definida como conjunto de células do mesmo tipo celular que interagem
entre si (MALTA; SILVA; PALAZZI; NEVES et al.,2021). Nesta perspectiva, diferentes
populagdes também interagem entre si formando a comunidade celular do granuloma
(MALTA; SILVA; PALAZZI; NEVES et al., 2021). No presente trabalho, através do
WSI, com auxilio dos softwares Pannoramic Viewer (1.15.2 SP2 RTM 3D Histech kft) e
Histoquant (3D Histech kft) foi possivel identificar e quantificar todas as células

encontradas em todos os estagios evolutivos dos granulomas intestinais e hepaticos. A
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classificagdo das células em populagdes foi feita de acordo com os padrdes morfologicos
encontrados em comparagdo com os ja estabelecidos para tipos celulares frequentes em
granulomas formados em torno do ovo do parasito S. mansoni (BENTLEY; DOUGHTY;
PHILLIPS, 1982; LENZI; KIMMEL; SCHECHTMAN; PELAJO-MACHADO et al.,
1998; MALTA; SILVA; PALAZZI; NEVES et al., 2021). Foram avaliados parametros
fenotipicos como a morfologia nuclear, caracteristicas citoplasmaticas e diametro das
células. Na Figura 1 encontram-se organizados os critérios utilizados na classificacao das
populagdes celulares encontradas nos granulomas intestinais e hepaticos. Os diametros
das células foram calculados com o auxilio do software /mage J, ap6s captura de imagens

no Pannoramic Viewer.
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Nicleo bilobulado ou polilobulado;
Citoplasma réseo fortemente corado por eosina.

Nicleo redondo, denso e pequeno;
Linfocitos Citoplasma muito escasso (quase nao visivel).

Eosinofilos

Possui formato ovalado;

Nucleo redondo e excéntrico (cromatina nuclear com
aspecto de “roda de carroga” visto em poucas células);
Citoplasma nitidamente basoéfilo;

Apresenta impressao negativa na regido citoplasmatica
rica em reticulo endoplasmatico rugoso.

Plasmocitos

Nucleo ovalado ou alongado com cromatina frouxa;
Fibroblastos Citoplasma escasso podendo formar prolongamentos
saindo dos pélos nuclerares.

Figura 1: Caracterizacdo das populagdes celulares nos granulomas intestinais e hepaticos.
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8.2.9 Avaliacdo ecologica da estrutura da comunidade celular nos

granulomas hepaticos e intestinais

Classicamente na ecologia, a estrutura de uma comunidade esta relacionada com
a composicdo e diversidade de espécies e das forgas evolutivas que moldam estes padroes
(MAGURRAN, 2011). Os parametros relacionados com a estrutura da comunidade
celular nos granulomas, assim como a composi¢ao da comunidade celular, a abundancia
de cada populagao além da densidade e da diversidade celular encontram-se descritos

abaixo/.

8.2.9.1 Avaliacio espaco- temporal quantitativa das populacdes celulares

dos granulomas

Para avaliacdo da composicao celular da comunidade do granuloma nos diferentes
estagios evolutivos, todas as cé€lulas classificadas em suas determinadas populagdes,
foram discriminadamente quantificadas com auxilio do software Histoquant. Apos a
obtenc¢ao dos dados foram calculadas a abundancia e densidade das populagdes celulares
nos granulomas, aspectos descritivos da comunidade celular dos granulomas intestinais e

hepaticos.

Tradicionalmente na ecologia a abundancia representa o nlimero de individuos de
uma espécie dentro da comunidade em um ecossistema e pode ser dada pelo nimero
populacional absoluto ou relativo de uma determinada espécie (ODUM; BARRET,
2007). No presente trabalho foram calculadas a abundancia proporcional de células,
representada pela frequéncia (%) de cada populacdo celular para os quatro estagios
evolutivos nos granulomas (PE, NE, EP e P) intestinais e hepaticos. Para avaliar a
dindmica temporal das populacdes celulares nos diferentes granulomas, foram utilizados
os dados de abundancia proporcional nos estdgios evolutivos dos granulomas que

representam o aspecto temporal do desenvolvimento desta estrutura.

A densidade populacional € outro parametro quantitativo relacionado a
quantidade de individuos em uma determinada populagdo em um espaco definido
(ODUM; BARRET, 2007). Frequentemente, a densidade ¢ dada pela contagem do
nimero de individuos da populacdo por unidade de area (ODUM; BARRET, 2007). A

densidade de cada populacdo celular nos granulomas foi estabelecida em funcao da area
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total de cada granuloma. As areas dos granulomas foram medidas com auxilio do software

Pannoramic Viewer 1.15.2 SP2 RTM (3D Histech kft).

8.2.9.2 Avaliacao da diversidade na composicao da comunidade celular dos

granulomas

A diversidade ¢ composta pela variedade de espécies (i.g. riqueza) € o namero de
individuos dentro de cada espécie, que estdo relacionados aos padrdes de variagdo
espacial e ambiental (MAGURRAN, 2011; ODUM; BARRET, 2007). Desse modo,
quanto maior a variacdo, maior sera a diversidade de espécies do ecossistema. A
diversidade ¢ um parametro possivel de ser mensurado por indice matematicos cujos
valores encontrados podem ser explicados por uma série de teorias. A diversidade ¢
tradicionalmente considerada uma fung¢ao tanto da riqueza quanto da uniformidade, com
comunidades menos uniformes sendo menos diversas do que sua riqueza sozinha
indicaria (MAGURRAN, 2011). Com auxilio do software Past 4.03 (HAMMER;
HARPER; RYAN., 2001) para avalia¢dao da diversidade celular nos granulomas foram

utilizados os seguintes parametros e indices:

- Riqueza: A riqueza pode ser entendida como a variedade de espécies encontrada em
um local ou numa comunidade. Ela consiste no nimero total de espécies (ou outro taxon)
encontrada em determinada comunidade(MAGURRAN, 2011). Aqui a riqueza foi
mensurada através do levantamento da composi¢do da comunidade celular dos

granulomas em todos os estagios evolutivos do granuloma,;

- Indice de diversidade de Shannon-Weiner: O indice mais usado para medir a
diversidade de uma comunidade ¢é o indice de Shannon - Wiener (1949). Este indice da
maior peso para as espécies raras(MAGURRAN, 2011). Para os granulomas foram
utilizados as diferentes populagdes celulares e suas respectivas abundancias. Nos
granulomas, consideramos com ‘“espécies comuns” as populacdes celulares mais

abundantes as espécies raras as populagdes celulares menos abundantes.

- indice de diversidade de Simpson: Simpson (1949) apresentou a probabilidade de
quaisquer individuos sorteados de uma comunidade infinitamente grande pertencer a
mesma espécie. O indice de Simpson é uma das medidas de diversidade mais

significativas e robustas disponiveis. Em esséncia, ele captura a variacdo da distribui¢ao
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de abundancia das espécies (MAGURRAN, 2011). Para a analise dos granulomas foram
consideradas como “espécies” as diferentes populagdes celulares e suas respectivas

abundancias.

-Similaridade: As medidas de similaridade de espécies sdo amplamente utilizadas em
ecologia de comunidades, uma vez que permitem comparar diferentes comunidades,
acompanhar alteragcdes em uma mesma comunidade ao longo das estagdes do ano ou antes
e apds algum evento modificador, quanto a composic¢ao qualitativa e, ou quantitativa dos
organismos presentes (MAGURRAN, 2011). No presente trabalho a similaridade foi
avaliada considerando a abundancia das populagdes celulares através da realizagdo de
analises de agrupamento para investigar quais comunidades celulares eram mais

similares.

- Equitabilidade: também chamada de uniformidade, ¢ uma medida de qudo diferentes
as abundancias das espécies em uma comunidade s3o umas das outras. Uma comunidade
onde todas as espécies tivessem a mesma abundancia seria perfeitamente equilibrada.
Todas as comunidades naturais s3o altamente desiguais, entdo a uniformidade ¢ uma
afirmacao relativa. A maioria dos indices de uniformidade sdo dimensionados para
aproximadamente ir de 0= méxima desigual a 1= perfeitamente uniforme (MAGURRAN,
2011). A equitabilidade foi estabelecida através da abundancia proporcional das

populagdes celulares presentes na comunidade do granuloma;

- Dominéncia: Dominancia ¢ uma medida de quanto uma ou algumas espécies dominam
a comunidade numericamente. De certa forma, ¢é o inverso da
uniformidade(MAGURRAN, 2011). A dominancia foi gerada através da analise das

abundancias proporcionais das populacdes celulares dos granulomas.

8.2.10 Processamento das amostras para microscopia eletronica de

transmissao (MET)

Os granulomas foram avaliados ultraestruturalmente para o reconhecimento de
interacdes celulares que potencialmente ocorrem no granuloma esquistossomotico
(MALTA; SILVA; PALAZZI; NEVES et al., 2021). Tais interagdes celulares ainda sao

pouco conhecidas.
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Fragmentos de intestinos e figado de animais infectados experimentalmente com
S. mansoni foram coletados, imediatamente fixados com Karnowisky modificado (1%
paraformaldeido e 1,25% de glutaraldeido). Apds 2 h os fragmentos foram cortados em
pedagos menores (1mm?) colocados no mesmo fixador overnight na geladeira (4°C). Os
fragmentos foram lavados 2 x com tampao fosfato 0,1 M, pH 7,4 e processados para
MET, conforme anteriormente (DIAS; AMARAL; MALTA; SILVA et al., 2018).
Posteriormente, todos os fragmentos foram pos-fixados em tetroxido de ésmio 1% em
tampao Sym-Collidine, pH 7,4, por 2 h a temperatura ambiente. Apds lavagem com
tampao maleato de sodio, pH 5,2, foram contrastadas in bloc em acetato de uranila 2%
(EMS) em tampao de maleato de sddio 0,05 M, pH 6,0, por 2 h a temperatura ambiente e
lavado no mesmo tampao de antes da desidratacdo em sequéncia graduada de alcoois e
acetona. A infiltracdo e inclusdo foi realizada em sequéncia de 6xido de propileno-epon
(Resina Eponate 12; Ted Pella, Redding, CA, EUA). Apos polimerizacao a 60°C por 16
h, cortes ultrafinos foram cortados com navalhas de diamante em ultramicrétomo (Leica,
Bannockburn, IL). As se¢des foram montadas em telinhas gradeadas de malha de cobre
(Ted Pella) e contrastadas com citrato de chumbo. As analises foram realizadas em
microscopio eletronico de transmissdo (CM 10; Philips, ou Tecnai G2-20-ThermoFischer

Scientific/FEI 2006, Eindhoven, Holanda) a 60—80 KV.

Micrografias eletronicas de diferentes experimentos (n = 3) foram capturadas
aleatoriamente em ampliacdes diferentes para estudar as caracteristicas ultraestruturais
das células nos granulomas. Foram avaliadas interagdes de contato célula-célula em 24
micrografias diferentes representando uma 4area amostral do granuloma de

aproximadamente 640 um?.

8.2.11 Analises estatisticas

Foram utilizados testes de médias em todas as comparacdes. Para comparagao
entre duas médias foi utilizado o teste T, quando os dados atendiam aos pressupostos de
normalidade e homogeneidade das variancias. Caso os dados ndo atendessem aos
pressupostos, foi utilizado o teste ndo paramétrico de Mann Whitney. Para comparagdes
entre trés médias ou mais, foi feito o teste de varidncias one way ANOVA quando os
dados atendiam aos pressupostos de homogeneidade das variancias e a normalidade dos

residuos. O teste ANOVA foi seguido pelopds teste de Tukey para multiplas
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comparagoes. Quando os dados ndo atendiam aos pressupostos, foi realizado o teste ndo
paramétrico Kruskal Wallis, seguido pelo pds teste de comparagdes multiplas de
Wilcoxon. Todas as andlises estatisticas foram realizadas no software GraphPad Prism®
8.01(San Diego, CA,USA). O grau de significancia empregado para todas as analises foi
p <0,05.

9. RESULTADOS

9.1 Ocorréncia de granulomas esquistossomaticos no intestino grosso e

figado de camundongos experimentalmente infectados

Camundongos foram infectados ou ndo com o parasito Schistosoma mansoni. Eles
foram ecutanasiados em dois momentos diferentes da infeccdo, aos 55 e 115 dias
respectivamente o que caracteriza a fase aguda e cronica da doenga. Nos utilizamos essa
estratégia de eutanasia a fim de captar granulomas em diversos estagios evolutivos de
desenvolvimento nos 6rgados alvo aqui investigados, intestino grosso e figado. Sec¢des de
intestino e figado, controle e infectado, foram processados através da técnica
convencional de histologia e as 1aminas provenientes do processamento foram escaneadas
e analisadas por WSI. As amostras dos animais controles, apresentaram parénquima
intestinal e hepatico totalmente homogéneos, sem a presenca de nenhum granuloma ou
infiltrado inflamatorio (Figura 2 A, B). J4 as amostras de animais infectados apresentaram
diversos infiltrados inflamatérios e a formagdo de granulomas em torno dos ovos do
parasito, o que confirma o estabelecimento da infec¢do por S. mansoni nesses animais
(Figura 2 C, D). Dados quantitativos por WSI revelaram 16 + 9,09 (média + DV) e 55 +
19,74 (média £ DV) granulomas nos intestinos e figados dos animais infectados,

respectivamente (Figura 2 E).

Para o estudo temporal do desenvolvimento granulomatoso, os granulomas
hepaticos e intestinais foram investigados de acordo com o seu estagio evolutivo. No
figado foram encontrados todos os estagios evolutivos do granuloma, desde granulomas
iniciais no estagio pré-granulomatoso (PE) como granulomas em estagios intermedidrios
(NE) e mais tardios de desenvolvimento (EP, P). Em contrapartida, no intestino foram

encontrados apenas granulomas PE e EP.

74



No figado, granulomas EP (10 +6,36 granulomas/sec¢do; Média + DV) sdo mais
numerosos, enquanto granulomas PE apresentaram-se em menor quantidade (7 + 6,97
granulomas/sec¢ao; Média = DV). Inclusive, os granulomas EP hepaticos foram
significativamente ~30% mais frequentes que os granulomas EP intestinais. No intestino

ndo houve diferenca significativa entre granulomas PE e EP (p> 0,05) (Figura 2 F).
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Figura 2: A esquistossomose mansonica desencadeia a formagdo de granulomas no intestino e
figado. (A) Parénquima hepatico integro. (B) Epitélio intestinal integro. (C) Tecido hepatico
infectado contendo granulomas em torno dos ovos (*). (D) Epitélio intestinal infectado contendo
granulomas em torno dos ovos (*). (E) Média de granulomas por 6rgdo-alvo. (F) Média de
granulomas por estagio evolutivo. (G) Area média dos granulomas por 6rgio-alvo. (H) Area
média dos granulomas por estigio evolutivo. Diferencas estatisticas estdo representadas por
simbolos: ns: ndo significante; ** p<0,01; ****p<(0,0001.
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Em relagdo ao tamanho dos granulomas, de maneira geral, granulomas intestinais
foram menores que granulomas hepaticos (Figura 2 G). No figado, houve diferenca
estatistica entre os granulomas mais tardios (NE e EP: p <0,0001); NE e P: p <0,0001 e
EP e P: p <0,0001; Figura 2 H). Nao foi encontrada diferenca significativa entre os

granulomas de mesmo estagio evolutivo nos diferentes 6rgaos-alvo.

9.2 Comunidade de células inflamatorias nos granulomas

Para caracterizagdo da comunidade de celular dos granulomas hepaticos e
intestinais, foram identificadas diferentes populagdes celulares com base em
caracteristicas morfologicas fenotipicas distintas entre si, conforme descrito
anteriormente (secc¢ao 2.10.2).

No geral, foram classificadas e quantificadas 187.661 células nos granulomas
intestinais e hepaticos (28673 nos granulomas intestinais e 158.988 nos granulomas
hepaticos). Tais células foram distribuidas em 9 populacdes celulares: Macrofagos
epitelidides, eosinodfilos, mononucleares, linfocitos, granulocitos, plasmocitos, células
gigantes e fibroblastos (Figura 3). C¢lulas nao identificaveis foram no total 1308 células,

representando apenas 0,7 % da quantidade de células totais analisadas.
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Granulocito

Figura 3: Populagdes celulares encontradas nos granulomas intestinais e hepaticos durante a
esquistossomose mansonica e seus didmetros médios.
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dos granulomas (Figura 4A). Todas as células dos granulomas do figado e intestino foram
quantificadas por WSI. Nos granulomas hepaticos, enquanto os granulomas NE
apresentaram a maior quantidade de células (498,8 £ 258,9 células por granuloma; Média
+ DV), granulomas em estagio mais tardio (P) apresentaram a menor (128,3 + 54,63

células por granuloma; Média + DV; Figura 4A). Nao foi encontrada diferenca estatistica

9.3 Abundincia populacional nos granulomas hepaticos e intestinais

Inicialmente, foi investigado a abundancia total de células por estagio evolutivo

do nliimero médio de células nos granulomas PE e EP intestinais.
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Figura 4: Distribui¢do das populagdes celulares nos granulomas hepaticos e intestinais. (A)
Numero médio de células por granulomas. (B) Abundancia relativa proporcional das populacdes
celulares nos diferentes estagios evolutivos dos granulomas hepaticos e intestinais. (PE) pré-
granulomatoso exudativo: caracterizado pela presenca de populagdes de células inflamatorias
migrantes recém chegadas ao tecido em torno do ovo do parasito. (NE) necrético-exudativo:
caracterizado por uma area central de necrose e numerosas populagdes celulares inflamatorias
distribuidas irregularmente nas camadas subsequentes; (EP) exudativo produtivo: granuloma rico
em matriz extracelular colagénica o que configura o aspecto mais arredondado e populagdes
celulares distribuidas de maneira organizada; (P) produtivo: apresenta uma faixa espessa de
matriz extracelular colagénica em torno do ovo. As populagdes de células inflamatorias mais
concentradas na periferia. Graficos de setores indicam a abundancia proporcional das populagdes
celulares encontradas nos granulomas hepdticos e intentinais. Diferencas estatisticas estdo
representadas por simbolos: ns: ndo significante; ** p<0,01; ****p<0,0001.

Para estimar a abundancia proporcional de cada populacdo celular nos
granulomas, cada célula inflamatéria foi discriminadamente quantificada por WSI
utilizando o software Pannoramic Viewer com o médulo Histoquant. Entdo, a abundéancia
foi determinada pela propor¢ao de uma populacdo de células considerando toda a
comunidade celular do granuloma (Figura 4 B). Dados quantitativos mostraram que a
abundancia relativa de todas as populagdes celulares variou de acordo com o estagio
evolutivo do granuloma. Aparentemente, ndo houveram variagdes aparentes na
abundancia das populacdes celulares entre os 6rgaos alvos, figado e intestino. Em todos
os granulomas, as populagdes mais abundantes foram as de macrofagos epitelidides (~30-
55 %) e eosindfilos (~25-52 %), enquanto as menos abundantes foram as de plasmocitos

(~0,65-10 %) e células gigantes (0,03 — 0,46 %).

Em seguida foi investigada a dindmica temporal de cada populacao celular de
acordo com os estdgios evolutivos nos granulomas hepaticos e intestinais. Nos
granulomas hepaticos a propor¢do de macréfagos epitelidides e mononucleares
aumentam apoés o estagio inicial (PE) e se mantem constante; Figura 5 A e B), enquanto
que a propor¢ao de eosindfilos e linfécitos diminuem significativamente (Figura 5 C e
D). Nessas populagdes a propor¢ao de células se mantém constante até o estagio final de
evolugdo dos granulomas (P; Figura 5 A-D). Enquanto isso, a populag@o de fibroblastos
aumenta progressivamente ao longo dos estagios evolutivos do granuloma hepatico
(Figura 5 E). Por outro lado, as populagodes de granulocitos, plasmocitos e células gigantes
ndo variam em proporcao ao longo do desenvolvimento dos granulomas (Figura 5 F e G).

No intestino, a abundancia proporcional de plasmoécitos diminuiu significativamente, ao
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passo que a de fibroblastos aumentou e ndo houve diferenga estatistica na abundancia de

células na escala temporal das demais populagdes celulares (p > 0,05).

Foram encontradas algumas variagdes na abundancia de células, entre os 6rgaos
alvo (i.g. figado vs. Intestino), quando comparada a mesma populagdo no mesmo tipo de
granuloma. Macroéfagos epitelidides e plasmocitos de granulomas EP foram mais
abundantes no figado do que no intestino (p<0,0001), enquanto granulodcitos,
mononucleares e fibroblastos de granulomas PE e EP foram mais abundantes no intestino
(p<0,001). Eosinodfilos foram mais prevalentes no granuloma PE do figado em

comparag¢do com o intestino (p<0,05).

A abundancia de células ndo identificaveis diminuiram progressivamente ao longo
do desenvolvimento do granuloma. A propor¢do dessas células em granulomas EP

intestinais foi maior do que em granulomas hepaticos do mesmo estagio (p=0,0004).
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Dindmica temporal das populagdes celulares
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Figura 5: Dinamica temporal das populagdes celulares. Representacao grafica do comportamento
dinamico das populagdes celulares ao longo da formagao dos granulomas hepaticos e intestinais.
Diferencas estatisticas estdo representadas por simbolos: ns: ndo significante; *p<0,05; **
p<0,01; p<0,001; ****p<0,0001.
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9.4 Densidade das populacées na comunidade celular dos granulomas

Para avaliacao da densidade das populagdes celulares presentes nos granulomas
ao longo dos estdgios evolutivos nos dois 6rgdos as populacdes celulares foram
discriminadamente quantificadas e as areas dos granulomas medidas utilizando o médulo
Histoquant no software Pannoramic Viewer. Os valores das densidades das populacdes

celulares foram estabelecidos pelo niimero de células por area de granuloma.

Avaliagdes quantitativas de densidade mostraram que as populagdes celulares se
comportaram de maneira semelhante a abundancia. Nos granulomas hepaticos,
macrofagos epitelidides e eosinofilos sdo as populagdes celulares de maiores densidades.
A densidade dessas células se comporta de maneira contraria, enquanto a densidade de
macrofagos epitelidides diminui ao longo do tempo, a de eosinéfilos aumenta. Podemos
observar que a densidade da populagdo de linfocitos diminui na passagem de PE para NE
e aumenta em EP e P. Além disso, podemos observar que plasmocitos e células gigantes
apresentam baixa densidade durante o processo de desenvolvimento dos granulomas
hepaticos. A densidade da populacio de mononucleares se manteve durante o
desenvolvimento do granuloma hepdtico e a de granulocitos flutuou. J& a densidade de

fibroblastos aumentou expressivamente ao longo do tempo (Figura 6 A).

Interessantemente, nos granulomas intestinais, a densidade das populagdes
celulares mais abundantes (macréfagos epitelidides e eosindfilos) e das menos
abundantes (mononucleares e linfocitos granuldcitos) diminuiu ao longo do tempo. Ja a

densidade da populacao de fibroblastos aumentou (Figura 6 B).
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Figura 6: Densidade relativa espago-temporal das populagdes celulares dos granulomas
hepaticos e intestinais.

9.5 Analises ecologicas de estrutura da comunidade celular dos granulomas

A riqueza ¢ uma medida de diversidade que relaciona o numero de espécies que
coexistem dentro de uma comunidade e ¢ amplamente utilizada na ecologia. Nos
granulomas, a riqueza foi expressa pelo numero de distintas populacdes celulares 14
encontradas. Através do WSI identificamos nos granulomas 9 populagdes celulares, que
aqui representam as diferentes “espécies” encontradas nos granulomas. Considerando os
granulomas, a riqueza foi a mesma em todos os estagios evolutivos dos diferentes 6rgaos-

alvo.

Em seguida, investigamos quais granulomas apresentavam a composi¢do da
comunidade celular mais semelhante durante a evolugdo espago-temporal dos
granulomas. Para isso, aplicamos a analise de similaridade de Bray Curtis, que considera

a abundancia das populacdes para descobrir quais comunidades celulares dos granulomas
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eram mais similares. Diferente do que esperavamos, granulomas de mesmo estagio em
diferentes 6rgaos nao sdo similares. A analise mostrou que granulomas de mesmo 6rgao
e de estagios evolutivos diferentes sao mais semelhantes, como os granulomas intestinais
PE e EP e os granulomas hepaticos NE, EP e P. Inesperadamente, a comunidade do
granuloma PE hepatico foi o que apresentou menor semelhanca em relacdo a todas as
comunidades dos granulomas independentemente do 6rgao (Figura 7 A). O coeficiente
de correlagdo cofenética, o qual aponta o grau de confianga na analise apresentada no

dendrograma e na matriz de similaridade (Figura 7 B), foi de 94,04%.
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Figura 7: Similaridade entre as comunidades celulares presentes nos granulomas. (A)
Dendograma. (B) Matriz de similaridade.

Por fim, para avaliar a diversidade da comunidade celular de células inflamatorias

presentes nos granulomas, aplicamos indices de diversidade usualmente utilizados para

medir a diversidade de comunidades em diversos ecossistemas. Aqui aplicamos os indices
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de Shannon e Simpson. Além disso, investigamos também a equitabilidade e a
dominancia nas comunidades celulares presentes nos granulomas.

Nossas andlises mostram que granulomas intestinais, independente do estagio
evolutivo sdo os que apresentam maiores valores de diversidade, principalmente o
granuloma PE, quando aplicamos os indices Shannon e Simpson (Figura 8 A, B). Nos
granulomas hepaticos, os granulomas no estagio P sdo os que apresentam maiores indices
de diversidade.

A equitabilidade e a dominancias expressam como o numero de individuos estd
distribuido entre as diferentes espécies, ou seja, indicam se as diferentes “espécies”
possuem abundancia semelhantes ou divergentes. Considerando a comunidade celular,
granulomas intestinais sdo 0s que apresenta maiores equitabilidades e menores
dominancia (Figura 8 C,D), ou seja, as abundancias das populacdes celulares das
comunidades dos granulomas intestinais sdo mais uniformes que nos granulomas
hepéaticos. Quanto mais parecidas forem as espécies em uma comunidade, maior sera a

equitabilidade e menor sera a dominancia).
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Figura 8: Analises de diversidade aplicadas nos granulomas nos diferentes orgdos-alvo. (A)
Indice de diversidade de Shannon. (B) Indice de diversidade de Simpon. (C) Analise de

equitabilidae. (D) Analise de dominancia.

9.6 Populacoes celulares estabelecem intima interacido nos granulomas

Nos investigamos qualitativamente, a nivel ultraestrutural, a interacdo entre as

populacdes de células inflamatorias nos granulomas. A populacdo de eosindfilos

estabelece intima relacdo com as populagdes de macrofagos epitelidides, plasmocitos e

linfocitos (Figura 9 A) e também com neutrofilos (Figura 9 B).
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Figura 9: Interacdo fisica entre diferentes populagdes celulares em granuloma. (A) Interagdo
entre eosinofilos (roxo), plasmocitos (verde), macrofago (amarelo) e linfocitos (azul). (B)
Interagdes entre neutrofilo (vermelho), eosinodfilos (roxo) e plasmocito (verde). Micrografias
eletronicas foram coloridas artificialmente.
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10 DISCUSSAO

O Granuloma esquistossomotico pode ser entendido como um verdadeiro
ecossistema, uma vez que ¢ composto por uma diversa e integrada comunidade celular
capaz de construir esta estrutura espaco-temporal através de um processo evolutivo
sucessional (MALTA; SILVA; PALAZZI; NEVES et al., 2021). Nesse processo, o
conhecimento das populagdes celulares e suas interagdes se mostram essenciais para a

constru¢do do ecossistema granuloma.

Inicialmente, ao avaliar por WSI o figado e intestino grosso dos animais
infectados, foi observado maior nimero de granulomas hepaticos do que intestinais, e que
as maiores areas dos granulomas sdo encontradas nos granulomas hepaticos. Além disso,
foram encontrados granulomas apresentando caracteristicas morfoldgicas distintas
representando os diferentes estagios evolutivos desta estrutura (Figura 3). E reconhecido
que cada granuloma representa um sistema dindmico evolutivo partindo de um estagio
imaturo (PE) para um estagio maduro (NE, EP) e posteriormente para um estagio
involucional (P) (AMARAL; SILVA; DIAS; MALTA et al., 2017; LENZI; KIMMEL;
SCHECHTMAN; PELAJO-MACHADO et al., 1998). Considerando figado e intestino,
em conjunto, foram encontrados desde granulomas em estdgios mais iniciais (PE)
caracterizado pelo influxo e rearranjo de células ao entorno do ovo até estagios fibroticos
mais tardios (P) de formagdo. Entretanto, no figado foram encontrados todos os quatro
estagios evolutivos classicos (PE, NE, EP e P), enquanto no intestino grosso apenas foram
observados granulomas nos estdgios PE e EP. Este fato estd em acordo observacdes
anteriores do nosso grupo de pesquisa que mostraram que a formacao de granulomas em
diferentes 6rgaos-alvo, intestinos e figado, apresenta caracteristicas especificas para cada

orgao (AMARAL; SILVA; DIAS; MALTA et al., 2017).

Dentre os granulomas do figado, os EP foram mais numerosos e¢ os NE maiores,
ao passo que nao houve diferencas no figado quando comparados quantidade ou tamanho
dos granulomas no intestino. Em infec¢des natural e experimental, granulomas produtivos
ricos em colageno sdo formados no figado, isso se deve a incapacidade do organismo
hospedeiro em eliminar ovos que ficam presos no tecido hepatico, ao contrario do que
ocorre no intestino, em que os granulomas se apresentam mais organizados e com menos
fibras coldgenas (AMARAL; SILVA; DIAS; MALTA et al., 2017; AMARAL; SILVA;
MALTA; CARMO et al., 2016). Uma caracteristica notavel do granuloma hepatico € sua
fun¢do protetora para encapsular as secre¢des hepatotdxicas do ovo (HAMS; AVIELLO;
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FALLON, 2013). Ja granulomas intestinais sdo estruturas moveis capazes de transportar
os ovos do parasito para o limen intestinal, a fim de elimina-los juntamente com as fezes
do hospedeiro vertebrado (SCHWARTZ; FALLON, 2018). Granulomas hepaticos
apresentam, principalmente em granulomas EP, diferentes padrdes de producdo e
deposicdo de componentes de matriz extracelular como coladgenos intersticiais I e III,
tenascina, vitronectina, proteoglicanos, hialurano e fibras eléasticas (LENZI;
ROMANHA; SANTOS; ROSAS et al., 2006). Granulomas intestinais e hepaticos
possuem composicao de matriz extracelular diferentes. Granulomas cronicos (P) sdo ricos
em colageno, estrutura rigida. Tais estagios granulomatosos ndo sdo encontrados em
granulomas intestinais pois a liberagdo do ovo ocorre antes dessa modulagdo.
Recentemente, foi descoberto que os ovos liberam substancias capazes de decompor
fibronectina, que ¢ um contetido de matriz extracelular inicialmente depositado (WANG;
DA’DARA; SKELLY, 2017). E essa degradagcdo pode modular a dindmica de formagao
do granuloma nos diferentes 6rgdos modulando também a dindmica da comunidade

celular(SCHWARTZ; FALLON, 2018).

A colonizagdo do tecido por células inflamatorias para formar granulomas pode
ser explicada do ponto de vista de uma sucessao ecoldgica em que uma comunidade ¢
capaz de modificar seu ambiente fisico, criando condi¢des e recursos para a construgao
de um ecossistema (MALTA; SILVA; PALAZZI; NEVES et al, 2021). Para
caracterizagdo da comunidade de células dos granulomas hepaticos e intestinais, foram
identificadas diferentes populacdes celulares com base em caracteristicas morfologicas

fenotipicas distintas entre si.

Vale ressaltar que a identificagao, classificacdo e quantificagdo dos granulomas e
das populagdes celulares s6 foi possivel pelo escaneamento digital das laminas
histologicas inteiras. Esta técnica, o WSI, permite a criacdo de uma imagem digital de
alta resolug@o do corte histoldgico inteiro e posterior andlise de toda a area do corte dos
tecidos. Esta técnica vem sendo cada vez mais utilizada para diferentes contextos de
estudo, pois permite a avaliacdo precisa das caracteristicas citologicas de diferentes
tecidos e aspectos morfoldgicos associados a diferentes patologias (AL-JANABI;
HUISMAN; VAN DIEST, 2012; CORNISH; SWAPP; KAPLAN, 2012; FONYAD;
KRENACS; NAGY; ZALATNAI et al., 2012; KAWANO; HIGGINS; YAMAMOTO;
NYHUS et al., 2013). Inclusive a aplicagdo de WSI pode melhorar a avaliagdo e

quantificagdo de multiplos parametros histologicos em diferentes condigdes hepdticas
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como as produzidas pela esquistossomose (MELO; RAAS; PALAZZI; NEVES et al.,
2020).

No presente trabalho, o escaneamento total das ldminas conjugadas com as
analises pelos softwares Pannoramic viewer e Histoquant possibilitaram excelente
visualizacdo das caracteristicas teciduais hepaticas e do granuloma, bem como das
populagdes celulares e seus aspectos morfologicos (Figura 4). Desta forma, foi possivel
realizar a minuciosa identificacdo e classificagdo dos diferentes granulomas e populagdes
celulares em todas as areas de granulomas nos cortes histologicos (Figura 3B), além de
uma analise quantitativa precisa sobre esses aspectos. Existem diferentes estudos e para
o diagndstico preciso na identificacdo de células e tecidos e suas caracteristicas
histopatologicas associadas. Em estudos anteriores, o WSI ja se mostrou uma ferramenta
confidvel para avaliagdo dos estagios de distribui¢cdo, tamanho e evolucao dos granulomas
causados por S. mansoni em grandes areas de tecidos (AMARAL; SILVA; DIAS;
MALTA et al., 2017, AMARAL; SILVA; MALTA; CARMO et al., 2016; DIAS;
AMARAL; MALTA; SILVA et al., 2018; MELO; RAAS; PALAZZI; NEVES et al.,
2020).

Populacdes ecologicas sdo conjuntos de individuos que apresentam
caracteristicas e até mesmo fungdes semelhantes (ODUM; BARRET, 2007). Os
diferentes tipos celulares encontrados nos granulomas representam a diversidade de
populagdes de células inflamatorias que compdem este ecossistema com nichos
especificos e papéis distintos na manutengao/funcionamento destas estruturas (MALTA;
SILVA; PALAZZI; NEVES et al., 2021). Investigamos o nimero médio de células em
cada estagio evolutivo e, em seguida, também a abundancia proporcional das populacdes
celulares nos diferentes estagios evolutivos dos granulomas dos orgdos-alvo. As
populagdes de macrofagos epitelidides e eosinodfilos foram as mais abundantes nos
granulomas tanto intestinal quanto hepatico. J& as populagdes de células gigantes e
plasmocitos foram as menos abundantes. Os granulomas, em geral, ndo sdo tipicamente
compostos de tipos de células em igual abundancia e essa composi¢do pode mudar ao
longo do tempo (LENZI; KIMMEL; SCHECHTMAN; PELAJO-MACHADO et al.,
1998; LENZI; ROMANHA; PELAJO-MACHADO, 2004). Desta forma, confirmamos
que verdadeiramente as células do granuloma podem se comportar de forma semelhante
as espécies de uma comunidade, onde ha espécies “comuns’ abundantes e outras espécies

“raras” (ODUM; BARRET, 2007). Os macrofagos e eosindfilos foram as populagdes
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celulares mais comuns, enquanto células gigantes e plasmoécitos foram as mais raras. De
fato é reportado que granulomas em diversas doengas, como tuberculose, sdo constituidos
principalmente por macrdéfagos, principalmente epitelidides e células gigantes e na
infec¢do por S. mansoni, por eosindfilos (ARIYARATNE; FINNEY, 2019; CHUAH;
JONES; BURKE; MCMANUS et al., 2014; PAGAN; RAMAKRISHNAN, 2018).

Investigamos também a dindmica das populagdes celulares ao longo do tempo nos
granulomas hepdticos e intestinais. Observamos que algumas populagdes celulares
apresentam comportamentos opostos. Enquanto a propor¢ao de macréfagos epitelioides
e mononucleares aumentam a partir do estagio PE e se mantem constante as populagdes
de eosinofilos e linfocitos diminuem e se mantém constante em granulomas hepaticos.
O aumento de fibroblastos foi gradativo nos granulomas dos diferentes 6rgdos, o que faz
sentido visto, j& que ao longo do tempo a deposi¢do da matriz extracelular por
fibroblastos, miofibroblastos e células hepdaticas estreladas (presentes apenas nos
granulomas hepaticos) aumenta, o que caracteriza o aumento da abundancia e do papel

funcional dessas populagdes (LENZI; ROMANHA; SANTOS; ROSAS et al., 20006).

Para avaliar a composi¢do da comunidade do granuloma, aplicamos ferramentas
de andlises ecoldgicas comumente usadas para avaliagdo classica na descricdo da
estrutura da comunidade em ecossistemas de maior escala. A estrutura da comunidade ¢
essencialmente a composicao de uma comunidade, incluindo o nimero de espécies nela
encontrada e seus numeros relativos (ODUM; BARRET, 2007). Além da abundancia
proporcional, foram avaliadas a riqueza, a similaridades, a diversidade, a dominancia ¢ a

equitabilidade.

Granulomas apresentaram riqueza igual a 9 populagdes celulares. Todas as
populagdes foram encontradas em todos os estagios evolutivos, mas a abundancia
proporcional das mesmas se modificou ao longo do tempo. O que também ocorre na
dindmica de comunidades em maior escala (KREBS, 1989; ODUM; BARRET, 2007).
Quando avaliamos a densidade das populagdes celulares nos dois 6érgaos, observamos um
comportamento semelhante ao da abundancia proporcional das populagdes celulares.
Observamos flutuagdes na densidade das populagdes celulares. Nos granulomas
hepaticos, houve aumento significativo da populacdo de fibroblastos, o que também
ocorreu em granulomas intestinais. Isso ¢ importante pois a tendéncia dos granulomas ao
longo do tempo € ter sua matriz extracelular depositada e organizada, conferindo aspecto

arredondado a essa estrutura ao longo do tempo. E a populagado de fibroblastos ¢ uma das
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principais responsaveis por esse processo (LENZI; KIMMEL; SCHECHTMAN;
PELAJO-MACHADO et al., 1999; LUKACS; CHENSUE; SMITH; STRIETER et al.,
1994; WYLER; TRACY, 1982).

A anélise de densidade considera o numero de populagdes celulares por area de
granuloma (MAGURRAN, 2011). Além disso, no intestino observamos que a densidade
de eosinofilos, linfécitos granulodcitos, plasmocitos e gigantes diminuem estatisticamente.
Apenas a densidade de macrofagos epitelidides e mononucleares se mantém ao longo do
tempo em granulomas intestinais. Ja nos granulomas hepaticos, a densidade de
eosinofilos, macrofagos epitelioides, linfocitos, plasmocito e fibroblastos se modifica ao
longo do tempo, ja a densidade de mononucleares, granulocitos e células gigantes nao se
modifica. Tais variagdes mostram que granulomas de diferentes Orgdos apresentam
dindmicas diferentes. E que provavelmente isso ¢ refletido nas possiveis diferentes

fungdes das mesmas populagdes celulares nos diferentes 6rgaos.

A andlise de similaridade agrupa comunidades que presentam composicao
semelhantes, no quesito riqueza e abundancia de espécies (MAGURRAN, 2011;
WHITTAKER; LEVIN; ROOT, 1973). Ao fazermos a andlise de similaridades,
esperavamos que a comunidade de granulomas de mesmo estagio evolutivo em diferentes
orgdos-alvo seria mais semelhante, pois os critérios morfoldgicos para avalia-los sdo os
mesmos. Surpreendentemente, granulomas de diferentes estagios do mesmo 6rgio sao
mais semelhantes. O que faz sentido, visto que estamos analisando a dinamica temporal
de modificacdo dos granulomas, por essa razdo granulomas intestinais sdo mais
semelhantes entre si e hepaticos nos estagios NE, EP e P também, apenas o granuloma
PE hepético possui comunidade celular muito diferente dos outros estdgios evolutivos
dos granulomas nesse mesmo 6rgado. O aporte inicial de eosinofilos para os granulomas
hepaticos foi maior que no intestino. O intestino ¢ um 0rgdo que apresenta diversas
populagdes celulares inflamatorias residentes, como eosinofilos e plasmdcitos, em
condigoes sem infec¢do (MASTERSON; MENARD-KATCHER; LARSEN; FURUTA
etal.,2021). Desta forma, tais células podem responder rapidamente a presenca dos ovos
do parasito, o que ndo ocorre no figado. Apesar de aspectos de como os ovos do parasito
sdo liberados no lumen intestinal precisa ser melhor comprendidos, j se sabe que quando
encontrados nas fezes de humanos ou animais infectados, sdo desprovidos de um
granuloma encapsulado, sugerindo que o ovo deixa o granuloma ao entrar na matéria

fecal (SCHWARTZ; FALLON, 2018).
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A diversidade ¢ a relacdo da riqueza de espécies e a abundancia relativa de
espécies no tempo e no espago (HUBBEL, 2001). E uma relagio entre o niimero de
espécies e da quantidade de individuos dentro da comunidade. Portanto, sdo considerados
aspectos como a riqueza, a abundancia e a uniformidade e como as espécies estdo
distribuidas dentro dessas comunidades. Nossas analises mostraram que as comunidades
com maiores indices de diversidade sdo as dos granulomas intestinais. Tanto no indice de
Shannon, que oferece um peso maior para as espécies raras, quanto no indice de Simpson,
que considera as espécies comuns. O conceito de distribui¢do uniforme (equitabilidade)
de abundancia de individuos uma espécie dentro de uma comunidade, trazem a relagdo
de uniformidade e dominancia (MAGURRAN, 2011). Algumas espécies tem
abundancias muito maiores que outras, como as populagdes de macrofagos epitelidides e
eosinofilos. Quanto maior a uniformidade, quanto mais equilibrado for a distribuicdo de
individuos de uma espécie dentro de uma comunidade maior o indice de diversidade.
Duas areas com a mesma quantidade de espécies, mas com graus de dominancia e
uniformidade diferentes, apresentardo diversidade diferentes. A area que apresenta maior
indice de diversidade ¢ aquela com maior uniformidade e menor taxa de dominancia entre
as espécies, como ocorreu nos granulomas intestinais. J& nos granulomas hepaticos, o
estagio de maior diversidade foi o estdgio produtivo. Na natureza, os indices de
diversidade sdo importantes para indicar areas para protecao ambiental, de acordo com a
composicao de sua comunidade, a presenca de espécies raras em uma comunidade a elege
como area prioritaria para conservagdo. Espécies raras sdo aquelas pouco abundantes e
sensiveis a mudancas ambientais. Nos granulomas também sao encontradas populacdes
celulares raras, plasmocitos e gigantes. A fungdo para essas populagdes celulares nos

granulomas precisa ser melhor investigada.

Interessantemente, através da microscopia eletronica de transmissdo, detectamos
a interacao fisica entre diversas populagdes celulares. As interacdes entre eosinofilos e
plasmocitos foram bastante frequentes, o que nos chamou bastante atengdo. Conforme
mencionado anteriormente, eosin6filos e plasmocitos constituem populagdes celulares
com diferentes propor¢des de abundancia podendo serem consideradas, comum e rara,
respectivamente. Tanto o papel funcional dessas células, quanto dessa interacdo no
contexto dos granulomas ainda é pouco conhecido. E sabido que essa interagio é
importante em diversos outros microambientes. Eosindfilos sdo responsaveis por

promover a longa vida de plasmdcitos na medula 6ssea e a secre¢do de imunoglobulina
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A por plasmdcitos no epitélio intestinal (CHU; BELLER; RAUSCH; STRANDMARK
et al., 2014; CHU; FROHLICH; STEINHAUSER; SCHEEL et al., 2011). Eosinofilos
sdao importantes por promoverem a amplificagdao e o estabelecimento da resposta Th2 e
uma resposta regulatdria nos granulomas hepaticos, além de ser capaz de liberar proteinas
cationicas fatais para o parasito S. mansoni (DE OLIVEIRA; RODRIGUES; MOREIRA;
RODRIGUES et al., 2022; JAMES; COLLEY, 1976). No entanto a funcdo de
plasmocitos e suas interacdes nos granulomas, tanto hepatico quanto intestinal precisa ser

melhor elucidada.

Em conjunto, os dados do presente trabalho apontam que a formagdo dos
granulomas durante a esquistossomose mansoOnica ¢ dindmica ¢ a abundancia das
populacdes celulares se modifica ao longo do tempo. Ao aplicar estratégias classicas da
ecologia, detectamos que durante o processo de evolucdo dos granulomas intestinais e
hepaticos, a riqueza (nimero de populacdes) se mantém, mas as abundancias
proporcionais flutuam. Nesse contexto, se faz importante a investigagdo dos fatores que
regulam as abundancias das populagdes celulares durante a constru¢do dos granulomas e
quais interagdes as populacdes celulares inflamatdrias estabelecem e quais os papéis
funcionais essas interagdes desencadeiam para o funcionamento do granuloma. Esse
conhecimento pode ser a chave para entender a complexidade dessa resposta e apontar

novos alvos terapéuticos.

11 CONCLUSOES

Utilizar a perspectiva da ecologia celular para entender a dinamica de formacao
dos granulomas na esquistossomose mansonica amplia o entendimento da dinamica das
populacdes durante a construgdo desse ecossistema. Ao aplicar ferramentas ecoldgicas
classicas para o entendimento da estrutura da comunidade celular de granulomas
intestinais e hepaticos, descobrimos que tais estruturas sao diferentes e independentes. A
riqueza das populagdes celulares foi a mesma em todos os estdgios evolutivos dos
granulomas nos diferentes 6rgaos alvo, mas a abundancia das mesmas variou ao longo do
tempo. A densidade das populacdes celulares se comporta de maneira semelhante a
abundancia. Granulomas intestinais apresentaram maiores indices de diversidade, ou seja,
apresentam populacdes celulares com abundancias proporcionais mais uniformes e

consequentemente menor dominancia. Granulomas do mesmo orgdo em diferentes
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estagios evolutivos sdo mais semelhantes que granulomas de mesmo estagio evolutivo de
diferentes o6rgdos. Além disso, identificamos interagdes celulares fisicas que podem ser
importantes para a dinamica de formagao e regulacao do granuloma. Tais aspectos devem
ser considerados em investigagdes futuras visando abordagens funcionais dos

granulomas.

O presente trabalho ressalta a aplicacdo da ecologia celular para o melhor
entendimento do granuloma esquistossomotico como uma estrutura que funciona como
um ecossistema. O melhor entendimento do granuloma esquistossomoético como um
sistema ecologico pode ser a chave para desvendar a complexidade dessa resposta

inflamatéria e apontar novos alvos terapéuticos.
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